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Abstract 

Vibrational Raman optical activity (ROA). which is the difference in the 

Raman scattering of left and right circularly polarized incident light, has recently 

emerged as a new and incisive probe of biomolecular structure. This thesis is based 

on new applications of ROA to some current biochemical problems. 

The fIrst chapter is a brief explanation of the origin of chirality and the 

development of vibrational optical activity with special emphasis on ROA. Chapter 2 

is a theoretical analysis of ROA and provides a fundamental explanation of the 

phenomenon. This involves a description as to how the ROA effect is generated 

using molecular property tensors. The third chapter concentrates on the 

instrumentation required to measure ROA and the importance of CCD detectors and 

holographic notch filters in establishing the technique with respect to biopolymers. 

Chapter 4 is a brief introduction to protein structure and includes an analysis 

of the strengths and weaknesses of current biophysical techniques used for structure 

determination. 

Chapters 5 and 6 describe detailed applications of ROA to polypeptides and 

native proteins. The polypeptides are a suitable starting point since from other 

spectroscopic techniques they are known to adopt certain conformations, such as a

helix, ,a-sheet and random coil. Native proteins are examined in Chapter 6 and the 

ability of ROA to detect not only secondary but also tertiary structure is highlighted. 

Chapter 7 is concerned with the important topics of the structure and dynamics of 

unfolded proteins. molten globules and ligand bound proteins. Finally. in the 

appendix there is a summary of the assignments made to secondary structure and to 

loops and turns. 
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Chapter 1 

Introduction 

This initial chapter will introduce the phenomena of optical activity and the 

concept of chirality. It will also provide a brief account of chiroptical spectroscopy 

and how the new technique of vibrational optical activity has developed. 

1.1 Optical Rotation 

Viewing the colours of sunlight as it passed along the optical axis of a 

quartz crystal which was placed between crossed polarizers, Arago made the flrst 

observation of optical activity in 1811 (Arago, 1811). In the following year Biot 

(1812) deduced that the source of the colours depended on the rotation of the plane 

of polarization of linearly polarized light (Le. optical rotation) and the fact that the 

amount of rotation was dependent on the wavelength of the light (Le. optical rotatory 

dispersion). 

Biot later discovered a second form of quartz which rotated the plane of 

polarized light in the opposite sense. Biot was also the ftrst to observe optical 

rotation in organic liquids (Biot, 1815) such as turpentine, camphor and aqueous 

solutions of sugar and tartaric acid. Even at this time it was beginning to be 

understood that the origin of the optical activity in fluids was due to a helical 

structure of the individual molecules, but that in the case of the quartz it was a 

property of the crystal structure, since molten quartz is not optically active. 

In 1824 Fresnel discovered right and left circularly polarized light which 

allowed him to define optical rotation in terms of different refractive indices for the 

coherent right and left circularly polarized components into which a linearly 

polarized light beam can be resolved (Figure 1.1). 



(a) 

Figure 1.1 
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(a) The electric field vector decomposed into coherent right and left 

circularly polarized components. 

(b) The rotated electric field vector has undergone a rotation of a in 

the optically active medium. 

When, in 1848, Pasteur resolved a racemic mixture of tartaric acid into its 

two mirror-image enantiomorphous forms it finally proved Fresnel's theory that 

individual optically active molecules must have an intrinsic handedness. This 

observation emphasized that molecules are 3-dimensional and therefore 

stereochemistry was introduced 41to science. 

An interesting observation made by Faraday in 1846 occurred when he 

induced optical activity in an optically inactive sample by applying a magnetic field. 

He observed optical rotation in a rod of lead borate glass placed between the poles of 

an electromagnet with holes bored through the pole pieces to allow a linearly 

polarized light beam to pass through. This is known as the Faraday effect and implies 

that electromagnetism and light are intimately linked. 

It was not until 1884 that the now commonly used word chirality was 

introduced by Glasgow's Lord Kelvin. Lord Kelvin used the word chiral to describe 

a geometrical figure "if its image in a plane mirror, ideally realized, cannot be 

brought into coincidence with itself'. The topic of chirality is deep and subtle and is 

important in physics, chemistry and biology. Recently, for example. the unification 
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of the weak and electromagnetic forces has revealed that the parity violation present 

in the weak interactions is present to a tiny extent in all electromagnetic phenomena, 

which has led to the discovery that enantiomers of a chiral molecule have a very 

small parity-violating energy difference (MacDennott & Tranter, 1989). 

1.2 Circular Dichroism Spectroscopy 

When polarized incident light interacts with a chiral molecule at an 

electronic transition frequency there is a differential absorption of the left and right 

circularly polarized light and this effect is known as electronic circular dichroism 

(ECD). Proteins have chiral structures and have been the topic of many extensive 

ECD studies (see later). 

The optical rotatory dispersion (ORD), together with the ellipticity of the 

rotated beam due to CD, in the region of an electronic transition frequency is called 

the Cotton effect. in honour of the French physicist Aime Cotton, who perfonned the 

pioneering studies of the wavelength-dependent aspects of these phenomena (Cotton. 

1895). 

1.3 Vibrational Optical Activity 

Natural vibrational optical activity (VOA) has developed over the past 20 

years into a powerful new fonn of chiroptical spectroscopy (Barron, 1982; Nafie et 

a/., 1994). The driving force behind this has been the realization that the 

measurement of optical activity associated with molecular vibrations would provide 

a wealth of new stereochemical infonnation. There have been two streams of 

development in vibrational spectroscopy; namely the infrared (IR) absorption fonn 

and the Raman scattering fonn. The IR fonn of VOA is called vibrational circular 
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dichroism (VCD) and is a direct extension of ECD into the IR region of the spectrum 

(Stephens & Lowe. 1985; Freedman & Nafie, 1994). VCD is therefore the 

differential absorption of left and right circularly polarized m radiation in a 

vibrational absorption band. The complementary Raman technique. called Raman 

optical activity (ROA), depends on the differential Raman scattering of right and left 

circularly polarized visible incident light for a corresponding vibrational Raman 

scattering transition (Barron. 1982). 

The first measurements of ROA (Barron et aI., 1973a,b,c) and VCD 

(Holzwarth et al., 1974; Nafie et aI., 1975), were performed in the early 1970's. It 

quickly became apparent that due to the weakness of Raman scattering compared to 

IR absorption. VCD was much easier to measure experimentally than ROA (there is 

also a greater problem with artifacts in ROA which will be discussed in Chapter 3). 

By the 1980's VCD had developed into a routine technique in several laboratories to 

solve stereochemical and biochemical problems. Ab initio computations were also 

developed to interpret VCD spectra (Lowe er al., 1986). Fourier-transform methods 

were also performed at the early stages of VCD development (Nafie et al., 1979). 

During this time ROA was left behind, with interpretation based on correlations and 

simple models. 

Recently, though, advances in optical and electronic technology have 

propelled ROA from being just an interesting phenomenon into a powerful and 

incisive new probe of stereochemistry. This has mainly involved the use of charge

coupled device (CCD) detectors, holographic notch filters and the dramatic increase 

in the signal-to-noise ratio by using a backscattering configuration (Barron et al., 

1989; Hechtet aI., 1991), which will be discussed in greater detail later (Hecht et al., 

1989; Che et al., 1991). An ab initio theoretical model has also now been developed 

for ROA which greatly helps the interpretation of ROA spectra (Polavarapu, 1990). 

The one photon origin of VCD is illustrated in Figure 1.2, which shows a 

vibrational transition between sublevels go and gl in the ground electronic state. 
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Figure 1.2 Energy-level polarization diagrams for VCD and ICP ROA 

In the second diagram in Figure 1.2 the two photon origin of ROA is 

illustrated. The excited vibronic states (ev) can be far-from-resonance, pre-resonant 

or in strong resonance with respect to the incident or Raman scattered photons. The 

current Glasgow set-up involves a far-from-resonance scattering technique. 

VCD can be described as the difference in absorbance of a sample 

(1.1) 

where AL and AR describe the absorption of left and right circularly polarized incident 

light. The ROA form can be expressed as the circular intensity difference (CID) of 

the Raman scattered light 

(1.2) 

where [R and [L are the Raman scattered intensities in right and left circularly 

polarized light. 

The great advantage of vibrational optical activity is that, since a vibrational 

spectrum of a chiral molecule can contain up to ?N-6 normal modes of vibration, 

each of which can show optical activity, a vibrational optical activity spectrum will 
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contain infonnation about the confonnation and absolute configuration of the entire 

structure. This is in contrast to an ECD spectrum of a chiral molecule that will 

contain a single vibronic band due to for example the ~*f-n transition of the 

carbonyl chromophore. ECD will therefore just probe the chiral environment around 

the chromophore whereas an ROA or ven spectrum will contain bands that are 

associated with every part of the molecule. 

ROA is a currently emerging chiroptical technique which appears to have a 

higher level of sensitivity towards structural features of biopolymers than ECD or 

VCD and will be the subject of this thesis, which will focus mainly on peptides and 

proteins. 
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Chapter 2 

Basic Theory ofROA 

In this chapter there will be a discussion of the ROA effect, with simple 

models used to explain how it arises. The ROA phenomenon is a fonn of Raman 

spectroscopy which has been explained in great detail elsewhere (Long, 1977; Carey, 

1982). In particular, the bond polarizability model will be highlighted since this 

exposes the vital importance of a backscattering geometry for biopolymer studies. 

2.1 Natural Raman Optical Activity (ROA) 

The ROA measurement is associated with a vibrational transition of angular 

frequency roy, where IR and IL are the Raman scattered intensities at the angular 

frequency (ro - roy) for the right and left circularly polarized incident light of 

frequency w, as shown in Figure 2.1. 

R L 

incident beam with 

frequency (,,) 

o 

Figure 2.1 The basic ROA measurement 

Raman component of 

scattered beam with 

frequency «(,,) - (,,),,) 
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It is important to realize that Rayleigh (no change in frequency of the 

scattered beam) and Raman optical activity will be observed in all directions with 

different intensities. A scattering picture for both optical rotation and ROA can be 

generated using a simple two-group model. illustrated in Figure 2.2. which shows 

that the two phenomena have quite different origins. 

a 

Figure 2.2 A two group model representing 

(a) Optical rotation 

b 

(b) Rayleigh and Raman optical activity 

The two anisotropic groups are held in a twisted chiral arrangement and 

therefore represent a chiral species. Natural optical rotation as shown in Figure 2.2(a) 

occurs via the Kirkwood (1937) dynamic coupling mechanism. The photon scattering 

involves an unscattered photon interfering with a forward-scattered photon at the 

detector (Barron, 1982). It is only the second photon that has sampled the chirality of 

the molecule by being deflected from one of the anisotropic groups to the other and 

then interacting with the first photon in the forward direction. This is in contrast to 

the ROA effect in Figure 2.2(b) where both photons interact independently with the 

chiral molecule. No coupling is required between the two-groups (although this does 
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provide higher-order contributions) because the interference between these two 

photons at the detector is enough to probe the chirality and confonnation of the 

molecule (Barron & Buckingham, 1974). 

2.2 The Polarizability and Optical Activity Tensors 

The fundamental scattering mechanism for ROA was discovered in the late 

1960's (Atkins & Barron, 1969; Barron, 1969) and is based on the interference 

between light waves scattered via the polarizability and optical activity tensors which 

will be explained shortly. This initial theory was based on a quantum field 

development. A later version using semiclassical methods was developed as the 

definitive theory of ROA by Barron and Buckingham (1971). This involved 

calculating the electric field vector radiated by the oscillating electric dipole, 

magnetic dipole and electric quadrupole moment induced by the right and left 

circularly polarized radiation. This then allowed the intensities for each of these 

interactions to be calculated. Induced molecular electric multipole moments are set 

into oscillation by the light wave when it encounters the molecule. The secondary 

waves created by these oscillating multipole moments are scattered in all directions. 

Cartesian tensor notation will be used extensively in these equations and 

therefore needs to be explained (Jeffreys. 1931; Barron. 1982). A Greek subscript 

denotes a vector or tensor component and can be equal to X, Y or Z. A repeated 

Greek suffix means summation over all three components (e.g. aaba == a·b = axbx + 

ayby + azbz ). 

Therefore using this definition, the electric dipole, magnetic dipole and 

traceless electric quadrupole defined in SI units are (Barron, 1982) 

(2.1a) 
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(2.1b) 

e P = ~ ~ e· (3r· r· - r~ c5 p) a L.J I '.. 'P I a (2.1c) 

Particle i is denoted as having position vector rj, electric charge ej, mass rnj and linear 

momentum Pj. The symbol c5ap is the unit second-rank symmetric tensor and eafYy 

represents the unit third-rank anti symmetric (Levi-Civita) tensor. The a component 

of the vector product r x P is thus represented by eafJr rp Py. 

Light is an electromagnetic phenomenon and can be represented by an 

electric field vector of angular frequency w = 2nc I A.. For a plane-wave travelling in 

the direction of the unit vector n at velocity c 

E = IfO)exp [-iw(t - n· rIc)] (2.2) 

E(O) represents the amplitude of the wave. 

This electric vector induces a real oscillating electric dipole, magnetic 

dipole and electric quadrupole moment in the molecule 

• 
/-la = aapEp + (tlw) G~pBp + iAapy'VpEy + ... 

• 
rna = -(llw) G~pEp + 

E>ap = AapyEy + ... 

(2.3a) 

(2.3b) 

(2.3c) 

These fields and field gradients are specified at the molecular origin used to 

calculate the molecular multipole moments. Quantum-mechanical expressions for the 

real dynamic molecular property tensors obtained from time dependent perturbation 

theory are as follows 

2 
aap = - I (Wjn/ Wjn 2_ w2)Re « n I Jla I j >< j I Jlp In» (2.4a) 

h j'l'n 



G~ = 

12 

- 3: 2: (0)/W)/-W
2

) Im« n I fla I j >< j I mp In» (2.4b) 
h )",n 

In these equations n and j represent the initial state and the virtual 

intennediate state involved in the Raman transition, and Win defines the angular 

frequency separation of states nand j. Equation 2.4a is the electric dipole-electric 

dipole tensor where aap is the polarizability that is usually associated with refraction, 

light scattering, the van der Waals force etc. The electric dipole-magnetic dipole 

optical activity tensor (equation 2.4b) is represented by G 'ap and its trace G 'aa is 

responsible for conventional optical rotation in fluids. Aapy (equation 2.4c) is the 

electric dipole-electric quadrupole optical activity tensor which can make significant 

contributions to the optical rotation in oriented samples. From these three basic 

expressions the ROA phenomenon can be described (Barron, 1982). 

2.3 Optical Rotation in Isotropic Samples 

It is interesting to compare the expressions used to calculate ROA and those 

that are used to generate conventional optical rotation. In an isotropic (randomly 

orientated) sample the natural optical rotation angle is given by the Rosenfield 

equation (1928) 

where I is the finite path length of the sample, N is the number of chiral molecules 

per unit volume and flo is the vacuum permeability constant. 

For a crystal with oriented chiral molecules and for the light beam 
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propagating in the z direction the optical rotation is given by the Buckingham-Dunn 

equation (1971) 

(2.6) 

It is only in oriented samples that there are electric dipole-electric 

quadrupole contributions to natural optical rotation and CD. In isotropic samples the 

electric dipole-electric quadrupole contributions in optical rotation and CD average 

to zero. In ROA it is important to realize that these contributions are retained in 

isotropic situations and make a contribution that is of the same order as the electric 

dipole-magnetic dipole tensor. This is therefore an additional factor to the optical 

activity ofROA. 

2.4 The ROA Observables 

The dominant contributions to Rayleigh and Raman scattering is dependent 

on a 2 and the ROA is produced by the combination of aG' and aA which have 

opposite signs in right and left circularly polarized incident light. ROA is usually 

quantified as the dimensionless eID (Barron & Buckingham, 1971) 

[R _[L 
Il.JCP = --

[R + [L 
(2.7) 

where [R and [L are the Raman scattered intensities for right and left circularly 

polarized incident light. 

ROA can be measured using three different polarization modulations. The 

incident circular polarization (ICP) approach is adopted at Glasgow and depends on 

the differential scattering of right and left circularly polarized incident light (Hecht et 

aI., 1992). The second fonn is called scattered circular polarization (SCP) ROA 

(Barron & Buckingham, 1975; Spencer et aI., 1988) and is defined as the excess of 
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right or left circularly polarized intensity in the Raman scattered light and referred to 

as the degree of circularity. This SCP ROA can be expressed in dimensionless form 

(2.8) 

where IR and It represent the excess of right and left circularly polarized intensity in 

the Raman scattered light from a linear polarized incident beam. 

Mter SCP ROA was detected in 1988 it was realized that two other forms of 

ROA existed and that they could be measured using a simultaneous combination of 

the techniques employed in rcp and SCP ROA (Nafie & Freedman, 1989). These 

two new forms were called dual circular polarization (DCP) ROA and if measured 

when the circular polarization modulation of the incident and scattered beams are in

phase it is called DCPI ROA; or if the incident and scattered beams are out-of-phase 

it is called DCPu ROA. The CID's can be expressed as follow 

tilleR = I~ -It 
I I~ + It 

tilleR = If -/~ 
II If + I~ 

(2.9a) 

(2.9b) 

where I~ for example represents the intensity of left polarized scattered radiation 

generated from right circularly polarized incident radiation. 

We shall now focus on rcp ROA since that is the current configuration of 

the Glasgow instrument. 

The scattering angle also defines different ROA experimental 

configurations. The usual scattering directions are forward (0°), right-angle (90°) and 

backward (180°). In right-angle scattering, a linear polaroid analyser placed either 

perpendicular (x) or parallel (z) to the scattering plane (yz) allows two different 

measurements to be made. These give respectively polarized and depolarized ROA 
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and are analogous to the polarized and depolarized Raman intensities which are used 

to calculate the depolarization ratio. 

In terms of molecular property tensors, the ROA em expressions for 

different experimental configurations are found to be (Barron, 1982) 

A (00) = 8 [45aG' + {J (G ,)2 - ,B (A)2] 
2c[45a2 + 7{J(a)2] 

(2.10a) 

(2. lOb) 

(2.10c) 

(2.10d) 

These expressions are calculated as explained previously and refer specifically to 

isotropic samples such as liquids and solutions. This means that the polarizability

polarizability and polarizability-optical activity tensor products have been averaged 

over all possible orientations for the scattering molecule. The tensor component 

products produced in the averaging process in equations 2.1Oa - 2.1Od are invariant 

to axis rotations and are thus all that survive in isotropic samples. 

The isotropic invariants of the polarizability tensor and the electric dipole

magnetic dipole optical activity tensor are defined as 

(2. 11 a) 

(2.11b) 
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and the anisotropic invariants for the polarizability-polarizability and polarizability-

optical activity tensor component products {3(a)2, {3(G')2 and {3(A? as 

{3 (a)2 = ! (3aap aap - aaa app) 

= H(a-a - ayy)2 + (au - a zz )2 + (ayy - a:} + 6 (a~ + a;: + a~)] 

(2.12a) 

{3 (G ')2 = t (3aap G~p - aaa Gpp) 

= ! {[(au - ayy)(G ~ - G~) + (au - azz)(G ~ - G ;z) 

+ (ayy - azz)(G;" - G~)] + 3[axy(G~ + G~) 

+ axz (G ~z + G ~x» + a~ (G;z + G ~y)]} 

f3 (A)2 = ! waap £ayo Ayop 

= ! w [( ayy - au) Azxy + (au - azz) A~x + (azz - ayy) Aryz 

+ axy (Ayyz - Azyy + Azxx - Auz) 

+ ax: (A~z - Azzy + Axxy - Ayu) 

+ a~ (Azzx - Axzz + Axyy - Ayyx)] 

(2.12b) 

(2.12c) 

All these components in these isotropic invariants are specified with respect to 

molecule-fixed axes. It should be noted that in equations 2.100 - 2.lOd the only 

contributions to the ROA are made by aG', {3(G')2 and {3(A)2 because only they are 

pseudoscalars and so depend on the sense of circular polarization. Although terms 

such as G'2 and A2 make contributions to the ROA intensity they are scalars and so 

do not have any dependence on the sense of circular polarization. 

All of the eID expressions so far are only valid at transparent frequencies 

(i.e. far-from-resonance) and are also only a description of Rayleigh scattering and 

thus need to be extended to cover the vibrational Raman form. This requires the use 

of transition tensor versions of the polarizability and optical activity tensors. The 

conversion of the Rayleigh form to the Raman occurs as follows 



aap ~ (11lv I aap (Q) I ltv) 

G ~p ~ (11lv I G ~p (Q) I ny) 

Aapy ~ (11lv I Aapy (Q) I ltv) 
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(2. 13a) 

(2.13b) 

(2.13c) 

The transition involves the initial and final vibrational states, ny and my. The 

tenns aap(Q), G'ap(Q) and Aa,8y(Q) are the effective electronic polarizability and 

optical activity operators and they depend on the nonnal vibrational coordinates Qp. 

Using the Placzeck polarizability theory of Raman intensities at transparent 

frequencies and using a Taylor series, the transition polarizability can be expanded in 

the nonnal vibrational coordinates (Long, 1977; Barron, 1982) 

(f7lv I aap (Q) I ny) = (aap)o <5mylly 

+ ~ (~~j (m" I Q, I n,,) + (2.14) 

The first tenn describes the Rayleigh scattering and the second the vibrational 

Raman scattering. The subscript zero indicates that the function is evaluated at the 

equilibrium nuclear· configuration. For the Raman part, in the case of a simple 

hannonic oscillator the selection rule Llv = ± 1 exists. 

Using the Taylor expansion in equation 2.14 the following expressions for 

the Raman intensity and optical activity can be found 

(2.15a) 

( h) (<5aap ) (<5G 'atJ) (0 I aap I Ip)( Ip I G~p 10) = 2wp <5Qp 0 <5Qp 0 (2.15b) 

( h) (<5aap ) (<5Ayof3) (0 I aap I 1p) ( 1p I eayo Ayof3 I 0) = 2wp <5Qp 0 eayo <5Qp 0 (2.15c) 
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These equations are valid for the fundamental transition Ip f- 0 associated with the 

nonnal vibrational coordinate Qp, where 0 represents the ground state and Ip 

represents the first excited state of the molecular vibration associated with the nonnal 

coordinate Qp. It is also helpful to point out that h/2wp is equal to I ( Ip I Qp I 0) 12. 

From an inspection of equations 2.15a - 2.15c, it is clear that the ROA 

phenomenon originates in the interference between the polarizability and the optical 

activity tensors of the molecule. This observation also allows the basic symmetry 

requirements for ROA to be deduced. The symmetry restrictions are thus that the 

same components of aafJ and G'afJ must span the irreducible representation of the 

particular nonnal mode of vibration. This limits the molecules that can show ROA to 

those with the chiral point groups en, Dn, 0, T and I. This can only happen if the 

polar and axial tensors have the same rank, such that aafJ transfonns like /J-a /J-fJ and 

G'afJ transfonns like /J-a mfJ • It should also be noted that in spite of the fact that Aapy 

does not transfonn like G'a{J, the second-rank axial tensor Eayo Ayo{J in equation 2.15c 

which combines with aafJ does have the same transfonnation properties as that for 

G'ap. The result of this is that all Raman active vibrations in a chiral molecule have 

the possibility of producing ROA. 

2.5 The Bond Polarizability Theory of ROA 

The bond polarizability theory of ROA (Barron, 1982; Escribano & Barron,· 

1988) allows simple models to be used to understand the generation of ROA. Two 

different models will now be discussed: the first is a simple two-group model and the 

second will be a general bond polarizability theory. 

2.5(a) A Simple Two-Group Model 

The origin of ROA in the two-group model is illustrated in Figure 2.2 which 
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shows that ROA arises from interference at the detector between waves scattered 

independently by the two separate groups that make up the chiral species. The 

theoretical treatment of the model can be approached in two different ways. The 

original development (Barron & Buckingham, 1974) depends on the polarizability 

tensor aap being origin independent, whereas the optical activity tensors G'ap and 

Aapy are dependent on the origin. It follows that if the molecular origin moves from Q 

to Q.. + ~ then (Buckingham & Longuet-Higgins, 1968) 

(2.l6a) 

(2.16b) 

(2.16c) 

This initially involves calculating the polarizability and optical activity tensors of the 

two anisotropic groups referred to local origins. Then using the sum of the local 

group tensors the local group optical activity tensors are now calculated from a single 

molecular origin. Applying this method leads to the following isotropic and 

anisotropic invariants assuming cylindrical bond symmetry 

aG' = 0 (2.17a) 

(2.17b) 

R21 represents the vector between the two anisotropic groups. Hence in this model 

f3 (G')2 is equivalent to f3 (A)2 (i.e. the magnetic dipole and electric quadrupole 

anisotropic contributions are equal), and there is no isotropic ROA . 

The second distinct approach to the two-group model does not involve the 

use of optical activity tensors; it involves the calculation of the electric field 

amplitudes scattered independently by the two-groups via the summing of group 
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polarizability tensors. Although this is a completely different method to that 

described previously, the same ROA expressions are obtained at the end for the case 

where the wavelength of the incident light is much greater than the distance between 

the two anisotropic groups (Barron, 1982). 

An important aspect that has been neglected so far in the discussion is the 

vibrations of the two-group structure. There will be bond stretches and angle 

deformations of the two groups that will make contributions to the normal modes Qpo 

These internal vibrational coordinates qi will thus alter the interaction between the 

two groups and a simple example to illustrate this is the coupled oscillator model. If 

we consider two idealized normal coordinates Q+ and Q_ that contain symmetric and 

antisymmetric combinations of two internal coordinates $1 and $2 then 

(2.18a) 

(2.18b) 

Nl and N2 represent constants that are identical for equivalent groups. A coupling 

mechanism will occur between these two local modes that will lift the degeneracy of 

Q+ and Q- through some sort of perturbation such as potential energy coupling, 

kinetic energy coupling and dipolar coupling. This will effectively produce two 

different Raman bands that will have slightly different frequencies and different 

intensities. This leads to the fact that the ROA intensities will have equal magnitude 

but opposite sign, independent of what the two groups are. For the magnetic dipole 

and electric quadrupole anisotropic ROA invariants it is found that for Q+ and Q_ 

where 1; represents the first excited state of the local oscillator on group i. It is 

apparent that this mechanism will produce adjacent, overlapping bands of equal 

magnitude but opposite sign. This will lead to the generation of conservative ROA 
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couplets which as will be observed later are a common feature in ROA spectra 

2.S(b) A General Bond Polarizability Theory 

The general bond polarizability theory is a hybrid of the two-group model 

and the inertial model (Barron & Buckingham, 1979). The inertial model differs 

from the just described two-group model since the ROA mechanism depends on the 

changing interaction of the radiation field within a chiral species whose framework is 

continually twisting to cancel out the twist of the torsioning group in order that the 

corresponding normal mode of vibration generates no resultant angular momentum. 

The theory involves the use of the transition polarizability-transition 

polarizability and transition polarizability-transition optical activity tensors as shown 

in equations 2.15a - 2.15c. The polarizability for the whole molecule is then written 

as the sum of the local bond polarizability operators ajaP 

(2.20) 

The transition polarizability can then be calculated from the molecular 

polarizability with normal vibrational coordinates Qp by summing the derivatives of 

the local internal coordinates Sq i.e. local bond stretches, angle bends and torsions 

( 
h )1 ~ ~ (c5aiaP) (lp I aafJ I 0) = - £..i £..i -.t- Lqp 

2wp i q uSq 0 

(2.21) 

Lqp represents the elements of the L-matrix allowing Sq to be defined as linear 

combinations of Qp (from normal coordinate analysis). The optical activity tensors 

G laP and AaP, referred to a general molecular origin, are then incorporated to provide 

the following origin-independent expression for ROA (Barron, 1982; Escribano & 
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Barron, 1988; Barron & Clark, 1982). 

(2.22) 

Tap in the above expression is equal to G~fJ or l/3weayo Ayo,8. The first tenn in 

equation 2.22 is the sum of the pairs of bonds that make up the chiral structures 

(from the two-group mechanism), the second tenn is due to the changes in the 

position vector Rj for a group with respect to the molecular origin (from the inertial 

mechanism) and the last tenn is a product of the intrinsic bond polarizability and 

optical activity tensors. 

Assuming that the bonds are achiral and have axial symmetry, the last tenn 

in the above expression is equal to zero since the intrinsic optical activity tensors Gi~ 

and A~y are zero (Barron, 1982; Barron & Clark, 1982). The isotropic contribution 

(0 I aaa I lp) ( Ip I G PfJ I 0) can also be assumed to be zero. This leads to the 

conclusion that in this situation of axially symmetric achiral bonds, the magnetic 

dipole and electric quadrupole contributions are equal. This leads to some convenient 

simplifications that will now be discussed. 
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2.6 Backscattered ROA 

Utilising the results from the general bond polarizability theory that 

aG' = 0 and f3 (G')2 = f3 (A)2 in equations 2.10 it is found that (Barron, 1982; Hecht 

et al., 1989) 

(2.23a) 

64f3 (G ')2 
(2.23b) 

16{3(G? 
= c [45a2 + 7f3 (a)2] 

(2.23c) 

(2.23d) 

Therefore the ROA intensity in the forward direction is zero and it is maximised in 

the backward direction (where it is four times that for polarized right-angle 

scattering). 

Figure 2.3 There is no net ROA in the forward direction in the two-group 

model because there in no phase difference between the two 

scattered waves. 
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This result is illustrated in the two-group model shown in Figure 2.3 where it can be 

deduced that there will be no ROA intensity in the forward direction because both 

waves interfering at the detector will have the same optical path distance. However it 

is not immediately apparent from these simple pictures that ROA is maximised in the 

backscattering direction. These results led to the conclusion that backscattering is the 

optimum experimental arrangement which must be used for studying unfavourable 

samples such as biopolymers in aqueous solution. 

2.7 Ab Initio Calculations 

Ab initio calculations have recently been used to predict ROA intensities 

(Bose et al., 1990; Polavarapu, 1990; Polavarapu, 1993a,b). Although no molecules 

larger than alanyl alanine have yet been treated by this method it is worth giving a 

summary of the method used because the calculations are becoming more important. 

The method is based on the previously discussed Placzeck polarizability 

approximation. It therefore requires the computation of polarizability and optical 

activity tensor derivatives such as (~aaf3/ ~Qp)o, (~G~f3/ ~Qp)o and (~AafJy/ ~Qp)o to 

calculate the ROA intensities. Since the scattering is at transparent frequencies a 

reasonable assumption of replacing wfn - w2 by w2 is made so that the polarizability 

and optical activity tensors now simplify to 

aaf3 = 2 :L ~. Re ( n I fAa I j) (j I fAf3 In») 
J ""n In 

(2.24a) 

G ~f3 = - ~ ~ ~:J. 1m ( n I fAa I j) (j I rna In») 
J""n In 

(2.24b) 

Aapy = 2 ~ ~. Re ( (n I fAa I j) (j I 0 Pr In») 
J.n In 

(2.24c) 
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"'}n represents the energy difference between the jth virtual intennediate state ("'}) 

and the initial state (Wn). 

The polarizability is dealt with initially. This first of all involves considering 

the wave function in a static electric field (Amos, 1982) 

(0) (I) (E ) 'l/Jn (Ep) = 'l/Jn + Ep'I/Jn p + (2.25) 

where 'I/J~l) from perturbation theory is 

'I/J~l) (Ep) = ~ ~. (j I ,up In) Ij ) 
j .. n In 

(2.26) 

The polarizability can then be expressed as 

( (0) (I) (E ») aap = 2 'l/Jn l,ua I 'l/Jn p (2.27) 

By writing the wavefunctions in tenns of molecular orbitals ifJk perturbed by the 

static electric field, the final computational version is 

aap = 4 ~ (¢kO) I ,ua I ifJkl) (Ep») (2.28) 
Ie ,(Xc 

Applying the same technique to the electric dipole-electric quadrupole optical 

activity tensor we find 

Aapy = 4 ~ (ifJkO) I 0 py I ifJk1
) (Ea») (2.29) 

Ie,acc 

Due to the fact that the electric dipole-magnetic dipole optical activity tensor G ~p 

vanishes as w ~ 0 and therefore does not have a static limit it has to be treated in a 

slightly different manner. Since (1 / w) G~p does have a static limit (Amos, 1982) and 



26 
if 1/J~1) (f3p) is the wavefunction perturbed in a static magnetic field we can write 

[ , ] ( (1) (1») (l/w)G a{3 aI-O = -2hlm 1/Jn (Ea) l1/Jn (Bp) (2.30) 

In terms of the perturbed molecular orbitals 

[(1/w)G~{3]alaO = -4h L 1m «1>P>(Ea ) I 1>1t
) (Bp») (2.31) 

k,occ 

It is now possible to obtain the polarizability and optical activity tensors from two 

coupled Hartree-Fock SCF calculations. one giving the molecular orbitals perturbed 

by a static electric field and the other by a static magnetic field. 

The required derivatives such as (oa/oQp)o are then calculated numerically 

by using the above results to evaluate aa{3. (1lw) G'a{3 and AaJlr in their static limits at 
• 

the equilibrium geometry and at the geometries displaced by 0.005 A along each 

atomic coordinate. These calculations are performed by the CADP AC program 

(Amos & Rice. 1987). This method is restricted at the moment to less than 80 

electrons. 
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Chapter 3 

Instrumentation 

In this chapter the design of the new backscattering ICP Glasgow University 

ROA spectrometer No.3 (GUROAS3) will be discussed. 

x 
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lens 

transmission 
grating 

refocusing 
camero lens 

-~ ...... :.:.. .. ..... ...... :~c) 

II' t' eeo co Ima Ing shutter 
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Figure 3.1 The optical layout of the backscattering GUROAS3 

The instrument is based on a backscattering geometry since as discussed earlier, 

backscattered ROA data exhibit a much larger signal-to-noise ratio as compared to 
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right-angle scattering (Barron et al .• 1989, 1990; Hecht et al., 1989, 1992; Hecht & 

Barron, 1990, 1994; Hecht & Nafie, 1991; Barron & Hecht, 1993). 

Each component of the instrument will now be described in detail. The 

major improvement compared to GUROAS2 was the introduction of a low F/number 

stigmatic (imaging) spectrograph (Battey et aI., 1993; Purcell, 1993; Tedesco et al., 

1993) as compared to the previously used astigmatic (non-imaging) spectrographs 

that were used in GUROAS2 and GUROAS 1. It should be pointed out at this stage 

that the construction of the instrument was the work of L. D. Barron and L. Hecht. 

3.1 Optical Layout 

The optical layout is as shown in Figure 3.1. The 514.5 nm line of a 

Spectra-Physics Model 2017 continuous-wave argon ion laser is used for all 

experiments. This wavelength of green light is used because it is a compromise 

between two situations. Although blue light would provide a larger amount of Raman 

scattered intensity due to the l/A4 Rayleigh law, the fluorescence problems common 

in Raman studies of biopolymers are enhanced in this region of the visible spectrum. 

If red light was used the problems of fluorescence are reduced. Unfortunately red 

light does not create enough basic Raman intensity for ROA studies at this time to be 

feasible. The use of green light is thus a compromise between fluorescence 

suppression and the l/A4Rayieigh law. 

The green laser beam, of diameter -2 mm, first passes through an aperture 

which helps to suppress plasma background radiation. To increase the degree of 

polarization the light then passes through a polarizer. A Glan Taylor laser prism 

polarizer is used for this purpose (Klinger et al., 1990) which has an extinction ratio 

of Ifrs in the visible region. The prism has anti-reflection coatings on both its faces 

and provides about a 0.95 transmittance for green light. 

The linearly polarized laser light then passes into the electro-optic 

modulator (EOM). By applying a high voltage across a potassium dideuterium 
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phosphate crystal and reversing the direction of the electric field near-perfect right 

and left circular polarization can be achieved. This is an improved model from that 

used in GUROAS 1 and GUROAS2, and is based on a special electrode combination 

instead of the usual ring electrodes. This creates a more unifonn electric-field in the 

modulator crystal and therefore will minimise any stress-induced birefringence. The 

BOM is temperature controlled at 26.0 ± 0.1°C, as the quarter-wave voltage is a 

function of temperature. A Leysop high-voltage linear differential amplifier is used 

to drive the BOM, creating a highly stable bipolar high-voltage square wave. This 

then allows the BOM to switch phase and generate right and left circularly polarized 

light. The amplifier also has adjustable positive and negative voltage limits that are 

sometimes required to compensate for the differences in birefringence between 

different samples. The BOM is connected to a computer via a parallel interface so 

that the modulation frequency can be altered. There is also an electronics module that 

not only starts each modulation in the right phase but also resets the voltage along the 

crystal to zero after each cycle. The actual alignment of the BOM is one of the most 

. critical factors in the ROA instrument; if it is incorrectly aligned the ROA spectrum 

will contain artifacts. Strongly polarized Raman bands tend to be most susceptible to 

artifacts. A Soleil-Babinet compensator is used to allow the quarter-wave voltages 

for the BOM to be set up as precisely as possible. 

The highly pure circularly polarized laser beam is then focused via a plano

convex synthetic fused-silica lens. The beam of light then passes through another 

aperture to cut out any stray reflected light. 

The light then passes through a 45° mirror, a collimating lens and a Lyot 

depolarizer. These three components all contain a hole in the middle and the beam 

passes straight through until it hits the sample cell (Hecht et al., 1992). 

The sample cell is a quartz (Spectrosil) microfluorescence cell (Optiglass) 

that measures 5 x 6 x 12.5 mm. The cell has a maximum capacity of -300,ul but in 

practice -125 ,ul of a sample is usually used. The sample cell is also annealed at 

-1200°C, to remove stray birefringence in the glass which can cause artifacts. The 

sample cell is held in an optical mount (Newport) that keeps the cell fixed throughout 
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the duration of the experiment. The optical mount allows the cell to be moved 

precisely in any of the x. y or z-directions. The actual alignment of the cell is critical. 

since the back-reflections from the cell walls should be reflected back along the 

central axis of the optics. If this is not performed properly and the light is reflected 

into the collection optics of the spectrograph. artifacts and problems with the baseline 

of the spectra will arise. 

The backscattered cone of Raman light from the sample then passes through 

a Leysop calcite Lyot depolarizer (Mochizuki. 1984; Takada et a/ .• 1988; Kliger et 

a/ .• 1990) to scramble any residual linearly polarized components. The Lyot is made 

of two calcite plates of different thickness. that are cut from the same X-cut of a raw 

calcite crystal. These two plates are then glued together using optical cement with 

their optical axes oriented at 45° to each other. Both faces of the Lyot are anti

reflection coated. The Lyot can be rotated around the z-direction so that the optimum 

depolarization position can be found via a trial and error procedure. 

The backscattered light is then collimated with a symmetric convex 

synthetic fused-silica lens. which again contains anti-reflection coatings. The light is 

then deflected into the 90° (-y) direction by a 45° oriented mirror that has an 

enhanced silver coating which was made by Balzers. This mirror is a considerable 

improvement on the previously used aluminium mirrors. The silver mirror has a 

difference in reflection coefficients of horizontal and vertically polarized light of 0-5 

- (}6% for visible light. For aluminium coated mirrors the value is 5 - 6% and thus 

represents a ten-fold improvement in suppression of this particular source of artifacts 

(Hecht et a/ .• 1992; Bell et a/ .• 1993). 

The deflected light at this point contains a mixture of Raman and Rayleigh 

light. The Rayleigh light if not suppressed will have a detrimental effect on the 

signal-to-noise ratio and will introduce slopes into the ROA baseline. To reject the 

stray Rayleigh light a holographic notch filter is used. A major improvement over 

GUROAS 1 where the notch filter was placed in front of the entrance slit of the 

spectrograph is that the notch filter in the new instrument can operate in quasi

parallel light (Yang et at.. 1991) and thus has a much greater efficiency and rejection 
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of stray light A Super Notch-Plus filter with an optical density> 8 is currently used 

which allows the collection of Stokes and Anti-Stokes data down to 50 cm- I . Figure 

3.2 is a representation of how the Super Notch-Plus filter works by rejecting the 

Rayleigh light at 515·5 nm. The transmission of the filter can be observed to be over 

80% in the wavelength spread corresponding to our Raman spectra It must also be 

noted that the Kaiser and older versions of the spectrographs are all single grating 

spectrographs, which is only made possible due to the excellent stray light rejection 

characteristics of present day holographic notch and edge filters. 
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Figure 3.2 The performance of the holographic notch filter 
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After passing through the holographic notch filter the Raman light is 

focussed by a F/1-4 CC TV -lens onto the vertical entrance slit of the spectrograph. 

Probably the greatest improvement in the instrument has been the use of a new 

spectrograph which will now be discussed. 

The Holospec F/l·8i from Kaiser Optical Systems is based on the latest 

stigmatic spectrograph technology. The first half of the commercial version uses a 

preconfigured filter stage which would have involved the use of extra and 

unnecessary optics. It was therefore decided to use only the second half of the 

spectrograph in GUROAS3. An advantage of the new spectrograph is that an 

acceptance cone of FIl.4 is maintained throughout the spectrometer. eliminating the 

requirement of any further refocusing lenses. It is probably not an exaggeration to 

say that. due to this stigmatic spectrograph, GUROAS3 is the worlds fastest Raman 

spectrograph. The major improvement in the design of the new spectrograph is that it 

operates via a novel holographic transmission grating as opposed to a conventional 

ion-etched reflection grating as used in GUROASI and GUROAS2. The 

transmission grating placed between the collimating and refocusing camera lens is 

based on new volume-technology (Tedesco et al., 1993) and produces a 900 fold of 

the optical path and has an efficiency of greater than 80% for unpolarized light 

(Battey et al .• 1993; Purcell, 1993). This is a great improvement over the previously 

used ion-etched gratings which only have an efficiency of 60%. The transmission 

grating has 2,400 grooves mm-1 which results in a reciprocal linear dispersion of 3·0 

nm mm-1
, providing a spectral coverage of about 1.200 cm-1 across the CCD chip in 

the detector. 

The use of a transmission grating is an integral part of the design since this 

allows an on-axis spectrometer set-up to be used. providing nearly diffraction-limited 

imaging (stigmatic) performance. In GUROASI and GUROAS2 an off-axis concave 

camera and collimating mirrors in the old spectrograph (operating via an in-plane 

asymmetric Czerny-Turner optical configuration) produced unwanted astigmatism. 

The end result is that an approximate fivefold increase in throughput is obtained as 

compared to the old astigmatic spectrograph. 
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As a detector in the instrument a backthinned charge-coupled device (CCD) 

is employed (Bilhom et aI., 1987a,b) which is now becoming common for Raman 

spectroscopy (Dierker et aI., 1987; Pemberton & Sobocinsky, 1989; Williamson et 

aI., 1989; Knobloch et aI., 1989). A Wright Instruments CCD is used which contains 

a thermoelectrically cooled camera head, a camera electronics module and a 

computer board. The camera head contains a single-field area array CCD image 

sensor which comprises a two-dimensional array, measuring 385 columns by 578 

rows of square pixels. Each of these pixels can store a photo-induced electronic 

charge. The CCD is cooled to 200K using a Peltier effect cooler, allowing the 

detector to have an excellent signal-to-noise ratio with a dark current (thermally 

excited signals) of only about () 14 electron counts per pixel per second. The CCD 

chip is thinned by an acid etching process to improve its efficiency. The CCD is 

oriented in such a way as to maximise the spectral coverage of the Raman spectrum; 

and is therefore oriented with its short axis (385 pixels) along the slit axis of the 

spectrograph and the long axis (578 pixels) parallel to the direction of dispersion of 

the spectrometer. 

The collection of data on the CCD chip works using a serial pixel binning 

(Epperson et aI., 1990) process which basically converts the two-dimensional CCD 

image detector into a linear array. 

The end result is that the backthinned CCD detector provides a light 

detection unit with a quantum efficiency in excess of 80% in the 450 to 650 nm 

range. Standard CCD's have a quantum efficiency of about 20% at 500 nm and about 

50% at 700 nm. CCD's also have extremely low noise levels and so, unlike diode 

arrays, they can be used without intensification. An illustration of the efficiency of 

CCD's is shown in Figure 3.3. 
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Figure 3.3 Efficiency of the backthinned CCD detector 

3.2 Computer Control 

A Dell personal computer uses a computer interface to synchronise the CCD 

detector and the BOM. Figure 3.4 shows the computer and electronic set-up of the 

ROA instrument 
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Figure 3.4 Computer control of the ROA instrument 
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A customised version of Lab Calc is used (Galactic Industries) for the data 

acquisition. The ROA acquisition process first of all resets the ROA electronics 

module and the EOM produces right circularly polarized light. At this precise 

moment the CCD chip is completely uncharged, the shutter is opened and the CCD 

chip collects the Raman data in right circularly polarized incident laser light. The 

shutter then closes after a pre-determined time and the data from the chip is read. As 

stated previously the data is binned down into a single row of data (Lacy et al., 

1991). This data is then stored in the memory of Lab Calc and displayed in the top 

half of the computer monitor. The chip is then cleared once again of any charge and 

the computer commands the EOM to produce left circularly polarized light. The 

shutter is opened once more and the CCD chip collects the Raman data in left 

circularly polarized incident light for exactly the same time of collection as in right. 

This left spectrum is stored in the Lab Calc memory and displayed in the top half of 

the monitor, in a different colour to that of the right. The left Raman spectrum is then 

subtracted from the right Raman spectrum and the resultant ROA spectrum displayed 

in the bottom half of the monitor. The memory containing the right and left Raman 

spectrum is then deleted and the modulation process starts again. After each cycle the 

obtained difference spectrum is added to the previously obtained ROA spectrum. The 

ROA spectrum is then allowed to build up until an acceptable signal-to-noise ratio 

has been obtained. 

3.3 Artifacts in ROA 

One of the main problems in obtaining ROA data is the control of artifacts. 

Due to the actual ROA signal being about 10-3 to 10-5 of the parent Raman signal 

(which is itself small) the suppression of artifacts can be a major problem_ Artifacts 

were responsible for the failure of the first attempts to observe ROA (Bosnich et al., 

1972; Diem et al., 1973) and remain a problem even to this day. 

It was only after the source of artifacts was understood were the first ROA 
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data collected (Barron et al .• 1973). The source of artifacts can be understood from 

the polarization dependence of the isotropic and anisotropic molecular polarizability 

contributions to the scattering intensity at 90°. It was found that strongly polarized 

Raman bands tend to be much more susceptible to artifacts than depolarized bands. 

Artifacts themselves are 'ghost' signals that can occur as'S' shaped signals on 

strongly polarized Raman bands and have absolutely nothing to do with the 

conformation or chirality of the molecule being examined (there are also bias 

artifacts which occur when the spectra is not properly on the baseline). The actual 

analysis of artifacts has now become quite sophisticated with the use of 

phenomenological Stokes Mueller formalisms (Hecht & ]ordanov, 1987; Kliger et 

al .• 1990). 

Utilising this information from the Stokes Mueller theoretical formalisms. 

residual linear birefringence in the optical components was deduced to be a major 

factor leading to the generation of artifacts. To reduce this stray birefringence high 

quality strain-free quartz is used wherever possible in the instrument. 

As stated previously the alignment of the EOM is crucial to the control of 

artifacts; a Soleil-Babinet compensator is used for the correct alignment of this 

component. The EOM crystal is also temperature stabilized and supplied with a 

highly stable voltage by a linear differential amplifier. in an attempt to suppress 

artifacts. 

Backscattering has the advantage over right-angle scattering that artifacts 

are greatly reduced due to the backscattered light having a near-perfect rotational 

symmetry (Escribano. 1985; Hecht & Barron. 1990). This has the effect of cancelling 

out most of the artifacts that are dependant on the azimuthal scattering angle (Hecht 

& Barron. 1990). 

Another source of artifacts is that back-reflected light from elements in the 

optical train and the sample cell passing into the laser cavity can degrade the degree 

of polarization of the incident laser light. To limit this problem anti-reflection 

coatings are used wherever possible. Other less important sources of artifacts include 

optical rotation of linearly polarized contaminants. which can be limited by using 
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smaller sample cells. Dust particles can also be a problem and these are eliminated 

by filtering and centrifuging the samples for at least 10 minutes. 

The Lyot depolarizer is an essential part of the instrument because if it was 

not used the ROA spectrum would still have many artifacts even if all of the above 

precautions were taken. The Lyot depolarizer is essential because the 45° mirror 

introduces huge polarization artifacts if the Raman light is not effectively depolarized 

(due to residual linear contaminants). The Lyot depolarizer has different 

depolarization characteristics at different orientations and the correct orientation is 

found by trial and error. The dipeptide L-alanyl-L-alanine is used as a standard to 

find the correct orientation of the Lyot. The dipeptide contains a strongly polarized 

band at 886 cm-! and when the Lyot is in the approximately correct position, small 

changes in orientation can eliminate or create a large S-shaped signal on this band 

(Barron et ai.. 1990; Barron et aI. , 1992a). It is found that for proteins and 

polypeptides the optimum orientation of the Lyot can differ by 10 - 20° from the 

position for peptides. A high quality spectrum of L-alanyl-L-alanine is shown in 

Figure 3.5, where the S-shaped curve on the 886 cm-! band has been suppressed in 

this way. 
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Figure 3.5 Backscattered Raman and ROA of L-alanyl-L-alanine 
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3.4 Instrument Performance 

The new ROA instrument is approximately five times faster for small 

molecules such as pinene but only about two to three times faster for a protein due to 

the protein having a more disperse scattering geometry. In Figure 3.6 the 

backscattered ROA spectra of the two enantiomers of trans-pinane are shown. The 

ROA spectra of both enantiomers are displayed after 10 minutes of collection. In the 

bottom part of Figure 3.6 the ROA spectra of (+)-trans-pinane is shown after 20 

seconds of collection. Even after this short time of collection all of the major ROA 

signals can be observed (it should be noted that these spectra were collected on the 

old spectrograph). 

The remarkable speed of the instrument can be appreciated when it is 

compared with other ROA instruments around the world. In Syracuse a 

backscattering ROA instrument using an unthinned CCD detector was built (Nafie et 

al., 1991; Che et al., 1991; Che & Nafie, 1992) that was capable of measuring the 

ROA spectra of amino acids, peptides and saccharides (Nafie et al., 1991) using a 

DCP modulation technique based on a conventional circular analyser (Bickel & 

Bailey, 1985) which consists of a quarter-wave plate and a dichroic sheet polarizer. 

One of the main disadvantages of the Syracuse ROA instrument is that it suffers 

from an approximate 50% dead time (Che et al., 1991) due to a slow read-out of the 

detector and a slow mechanical rotation of the quarter-wave plate required to achieve 

the required circular polarization modulation. Their instrument is therefore much 

slower than the current Glasgow instrument and also appears to suffer from poor 

signal-to-noise ratios for the spectra and sloping baselines (Nafie et ai., 1991). 
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3.5 Temperature Control of Sample Cell 

In the experiments where the temperature of the cell is controlled an FrS 

Systems Air-Jet Crystal Cooler is used. The unit works via a cascade refrigeration 

system which provides dry air at the end of an 8 foot flexible delivery line. The air 

supply inlet is located at the rear of the refrigeration cabinet. The air then flows 

through the flexible delivery line and heat exchanger, and then out of a nozzle. A 

heater is located inside the nozzle that supplies heat to control the temperature of the 

stream of air. A thermocouple is used to monitor the temperature of the air and is 

used to regulate the heat input from the heater. The air temperature at the end of the 

nozzle is indicated continuously using a digital readout to a resolution of O.loC. The 

temperature of the airstream can be set to O.loe with the temperature controller. 

Temperatures ranging from -85°C to + 1 ocre can be obtained with this apparatus. 

The sample is thus temperature controlled by blowing air of a specified temperature 

over the sample cell. The temperature is currently measured with a thermometer at 

the surface of the cell and so is slightly lower than that of the sample along the axis 

of the laser beam. 
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Chapter 4 

Protein Structure Determination 

In this chapter a brief outline will be provided of the different techniques 

that are currently employed for protein structure determination, with an indication of 

where and how ROA can provide new information. 

4.1 Protein Structure 

A protein consists of many amino acids and the conformation of these 

subunits are defined via the Ramachandran phi (¢) and psi ('ljJ) angles (Figure 4.1). 

The overall conformation of the protein will be determined by the combination of all 

cp and 'ljJ angles. 

Figure 4.1 lllustration of the peptide backbone 
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There are four levels of protein architecture that will now briefly be 

explained. The primary structure is the amino acid sequence and a list of any 

disulfide bridges between two cysteines. It is thus a complete map of the covalent 

bonded network of the protein. The secondary structure is a description of the spatial 

arrangement of adjacent amino acids. If regular arrangements extend over a number 

of residues this can lead to a-helix (if> ... -60°, 1jJ .. -50°) and ,B-sheet 

(if> ... -120°, 1jJ ... +130°) structures developing. Supersecondary structure refers to 

clusters of secondary structure. An example of supersecondary structure is where a 

,B-strand is separated from another ,B-strand by an a-helix; this is called a ,B-a-,B 

motif (Branden & Tooze, 1991). Tertiary structure is the compact globular units 

fonned by the packing of a-helices and ,B-sheets associated with loops and turns. If 

there is more than one polypeptide chain (i.e. subunit) in the protein the quaternary 

structure refers to the spatial arrangement of these subunits and the nature of their 

contacts. 

4.2 X • Ray Crystallography 

Once the primary structure of a protein has been detennined by biochemical 

methods, the most common method to obtain a 3-dimensional structure is X-ray 

crystallography (perutz, 1992). This method is dependent on being able to crystallize 

the protein which can be difficult. The fonnation of crystals is critically dependent 

on pH, temperature, protein concentration, the solvent and the presence of added ions 

or ligands to the protein. All of these factors have to be controlled to produce the 

required crystals. Crystal growth can also be very slow. Furthennore, many proteins 

will never crystallize which renders the technique redundant for these proteins. 

Proteins seem to be difficult to crystallize if they have large mobile regions, such as 

unstructured polypeptide tails or carbohydrate moieties. 

There is also the debate that crystal and solution structures may not be the 

same. Crystal contacts may perturb protein structures and sometimes provide an 
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incorrect description of a protein surface. The chance to perturb the conformation 

globally by crystal contacts is more significant in small rather than in large proteins. 

Nonetheless even in large proteins the active sites of the proteins often reside on 

protein surfaces that might therefore be perturbed by crystallization. 

Even when crystals are obtained they may not diffract properly and may 

provide an intractable diffraction pattern. However, despite these problems X-ray 

crystallography remains the best method for protein structure determination. 

4.2 Multi - Dimensional Nuclear Magnetic Resonance (NMR) 

In recent years NMR has evolved into a powerful technique for protein 

structure determination. As opposed to the previously described X-ray method. these 

experiments are conducted in solution and therefore provide a superior insight into 

the actual structure of the protein under near physiological conditions. 

There are however major problems associated with multi-dimensional NMR 

and protein structure determination. The most difficult one to overcome is the 

'molecular weight barrier'. The largest structures actually solved by NMR are only 

about 18 kDa in size (Clore et al., 1991; Fairbrother et al., 1992), although resonance 

assignments for proteins as large as 22 kDa for monomeric proteins (Stockman et al., 

1992) and even 31 kDa for dimeric proteins (Grzesiek et al., 1992) have been 

reported. It therefore gets too difficult to interpret the spectra of large molecules due 

to the very large number of nuclear overhauser enhancement (NOE) effects involved. 

Solving a protein structure by Nl\.1R can also depend on aspects other than 

molecular size. The main factor is whether a protein exhibits good NMR spectra. It is 

unfortunate that only a small number of the proteins that fall within the suitable 

molecular weight range provide an NMR spectra that can be assigned. Even if 

assignments can be made, there is no guarantee that a precise structure can be 

obtained. It is also found that some proteins just show fewer NOEs than others. 

independent of their size. 
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The NMR spectra tend to be very crowded due to the very large number of 

resonances. This peak overlap problem has been solved to a large extent by the 

development of multidimensional and multiple resonance experiments. at least for 

proteins up to 25 kDa that can be isotope labelled. Aromatic resonances still suffer 

from these problems. making these regions notoriously difficult to assign. 

The fast transverse relaxation rates of large proteins also impose limits to 

the lengths of the pulse sequences that can be applied. This leads to line broadening 

in the protein NMR spectra. Increasing the size of the protein being investigated also 

limits the maximum concentration that can be used and thus restricts the sensitivity 

of the technique. At high concentrations the onset of protein aggregation adds to the 

line broadening problem. The electrostatic or hydrophobic interactions that cause this 

effect can severely broaden the spectrum to such an extent as to make the obtained 

spectra of little use. 

It has also been found that large proteins often have significant moieties that 

do not show NOEs and it is not uncommon for some residues not to have any 

detectable resonances. This problem is usually due to multiple conformations in 

intermediate exchange. Due to the slow timescale involved (-10-3 s) this is a serious 

problem in NMR but relaxation time experiments can provide valuable tests to see if 

mobility is causing problems for structure analysis. To solve the structure of large 

proteins isotope labelling with IsN and 13C is an essential procedure. HeteronucIear 

multidimensional NMR experiments can then be used for the structure determination. 

4.3 Computer Simulations of Protein Structures 

Recent advances in computer programs are providing a third way to 

calculate the structure of a protein from the amino acid sequence (Chan & Dill. 1993; 

Borman, 1995). This is a purely theoretical approach and is currently showing 

significant promise. 

One of these computer programs can predict secondary structure (i.e. a-
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helices and ,B-strands) and supersecondary structure (Le. linked helices and strands) 

but has not yet been successful in predicting the tertiary structure (Le. the overall 

structure of the folded protein). The other type of program (Dill & Chan, 1993) can 

provide a prediction of the tertiary structure but not the secondary structure. There 

remains much scope for great advancement in this area though the limiting factor at 

the moment is the very large number of parameters involved in the calculations. 

4.4 Application of Spectroscopic Techniques to Biopolymers 

Currently ECD is the most commonly used spectroscopic technique to 

characterise biopolymers and has been applied in both peptide and protein structure 

studies (Woody, 1977). However. ECD structure analyses are limited by the number 

and resolution of transitions that are available. The most useful electronic transitions 

that have been found are the n*f-n and n*f-n transitions of the amide groups. 

These provide information about the polymeric backbone but. since such amide 

electronic excitations are relatively delocalised. the resulting UV bands are often 

affected by other environmental or local perturbations. ECD is also limited by its 

lack of sensitivity to certain types of structure, such as the tertiary structure of 

proteins. Nonetheless, far-UV CD can be used to detect both a-helix and ,B-sheet 

conformations. Analysis of these bands can also reveal the actual quantity of each 

type of structure present. Near-UV CD can also be used to monitor the environments 

of aromatic residues. such as tryptophans. 

Vibrational techniques have also been applied extensively to biopolymers. 

Vibrational spectroscopy involves several distinct vibrational modes involving the 

-CO-NH- group, the most important of which will now be explained (Tu, 1986). 

Vibrations of the peptide backbone usually occur in four main regions of the Raman 

spectrum (Tu, 1986): the Cr-c stretch region -870 - 960 cm·l, the Cr-N stretch 

region -1020 - ll50 cm 1 the amide ill region -1230 - 1310 em 1 and the amide I 

region -1630 - 1700 cml. The amide III region was thought to be mainly due to N-H 
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in-plane defonnations coupled with Ca-N stretch modes but in fact Diem et ai. 

(1992) showed by examining small peptides such as alanyl alanine and related 

isotopomers that the amide m region actually involves much more mixing between 

the N-H and Ca-H modes than was previously thought This conclusion is supponed 

by a recent ROA study of alanylpeptide oligomers (Ford et aI., 1994). 

The amide I vibrational mode has its main contribution from the in-plane 

peptide C=O stretching vibration (80%) and a smaller contribution from the N-H in

plane bending vibration (Figure 4.2 ). 

R ~H 

\f / 
C-N 

/ \ 
o R , 

Amide I 

Figure 4.2 The amide I vibrational mode 

The amide ill band (Figure 4.3) on the other hand does not involve the C=O 

vibration. 
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Figure 4.3 The amide III vibrational mode 

The amide IT vibration (-1510 - 1570 cml) is dominated by the N-H in

plane defonnation, with a much smaller contribution from the C-N stretching mode 

(Bandekar, 1991). 

The amide I and ill bands have relatively high Raman intensity and 

correlations with protein structure have been developed (Tu, 1986). Figure 4.4 is a 

simple representation of the structural features that have been determined from 

conventional Raman spectroscopy. 

Amide ] Amide III 

nlo , •• 0 1 1210 1220 

'Nowenumber Icm- I 

Figure 4.4 Different types of protein conformations from amide I and ill vibrations 
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The precise positions of these bands have also been shown to be highly 

informative. For example, the exact position of the a-helix Raman band in the -900 

- 1000 cm-1 region has been found to contain infonnation about the geometry of the 

helix, particularly the qJ angle (Sengupta & Krimm, 1987). 

Fourier transform-infrared (Ff-IR) spectroscopy has also been applied to 

the study of biopolymers (Mantsch et al., 1986). Analysis of the amide I and amide 

ill vibrational bands can lead to the detection of a-helix, ,B-sheet and possibly tertiary 

structure. However, the deconvolution techniques that are required in Fr-IR. 

spectroscopy can sometimes produce misleading conclusions. 

The technique of ven has been used to develop empirical correlations of 

VCD spectral features with respect to the stereochemical aspects of proteins 

(Keiderling & Pancoska, 1993). These analyses have mainly been restricted to the 

amide I region providing secondary structure predictions. ven appears to be 'blind' 

to tertiary structure which is therefore a limitation on the technique as will be shown 

later. 

Conclusion 

Currently there appears to be no ideal method to determine the structure of 

proteins. Although X-ray crystallography and multi-dimensional NMR can provide 

complete structures they both have fundamental restrictions. The computational 

methods are in their infancy of development and a great deal of work is yet required 

to gain confidence in these predictions. Current spectroscopic techniques also appear 

to be limited in their ability to probe biopolymer structure. 

Since ROA is a new and incisive form of spectroscopy (with both HzO and 

D20 being ideal solvents) that shows real potential in this area it warrants intensive 

studies. It is still not completely clear as to where the technique is going or what it 

can eventually elucidate in structural terms; but the following chapters will describe 

the recent findings of this project with respect to protein structure and dynamics. 
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Chapter 5 

ROA of Peptides and Polypeptides 

Polypeptide chains have long been known to adopt a-helical, ,B-sheet and 

so-called unordered confonnations under certain pH and temperature conditions 

(Greenfield & Fasman, 1969; Yu et al., 1973; Itoh et al., 1976; Painter & Koenig, 

1976; Yu, 1977). They would therefore appear to be ideal starting points to 

determine structural features in a new fonn of biopolymer spectroscopy. The 

polypeptides to be discussed in this chapter are poly-L-Iysine and poly-L-glutamic 

acid. A model ,8-turn peptide, L-Pro-L-Leu-Gly-NH2 was also studied. 

There has recently been renewed interest in unordered confonnations in 

particular and trying to use these confonnations to generate a "baseline" to calculate 

the amount of structure in other species. Polypeptide studies are of great importance 

because there have been attempts to extend the results to study protein folding 

pathways (Creighton, 1988). Even today it is not fully understood if the starting point 

of protein folding is the fully unfolded state or if there are regions with residual 

order. Protein folding will be discussed in Chapter 7. 

Poly-L-glutamic acid adopts an a-helical structure at low pH and -20°C, a 

random coil state at high pH and -20°C, and two different antiparallel ,B-sheet 

structures at high pH and in the high temperature regions of -40 - 85°C (fJt) and 

>85°C (/32), respectively. Poly-L-Iysine adopts an a-helical state at high pH and low 

temperature, a random coil state at low pH and -20°C, and a ,B-sheet state at high pH 

but high temperature. Varying the pH and temperature changes the ionization state of 

the side-groups therefore allowing different confonnations to be adopted. The L-Pro

L-Leu-Gly-NH2 peptide is known to form a model type II ,a-tum structure and is 

therefore also useful for understanding certain features in protein ROA spectra. 

Although preliminary ROA spectra of these peptides and polypeptides have 

previously been published (Wen, 1992; Wen et al., 1994) a more detailed study 

based on higher quality ROA data is presented here (Wilson et al., 1996). 
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Although there is wide agreement that poly-L-Iysine adopts an unordered 

(or random coil) state at low pH, the actual description of this unordered state has 

been at the centre of much controversy. A model proposed by Tiffany and Krimm 

(1968a; 1969) in the late 1960's was the flrst to question what the actual "random 

coil" conformation represented. Based on ECD results of the so-called random coil 

conformations of poly-L-Iysine and poly-L-glutamic acid, Tiffany and Krimm 

suggested that some sort of structure is present. They deduced that the actual 

"random coil" conformation could be described by a helix model which contains left

handed helical segments of approximately 4 - 7 residues in length with 2·5 - 3 

residues per turn which are linked by sharp bends. Their model was based on three 

simple arguments, two of which have now been revealed to have serious flaws. 

To date their only uncontested observation involved the strong resemblance 

of the poly-L-proline II (PPII) CD spectra with that of the random coil ECD spectra 

(Krimm & Mark, 1968; Krimm et a/., 1969; Hiltner et a/., 1972) and this was one of 

the main observations on which Tiffany and Krimm based their model. Poly-L

proline is known to occur in two ordered structural forms: in the solid state it exists 

as a right-handed helix of cis imide groups with ten residues in three turns (PPI) and 

in solution it is a left-handed helix of trans imide groups with three residues in one 

turn (PPII). Poly-L-proline cannot form normal a-helical or ,8-sheet structures 

because of its side-chain pyrolidine ring and the lack of an amide N-H to allow 

hydrogen bonding to take place, as shown in Figure 5.1. 

COO-

+ I 
~N- C-H 

I I 
HzC CHz 

\C / 
Hz 

Figure 5.1 lllustration of the amino acid proline 
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Tiffany and Krimm's second argument involved the use of various 

polypeptides and proteins in concentrated salt solutions (sometimes after heating) as 

models for unordered polypeptides. Although these are unordered systems, their 

suitability as models at only moderate ionic strengths is questionable. Their model 

polypeptides were also subject to cis-trans isomerization effects which tended to 

cancel out any optical rotation. The rotational barrier for this isomerization was later 

found to be dependent on concentration and temperature, casting doubt on their 

conclusions (piez & Sherman, 1970; Jenness et al., 1976). Finally, their theoretical 

calculations also suggested that a polypeptide whose side-chains are charged would 

form an extended helical conformation, such as in the PPII helix. However, these 

calculations were undermined since a regular helical conformation had been 

assumed, the entropy variations in the backbone and side-chains had not been 

considered. Screening by counterions had also been neglected. Doubt was thus cast 

on this model and in particular Woody (1977) initially argued that the random coil 

conformation was unlikely to have well-defined structure despite the fact that under 

the experimental conditions of high charge density or at low temperature it was not 

unreasonable to assume that some regions of conformational space may be favoured 

over others. 

veD, which measures the differential absorption of right and left circularly 

polarized IR radiation, has provided valuable information on the random coil 

conformation. veo is an incisive probe here because, unlike UV eo where there are 

two overlapping transitions, namely ll* f- II and ll* f- n which are the source of 

the absorption in the 180 - 230 nm region, suitable veo bands can be selected that 

just originate in one transition (e.g. namely the amide I region). The veo signal is 

also relatively sharp with the bandwidth being about the same width as the exciton 

splitting. veo results (Paterlini et al .• 1986; Birke et al .• 1991; Oukor & Keiderling, 

1991) obtained for the random coil conformations of poly-L-Iysine and poly-L

glutamic acid are found to be identical in shape but smaller in magnitude to the PPII 

spectra and therefore support the existence of some sort of left-handed helical 

structure. The same veo was also obtained for the poly-L-Iysine at a variety of low 
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pH's, which also suggests a single confonnation and not a mixture of states in 

thennodynamic equilibrium (Dearborn & Wetlaufer, 1970). The general consensus 

of opinion, based mainly on UV CD and VCD results, now appears to be that the 

random coil conformation contains short stretches of left-handed three-fold helix. 

It was therefore decided to perfonn a detailed study of these model peptides 

and polypeptides with a view to obtaining new information on the nature of any 

structure present and also with a view to the interpretation of protein ROA spectra. 

5.1 Experimental 

Samples of L-Iysine, L-Pro-L-Leu-Gly-NHz, poly-L-Iysine (hydrobromide, 

Mw "" 4,000, 26,000, 56,000 and 268,000 by viscosity) and poly-L-glutamic acid 

(hydrobromide, Mw "" 20,000 by viscosity) were obtained from Sigma, as was the 

D20. Analytical grade glycine and NaCI from Sigma was used to prepare the 

buffered and high salt concentration samples. The L-Iysine samples were dissolved 

in filtered deionised H20 (and ~O) to a concentration of 2M. The poly-L-Iysine at 

pH 3 (and pD 3) and 100 mg/ml was obtained by using a 100 mM glycine buffer. 

The -100 mg/ml poly-L-glutamic acid sample at pH 10 (and pD 10) was also 

prepared in a glycine buffer. Great difficulty was experienced in obtaining the poly

L-Iysine solution at high pH and -100 mg/ml. The procedure finally adopted was to 

add a 10% excess of NaOH to deprotonate all of the amide nitrogens in an ice bath. 

When the sample was allowed to warm up the a-helical structure was found to 

crosslink, leading to the formation of a gel. Cold dry air was therefore blown over the 

sample cell in order to create an environment of -2°C during the recording of the 

ROA spectra The L-Pro-L-Leu-Gly-NH2 amide was dissolved in H20 (and DzO) to 

a concentration of 0·3 M. 

Unfortunately, due to gel formation at the high temperature required for the 

,B-sheet fonnation of poly-L-glutamic acid and due to the insufficient solubility at 

low pH required for the a-helical confonnation, only the random coil confonnation 
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of poly-L-glutamic acid obtained at pH 10 and 20°C (Doty et al .. 1957; Fasman, 

1967, 1978) could be studied with ROA. Similarly, since the ,B-sheet fonn of the 

poly-L-lysine (pH II, T = 50°C) also fonns a gel its ROA could not be measured. 

Hence it was not possible to obtain a complete range of a-helix, ,B-sheet and random 

coil confonnations for either poly-L-Iysine or poly-L-glutamic acid. The ROA of 

glutamic acid itself was also unobtainable due to insufficient solubility. It was also 

unfortunate that poly-L-proline is insufficiently soluble for ROA measurements. 

All sample solutions were filtered through 0·22 .urn Millipore filters into 

quartz microfluorescence cells and allowed to equilibrate for at least one day at the 

temperature the ROA data was collected at Samples were then exposed to the laser 

beam for a few hours to reduce fluorescence and to allow the sample to stabilise in 

the beam (a power of -600 mW was present at the sample). ROA acquisition times 

were -3 h for L-Iysine • -7 h for L-Pro-L-Leu-Gly-NHz and -10 h for the 

polypeptides. 

5.2 Results and Discussion 

The backscattered Raman and ROA spectra of the samples under a variety 

of conditions will now be discussed. 

L-Lysine 

The backscattered Raman and ROA spectra of the amino acid L-Iysine 

(Figure 5.2) will first of all be discussed with the main emphasis on the Cfh modes. 

L-Iysine has four CH2 side-groups as shown in Figure 5.3. 
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Figure 5.3 Lysine has a long basic side-chain 

Since its relatively long side-chains may adopt some sort of conformation in the 

corresponding polypeptide, it is important to be able to decide whether signals 

observed in the polypeptide arise from CH2 side-groups or from the polypeptide 

secondary structure. 

The ROA of L-Iysine shows some similarities to that of L-alanine which 

therefore serves as a useful comparison since L-alanine has been the subject of a 

detailed experimental and ab initio ROA study (Barron et a/., 1991, 1992; Nafie et 

a/., 1994; Polavarapu & Deng, 1994) comparing it to other amino acids (Gargaro et 

a/., 1993). The ROA spectra of L-Iysine and L-alanine are very similar in the -700 -

1200 cm l range, which can be attributed to normal modes involving vibrational 

coordinates of the - CH(NH3+)(COi) group. Most of the differences can be attributed 

to C-C stretch with CH2 rock (at the lower end of this wavenumber range) and CH2 

twist (at the higher end) coordinates of the -(CH2)4- groups (Dollish et al .• 1974; 

Colthup et al., 1975). 

L-Iysine in H20 shows negative ROA in the -1250 - 1340 cm l range. 

which is not shown by L-alanine but is present in L-serine. where the negative ROA 

was attributed to CH2 twist and wag co-ordinates coupled with COH bends (Gargaro 

et al .. 1993). In the case of the L-Iysine the four CH2 groups are responsible for the 

negative ROA. with a significant contribution from NH deformations suggested by 

the changes in L-Iysine in D20 observed in this region. 

In H20 the ROA of L-Iysine has a large positive band at 1363 cm- I and a 

large negative band at 1405 cm- I • This is also a common feature of L-alanine. L

serine and L-threonine which has previously been assigned to Ca-H deformations and 

to the symmetric COz- stretch and therefore L-Iysine can be similarly assigned. The 
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positive band at 1445 cm-! in the ROA of L-lysine can be assigned to the CH2 

scissors deformation from previous conventional Raman work (Dollish et a/., 1974; 

Colthup et a/., 1975). The ROA of L-lysine in ~O has a very similar appearance to 

that in H20 in this region which provides confidence for the assignments of these 

bands. 

a-Helical Poly-L-Lysine (Mw "" 26,000) 

The backscattered Raman and ROA spectra of a-helical poly-L-Iysine were 

measured with samples having four different molecular weights: Mw .., 4,000, 

26,000, 56,000 and 268,000. The poly-L-Iysine with Mw"" 26,000 will be discussed 

fIrst and then these results related to the other samples. 

Figure 5.4 shows the backscattered Raman and ROA spectra of poly-L

lysine with Mw "" 26,000 in an a-helical conformation. It is reassuring that the 

Raman spectra are virtually identical to previously published spectra (Yu et al.. 

1973; Painter & Koenig, 1976). The absence of signifIcant Raman intensity in the 

-1200 - 1260 cm l region in the H20 spectrum implies that the sample is in an a

helical state and that effective cooling has been maintained throughout the 

experiment Raman intensity in this region is indicative of random coil and ,B-sheet 

conformations (Yu et a/., 1973). It is also obvious at a glance that the ROA spectra of 

L-Iysine and poly-L-Iysine are completely different, suggesting that most of the ROA 

is due to vibrations in the peptide backbone rather than side-groups (or that the CH2 

side-groups have completely different conformations in the amino acid and 

polypeptide ). 
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Figure 5.4 Backscattered Raman and ROA of a-helical poly-L-lysine (Mw "" 26,000) 
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In the H20 ROA spectrum there is a broad positive ROA band at -915 - 973 

cm-! peaking at 931 cm-!. Conventional Raman bands at 943 cm-! and 1068 cm- l 

have previously been assigned to backbone and side-chain skeletal Ca-c stretch 

modes of a-helical structures (Yu, 1977; Tu, 1986). This feature has also been 

observed in early ROA spectra of a-helical proteins such as bovine serum albumin 

(BSA) and insulin (Wen et a/., 1994a), which will be discussed in greater detail in 

Chapter 6. It is also reassuring that in fJ-sheet proteins such as a-chymotrypsin, 

preliminary ROA studies have shown these signals to be absent (Wen et a/., 1994b). 

a-helical poly-L-Iysine also has a negative ROA band at 1000 cm- l which is also 

present but always appearing smaller in a-helical proteins. L-Iysine also has negative 

ROA in this region which might suggest that the negative ROA is due to both a-helix 

modes and side-groups in the poly-L-Iysine. A similar method of reasoning can be 

used for the positive ROA band at 1046 cm-! because this band is not characteristic 

of a-helical proteins and therefore may well be associated with side-groups. 

However. the conservative ROA couplet centred at 1103 cm- l , negative at low 

wavenumber and positive at high wavenumber is a clear well defined a-helix 

signature and is prominent in most a-helical proteins (Wen et a/., 1994a). The a

helical poly-L-Iysine in D20 in the range -900 - 1170 cm-l is very similar to that of 

the H20 spectrum, which is what would be expected since most of the intensity 

comes from backbone skeletal stretch modes. The slight changes that do occur are 

due to deuterium exchange of the N-H groups. A perplexing aspect, however, is that 

there is also a large drop in intensity (-5 fold) in the ROA ~O spectrum. for which 

there is no obvious explanation. 

The next region of interest is the extended amide III which contains 

negative ROA intensity at lower wavenumber and positive at higher and is a 

common feature of almost all polypeptides and proteins studied to date. However, 

the differences that do occur are highly representative of the secondary structure and 

the loops and turns that are present (Barron et a/., 1994, 1996; Wen et a/., 1994a,b; 

Ford et a/., 1995; Wilson et a/., 1995; Wilson et al., 1996). The amide III Raman 

band occurs at 1360 cm- l with two shoulders at 1334 cm- l and 1390 cm- t , which are 

assigned to the CHz twisting and CHz wagging vibrations, respectively. There is little 

change of these Raman bands in the deuterated sample. The sharp positive ROA 

peak at 1300 cm- t coupled with the small negative peak at 1265 cm- l is also observed 



S9 
in a-helical proteins and appears to be a good a-helix signature (Wen et al., 1994a; 

Ford et al., 1995; Wilson et al., 1995; Barron et aI., 1996). There is a sharp positive 

ROA band at 1340 em-I, which vanishes in the DzO spectra. This confirms its 

assignment to amide III-type coupled N-H and Ca-H deformations rather than CHz 

deformations from the side-chains. Proteins such as BSA also show a sharp positive 

ROA band in this region (Barron et al., 1994), which is not observed in ,B-sheet 

proteins (Wen et al., 1994b) or in insulin (Wen et al., 1994a). L-Iysine has negative 

ROA in this region which again suggests that side-chain interactions are not 

involved. In preliminary BSA spectra it was suggested that this band could be due to 

rigid loop structure with a particular type of local order (Barron et al., 1994, 1996; 

Wen et al., 1994a). It is also of interest that the ROA of fully deuterated lysozyme is 

similar to the DzO solution in the amide III region. This can be explained by the 

complete loss of the N-H deformations, to the associated normal modes in this 

region, with the normal modes now being dominated by Ca-H deformations (Ford et 

a/., 1994, 1995). ROA is thus providing direct evidence that poly-L-Iysine in its 

supposed a-helical conformation contains stretches of a-helix connected by rigid 

loop sections with the same type of local order as many of the loops in BSA. The 

origin and importance of the 1340 cm-I ROA band (which is now thought to be 310-

helix) will be discussed again later in this section and in later chapters. 

The strong sharp Raman band at 1444 cm-I due to side-group CHz scissors 

deformation surprisingly has little ROA, even though L-lysine shows large ROA in 

this region. The 020 sample on the other hand has a couplet centred at 1443 em-I, 

negative at low wavenumber and positive at high. This couplet is due to the CHz 

scissors deformation coupling with the amide II mode that has shifted to lower 

wavenumber. This is called the amide Ir region and the significant ROA that it 

shows in peptides and proteins has been attributed to the coupling of N-O 

deformations with side-group CH2 or CH3 deformations (Ford et al., 1994, 1995). 

In the amide I region there is a positively biased ROA couplet with a 

crossover point at 1642 em-I. Unlike VCO, ROA in the amide I region is not 

particularly sensitive to polypeptide and protein structure (Keiderling & Pancoska, 

1993). A positively biased ROA couplet is also observed in insulin (Wen et aI., 

1994a) and BSA (Barron et al., 1995), which is to be expected since insulin has 61 % 

a-helix (Lee et a/., 1990) and human serum albumin has 67% helix (He & Carter, 
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1992). On deuteration the amide I Raman band shifts to a lower frequency by about 

16 cm·I, caused by the loss of the N-H in-plane contribution to the normal mode. 

Unordered Poly-L-Lysine (Mw"" 26,000) and Unordered Poly-L-Glutamic Acid 

(Mw "" 20,000) 

The backscattered Raman and ROA spectra of unordered poly-L

lysine (Mw"" 26,000) and poly-L-glutamic acid (Mw ... 20.000) are shown in Figure 

5.5 and Figure 5.6, where the conventional Raman spectra are again virtually 

identical to those in the literature (Yu et al., 1973; Painter et al., 1976). The 

backscattered Raman and ROA spectra of the unordered poly-L-Iysine (Mw "" 

26.000) in 5M NaCI at 20°C and 50°C is shown in Figure 5.7. The unordered poly

L-lysine will first of all be discussed. 

It can be seen that unordered poly-L-Iysine in H20 shows significant ROA 

structure throughout the spectrum with a positively-biased, highly structured, amide 

III couplet_ This is in direct contrast to the ROA of an unfolded protein (see later) 

where there is a broad relatively unstructured conservative couplet in the extended 

amide lIT region with little ROA elsewhere (Ford et al .. 1995; Barron et al., 1996). 

An important ROA feature is the negative signal between -900 - 971 em-I. 

Since this has the opposite sign to the corresponding signal in the a-helical poly-L

lysine which has been suggested above to be characteristic of right-handed a-helix, it 

could well originate in left-handed helical structure. This negative band is also 

present but not so clear in the deuterated spectrum. with only a slight loss in 

intensity. Notice also that there is no positive ROA band at 1340 cm-I • It can thus be 

concluded that the regions connecting the left-handed helix do not have the local 

characteristics of 31O-helix. as found in the a-helical polypeptide. This observation 

provides new support for the original proposal of Tiffany and Krimm (l968a) when 

they suggested that unordered homopolypeptides contain locally-ordered stretches of 

left-handed helix, as found in PPII. Recent vcn studies have also agreed with this 

conclusion (Paterlini et al., 1986; Dubar et al., 1991; Birkeet al., 1992). However, in 

addition the ROA data is suggesting that the stretches of left-handed helix are linked 

by other well-defined structures. 
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The sharp positive ROA band at 1314 cm-1 is characteristic of ,8-sheet 

proteins (see later) and provides strong evidence that there is a considerable amount 

of ,8-strands present. However, due to the lack of negative ROA in the range -1340 -

1380 cmI which is characteristic of ,B-turns (see later) it can be suggested that there 

are no tight turns connecting the strands. This is perhaps not surprising since glycine 

and proline residues are usually required to accommodate tight turns in adjacent,8-

strands (Creighton, 1993). The broad ROA band in the range -1000 - 1060 cmI 

also implies that ,B-sheet is present; this band is also common in some ,8-sheet 

proteins (see later). It is not yet fully understood if this is generated from sheet, 

strand, or simply individual residues with high ,8-structure 1> and 1/J propensities. 

The positive-negative ROA couplet with the positive part peaking at 1048 

cm-1 and negative part peaking at 1075 cm-I has recently been tentatively assigned to 

right-twisted ,B-strands. A similar couplet is observed in proteins with highly twisted 

double-stranded ,8-sheets such as ribonuclease A (there is also sometimes a negative 

ROA region between -950 - 1000 cm- l in proteins making this negative-positive

negative pattern an indication of the presence of right-twisted ,B-strands). This 

assignment is reinforced by the fact that proteins which contain relatively flat multi

stranded ,B-sheets do not contain this ROA pattern. An example of this is 

concanavalin A (see later) where the flat ,B-sheet exists in a ,B-barrel. This ROA 

pattern may therefore be a signature of the right-handed twist characteristic of the 

strand in a ,8-sheet structure that is actually equivalent to a left-handed helical 

conformation of the peptide backbone (Sengupta & Krimm, 1987; MacCallum et al .• 

1995). The assignment of this ROA pattern to right-twisted ,8-strands will be 

explained in greater detail in Chapter 6. 

Associated with the Raman band at 1444 cm- I in H20, there is a large 

associated negative ROA region accompanied by a positive region peaking at 1550 

em-I. This suggests that there is some sort of coupling mechanism between the C}-k 

deformations and the amide II modes. 

In the amide I region the positive part of the ROA couplet is very similar to 

that in a-helical poly-L-Iysine. However, the negative part has almost completely 

disappeared. It should also be noted that the amide I in unordered poly-L-Iysine is 

different to that found in unfolded (reduced) lysozyme, since it is shifted to higher 

wavenumber by 10 cm-1 in the protein (Tu, 1986). 
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The amide III couplet which has its positive part peaking at 1314 cm- l and 

negative part at 1265 cm-l is interesting because there is a subsidiary positive peak at 

l300 cmI . In the high pH sample of poly-L-Iysine this band was assigned to a-helix, 

so there could also be sections of a-helix present in the low pH sample. Although, 

the suggested left-handed helix might have been expected to have opposite amide III 

ROA sign patterns to that characteristic of the right-handed helix which would have 

cancelled out the signature from the a-helix; however, it must be noted that inter

chain hydrogen bands are absent from the PPII helix (Dukar & Keiderling, 1991; 

Creighton, 1993) and that interchain hydrogen bands will also be absent in a left

handed helix. The left-handed conformation will be stabilised by either hydrogen 

bonding to water or to side-chains. This interchain hydrogen bonding of N-H groups 

will have a significant contribution to the normal modes in the extended amide III 

region, so perhaps it is not surprising that we do not get a mirror-image version of a 

right-handed helix in the amide III region. It might however be possible that there is 

no extended a-helix and that the 1300 cm-l peak comes from individual residues with 

a-helix cp and 1/J propensities. 

Due to the fact that N-H deformations contribute less in the backbone 

skeletal stretch region there is actually a couplet of opposite sign centred at 

1103 cm l to that found in the right-handed helix which might originate in left

handed helix. If the N-H groups had a significant contribution this change of sign 

would not be observed. 

It is surprising that in the skeletal stretch region the ROA spectra in H20 

and ~O are quite different. This is in sharp contrast to the a-helical case where the 

H20 and ~O spectra are very similar at low wavenumber (although there is a 

dramatic loss in the intensity for the ~O spectra). This may well have something to 

do with the deuteration of the N-H groups. The large couplet in ~O centred at 1130 

em-I, positive at low wavenumber and negative at high, is of opposite sign to that in 

a-helical poly-L-Iysine, suggesting that this is a signature for left-handed helix. 

Another ROA couplet centred at 1331 em-I, positive at low wavenumber and 

negative at high, is also present in a-helical poly-L-Iysine in D!O and is most likely 

due to Ca-H local deformations. An ROA couplet negative at low wavenumber and 

positive at high, centred at 1454 cm- l is found in the CHz scissors deformation 

region. Although a similar couplet is found in a-helical poly-L-Iysine in 020, it is 
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shifted by 20 cm'l to a higher wavenumber due to different normal modes. This is 

probably due to the coupling between the amide II' and CH2 scissors deformation. 

The unordered poly-L-lysine in ~O is very similar to that of the H20 sample in the 

amide I region. 

Recent ven experiments (paterlini et al., 1986) on unordered poly-L-Iysine 

reported the disappearance of almost all of the amide I ven on going to 5M NaCI 

solution. Due to this interesting observation it was decided to measure the ROA of 

poly-L-Iysine under these conditions at 20°C and 50°C. These backscattered Raman 

and ROA spectra are presented in Figure 5.7. The results are very interesting 

because, unlike the ven spectra, the ROA spectra are full of structure. It can thus be 

concluded that there is still a considerable amount of ordered structure present at 

20°C. The left-handed helical signature indicated by a negative ROA band peaking at 

926 cm,l is however much weaker with the added 5M NaCl. It is also interesting that 

features ascribed to a-helix in the backbone skeletal stretch, amide III and amide I 

regions have increased; while the positive peak at 1314 cm,l which is due to ,B-sheet 

is unchanged. This effect is also emphasized by the appearance of the negative

positive ROA couplet at 1103 cm,l, which is an a-helix signature and reinforces the 

idea that in the unordered polypeptide the signal is being cancelled out by left

handed helical structure. The broad negative-positive couplet with its negative part 

peaking at 1448 cm,l and positive part at 1554 cm,l, is much larger in unordered 5M 

NaCI sample than in the unordered sample and not even present in the a-helical 

sample is due to coupling between side-group CHz deformations and the backbone 

amide II. In the 50°C sample the trend continues with increasing a-helix and the loss 

of left-handed helix. 

The conclusion that can be drawn from these observations is that left

handed helical, right-handed helical and ,B-strand structures are present in unordered 

poly-L-Iysine, with right-handed helix being favoured under destabilising conditions. 

This result fits with the conclusions from temperature-dependent UV CD studies of 

poly-L-Iysine (Drake et al., 1988). Their hypothesis was that over a range of -100°C 

to +80°C, structures containing left-handed helix became more favoured at low 

temperatures (Woody, 1992). However, their observations were not able to provide 

much information about the nature of the high temperature structures. 
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Figure 5.7 Backscattered Raman and ROA of unordered poly-L-Iysine (Mw -= 

26,000) in 5M NaCI 
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Poly.L.Glutamic Acid 

In Figure 5.6 the backscattered Raman and ROA spectra of random coil 

poly-L-glutamic acid are presented. Although generally similar to the random coil 

form of poly-L-Iysine there are some differences in the detailed structure. 

Significantly there is only one negative ROA band in the -1235 - 1305 cm l region 

of the amide m in the poly-L-glutamic acid as compared to three in the random coil 

poly-L-Iysine. The random coil poly-L-glutamic acid appears to be more disordered 

than the random coil poly-L-Iysine, which probably has something to do with the 

side-groups. 

Poly.L·Lysine with Different Molecular Weights 

An analysis of a-helical poly-L-Iysine samples with Mw ..., 4,000, 26,000, 

56,000 and 268,000 provides an excellent example of the sensitivity of ROA to 

subtle changes of backbone conformation. These spectra are shown in Figure 5.8 -

5.10. 

L-Iysine has a molecular weight of 147 and therefore it is relevant to 

calculate the approximate number of residues in each weight of poly-L-Iysine. 

Mol. wt of poly-L-Iysine 

4,000 
26,000 
56,000 

268,000 

No. of residues in chain 

27 
177 
380 

1823 

Table 5.1 Number of L-Iysine units in poly-L-Iysine samples of different molecular 

weight. 
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The striking aspect of the differences in the spectra is highlighted by 

monitoring the 1340 cm-1 ROA peak (which has been deduced to be 31O-helix as will 

be explained in Chapter 6). The a-helical poly-L-Iysine of Mw .... 268,000 shows a 

remarkable increase by a factor of -1·5 in the intensity of the 1340 cm-I positive 

ROA band compared to the Mw .... 26,000 sample. The Mw .... 56,000 sample is 

between these two spectra, indicating that the changes occur gradually on increasing 

molecular weight It should also be noted that the Raman spectra for the different 

molecular weights are virtually identical, emphasising the greatly enhanced 

sensitivity of ROA to subtle confonnational features. 

Looking at the Mw .... 268,000 sample the a-helix band at 931 cm-1 has 

broadened and shifted to lower wavenumber. which might be associated with the 

length of the a-helix segments that are left after conversion to 31O-helix. 

Standard techniques such as UV en and NMR have great difficulty in 

differentiating between 310- and a-helix (Millhauser, 1995). ven can distinguish the 

two but no aqueous solution results have been reported (Yasui et al., 1986a,b: Yoder 

et al., 1995). 

A FTIR study of a-helical poly-L-Iysine revealed a band at 1638 cm- I , 

which is significantly lower than that for a-helical structures in proteins (Jackson et 

al., 1989) and close to the FTIR maximum reported for the 31O-helical peptides and 

to that assigned to 31O-helix in proteins (Prestrelski et al., 1991). Jackson et al. (1989) 

also stated that additional amide I bands were observed as the molecular weight of 

the poly-L-Iysine was increased, and suggested that these bands might arise "from 

helical structures of slightly different hydrogen-bonding characteristics possibly due 

to disruption of the hydrogen-bonding in regions of the chain which become folded 

or twisted as the chain becomes longer" (Jackson et al., 1989). The increasing 

intensity of the 31O-helix content as the molecular weight is increased may be due to 

the greater tangling with many more sharp turns which the more regular a-helix 

cannot support. 
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Figure 5.8 Backscattered Raman and ROA of a-helical poly-L-Iysine (Mw ... 

26,000, 4,000) 
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Figure 5.9 Backscattered Raman and ROA of a-helical poly-L-lysine (Mw S>$ 

268,000, 56,000) 
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Figure 5.10 Backscattered Raman and ROA of unordered poly-L-lysine and a
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The backscattered Raman and ROA spectra of poly-L-Iysine of Mw ... 4,000 

are shown in Figure 5.8. The poly-L-Iysine of Mw ... 4,000 appears to be a 

superposition of the helix and random coil spectra. 

The ROA of the unordered poly-L-Iysine of Mw'" 268,000 is shown in the 

bottom half of Figure 5.10. The ROA spectrum is similar to the Mw'" 26,000 fonn 

with many of the bands now sharper and stronger. However, a major difference is a 

large increase in the negative band at 1075 em-I, which now fonns a strong couplet 

with the positive part peaking at 1048 em-I. A similar couplet is also observed in the 

Mw ... 26,000 unordered sample with high salt concentration. The Mw ... 268,000 

random coil poly-L-Iysine may therefore have a greater content of right-twisted f3-
strand as compared to the lower molecular weight form. 
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L-Pro-L-Leu-Gly-NHz 

In Figure 5.11 the backscattered Raman and ROA spectra in thO and Ih.O 

of the tripeptide L-Pro-L-Leu-Gly-NH2 are shown. The tripeptide is known to exist 

in a type n .B-tum confonnation in the crystal from X -ray diffraction (Reed & 

Johnston, 1973) and from NMR in dimethylsulphoxide solution (Higashijima et a/ .• 

1978). An illustration ofthe type II .B-turn structure is shown in Figure 5.12. 

Figure 5.12 A model of the type II .B-turn structure 

It can be seen that the confonnation is a rigid ten-membered turn structure, stabilized 

by an intramolecular hydrogen bond between the carbonyl of the proline residue and 

a proton of the tenninal amide group. 
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Basic Raman studies of both the solid and solution state have previously 

been reported (Hseu & Chang, 1980; Fox et al., 1981) along with a detailed normal 

mode analysis of the crystalline structure (Naik & Krimm, 1984). Although the 

conformation of the tripeptide in aqueous solution is not known for certain it is 

assumed that a rotational isomer is formed that is different to that found in the crystal 

and dimethylsulphoxide due to hydrogen bonding between the carbonyl groups and 

surrounding water molecules (Hseu & Chang, 1980). 

The ROA features include a negative band at 1348 em-I, a strong sharp 

positive ROA band at 1317 cm-I and a large negative band at 1222 em-I. In ~O the 

negative ROA band at 1348 cm-I undergoes an increase in intensity. As will be 

discussed in Chapter 6 this is also common in proteins containing ,a-turns. 

Assignments made by Naik and Krimm suggest that many of the bands present in the 

-1200 - 1400 cml region are due to glycine and leucine CH2 wag and twist 

coordinates. and proline CH2 wag coordinates. coupled with in-plane N-H 

defonnations in the crystalline tripeptide. In ~O this region is very similar since 

only the amide hydrogens will undergo exchange. Assuming a similar situation in 

aqueous solution it is reasonable to conclude that negative regions in the -1340 -

1380 cm l region due to CH2 deformations coupled with in-plane NH deformations 

are due to ,a-tum structures. 
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Conclusion 

The a-helical conformation of poly-L-Iysine of Mw'" 26,000 provides four 

major a-helical ROA signatures: a positively biased couplet in the amide I region 

centred at 1645 cm-I; a "couplet" in the extended amide III region centred at 1277 

cm-I; a conservative couplet centred at 1103 CIlTI and a broad positive signal between 

-915 - 973 em-I. As will be discussed later these signals are also present in highly a

helical proteins. There is also the strong suggestion that the positive ROA band at 

1340 cm l is due to 31O-helix, which differs from a-helix since it is more tightly 

coiled with three residues per turn_ This structure is not stable in isolation but is 

usually found at the ends of a-helices. The possibility that this feature is due to side

groups can be ruled out, since L-Iysine itself exhibits negative ROA in this region. 

These results suggest that the a-helical regions in poly-L-Iysine are linked by short 

regions of 31O-helix. Monitoring the a-helical conformations of poly-L-Iysine with 

Mw ... 4,000, 26,000, 56,000 and 268,000 it was found that the amount of 31O-helix 

increases as the molecular weight increases, suggesting that the a-helix interconverts 

with 31O-helix to enable the backbone to negotiate the many more sharp bends 

expected in the longer polypeptide chain. These observations provide further support 

for the recently recognised importance of 3w-helix in protein packing (Liu & Day, 

1994) and in the local unfolding of proteins. 

From the ROA of unordered poly-L-Iysine and poly-L-glutamic acid it can 

be concluded that these so-called "random coil" conformations contain a-helix and a 

right-twisted ,8-strand in a left-handed helix. The two spectra of unordered poly-L

lysine and poly-L-glutamic acid differ sufficiently to assume that they each adopt a 

different repertoire of structures with the poly-L-glutamic acid appearing to be more 

disordered. In random coil poly-L-Iysine at pH 3, a couplet negative at high 

wavenumber and positive at low wavenumber centred at 1108 cm-I and a broad 

negative band between -900 - 971 cm-I, are indicators for the presence of a left

handed helix, since these signals are of the opposite sign to those in in a right-handed 

helix. A left-handed a-helical backbone is generally not stable over extended regions 

because the side-chains come into contact with the skeletal backbone. Thus the 

results appear to support the Tiffany and Krimm model (Tiffany & Krimm, 1968; 

Krimm & Mark, 1968; Krimm et al., 1969) of short segments of left-handed helix 



77 

with approximately 4 - 7 residues in length and 2· 5 residues per turn. Random coil 

poly-L-glutamic acid has a weak: negative ROA band between -847 - 911 em-I, 

suggesting the presence of left-handed helix but not as much as in the poly-L-Iysine. 

Adding a high concentration of salt and increasing the temperature of the unordered 

poly-L-Iysine the amount of left-handed helix was observed to decrease while the 

right-handed a-helix increased. 

The model L-Pro-L-Leu-Gly-NHz tripeptide provides a useful model to 

monitor f1-turn structure in proteins. 
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Chapter 6 

A Survey of Protein ROA Spectra 

This chapter contains a discussion of a set of protein ROA spectra that have 

been measured during the project. These range from proteins that are highly a-helical 

to those that have a high ,8-sheet content Proteins that contain a mixture of structures 

will also be discussed. Protein ROA signatures of conformational elements will be 

proposed. The proteins that will undergo analysis are: lysozyme. a-lactalbumin, 

bovine serum albumin (BSA), insulin, ribonuclease A. ovalbumin. ,8-lactoglobulin. 

concanavalin A, pepsin, a-chymotrypsin. trypsin, trypsinogen and orosomucoid. It is 

useful to run protein ROA spectra in rhO as well as in H2O because by analysing the 

exchange of hydrogen atoms on the amide NH groups of the peptide backbone it is 

possible to assess the relative exposure of different types of structure to the solvent 

(Pedersen et a/., 1991). This is a common procedure in NMR and it is observed that 

the rate of exchange will decrease rapidly when the NH groups are involved in a 

hydrogen bonded network. In a-helix and ,8-sheet structure the hydrogen bonds 

therefore restrict exchange as compared to surface loop and turn structure which will 

exchange rapidly, due to a lack of hydrogen bonding. An ROA spectrum in DzO will 

therefore help to confirm structural predictions and may also provide new 

information. 

The so-called extended amide III region is very important in protein ROA 

studies because the coupling mechanisms generated between N-H and Cz-H 

deformations is particularly sensitive to the geometry (especially the cp angle) and 

therefore generates a highly informative ROA band structure. The amide II region 

which occurs in the region -1510 - 1570 cm l (Diem, 1993) can also provide 

informative data about CH2 and CH3 side-groups and the peptide backbone. 

Although, amide II bands are not prominent in Raman spectra they are observed in 

IR and yen spectra (Gupta & Keiderling, 1992). Protein ROA also shows signals 

due to side-group vibrations due to for example tryptophan. tyrosine and 
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pheny lalanine. 

The material in this chapter is a continuation of the work of ZQ. Wen 

(1992; 1994a.b) where tentative assignments were made for a-helix and ,B-sheet. and 

the work of S.J. Ford (1994; 1995a.b) who undertook a study of lysozyme and a

lactalbumin. 

6.1 Experimental 

Samples of BSA and ribonuclease A were supplied by Fluka; the lysozyme. 

a-lactalbumin, insulin, ovalbumin, ,B-Iactoglobulin, concanavalin A. pepsin. a

chymotrypsin, trypsin, trypsinogen and orosomucoid were obtained from Sigma. All 

the samples were prepared at -70 mg/ml in buffered solutions. The lysozyme. a

lactalbumin. BSA, ovalbumin, ,B-Iactoglobulin and orosomucoid are all in 100 mM 

acetate buffer at pH 5.4; insulin is in a 100 mM glycine buffer at pH 2.0; 

ribonuclease A is in a 100 mM acetate buffer at pH 5.0; concanavalin A is in a 100 

mM Tris buffer at pH 7.0; pepsin is in a 100 mM Tris buffer at pH 6.0; a

chymotrypsin is in 100 mM acetate buffer at pH 4.0; trypsin is in a 100 mM Tris 

buffer at pH 6.0 and the trypsinogen is in a 100 mM Tris buffer at pH 6.6. The 0 20 

(purchased from Sigma) samples were made under similar conditions. In all cases the 

ROA spectra in ~O are collected within a few hours after dissolving the solid 

protein in the required buffer. If the protein is left in 0 20 for a prolonged period the 

amount of exchange will increase. A detailed deuterium exchange study of lysozyme 

under different pH's and time periods has previously been performed (Ford, 1995a). 

All samples were treated with a small amount of pharmaceutical grade 

charcoal to remove fluorescing impurities and then filtered into quartz 

microfluorescence cells through 0.22 ,urn Millipore membrane filters. Laser 

excitation at 514.5 nm was used, with power of -700 mW at the sample. Each ROA 

spectra was acquired over -10 h. 
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6.2 Results and Discussion 

Each of the protein ROA spectra will now be discussed and where possible 

comparisons will be made with structures that are known to be similar from other 

biophysical techniques. 

Lysozyme and a-Lactalbumin 

Hen egg-white lysozyme and bovine a-lactalbumin are ideal samples for 

initial detailed ROA studies of proteins due to the wealth of infonnation available 

from X-ray, NMR and other biophysical techniques. Due to previous comparisons of 

these two proteins (McKenzie & White. 1991) they will be directly compared in this 

subsection. 

Hen egg-white lysozyme is an anti-bacterial enzyme with a P(1 - 4) 

glucoaminidase activity , allowing it to catalyse hydrolysis the walls of bacterial cells. 

Hen egg-white lysozyme is a member of the c-type lysozyme family which includes 

all of the mammalian lysozymes. moth lysozymes and some bird lysozymes. 

Hen egg-white lysozyme contains 129 amino acid residues and has a 

molecular weight of 14·3 kD. The structure determined by X-ray crystallography 

(Blake et al. , 1965; Blake et al. , 1981) is illustrated in Figure 6.1 , drawn using the 

program Molscript (Kraulis, 1991). 

F 

Figure 6.1 Molscript drawing of lysozyme 
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The protein itself is made up of an a- and a ,B-domain. The actual secondary structure 

composition is listed in Table 6.1. 

Table 6.1 Secondary structure of hen egg-white lysozyme 

(McKenzie & White, 1991) 

Structure 

a-helix 

31o-helix 

,B-sheet 

Residues 

4 - 15(A), 24 - 36(B), 88 - 99(C), 

108 -115 (D) 

79 - 84 (E), 119 - 124 (F) 

1 - 2, 39 - 40 (double-stranded) 

42 - 46, 50 - 54, 57 - 60 (triple-stranded) 

As can be seen from Table 6.1 and Figure 6.1 there are four a-helices which 

encompass both the arnino- and carboxy-terminal segments, making up the a-domain 

of the lysozyme. The ,B-domain is made up of a triple-stranded antiparallel,B-sheet. a 

short double-stranded antiparallel ,B-sheet that links the two domains and a loop 

region. There are four disulfide bridges which are bonds between two cysteines, 

namely 6 H 127,30 H 115, 64 H 80 and 76 H 94. 

Using 2D IH NMR the aqueous solution structure of hen egg-white 

lysozyme has been determined (Redfield & Dobson, 1988; Smith et aI., 1993). It was 

found to have almost the same secondary structure and main-chain fold as the crystal 

form. Hen egg-white lysozyme is an excellent protein for ROA studies as it also 

provides the opportunity to bind a saccharide inhibitor and to break: the disulfide 

bonds and hence study the reduced (i.e. unfolded) form of the protein as will be 

discussed in Chapter 7. 

The other protein to be discussed in this subsection is a-lactalbumin which 
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is present in the milk of most mammals where it combines with galactotransferase to 

switch its catalytic function from the production of N-acetyllactosamine to the 

production of lactose. 

Bovine a-lactalbumin which is the form examined here contains 123 amino 

acid residues and has a molecular weight of 142 kDa. Both the structures of baboon 

and human have been determined by X-ray crystallography (Acharya et al.,1989, 

1991). It is unfortunate that the X-ray structure of the bovine form is not known but 

NMR studies (Alexandrescu et aI., 1992) suggest that the solution structure is similar 

to that of the human form, which is also similar to that of the baboon a-lactalbumin 

(Acharya et ai., 1991). In Figure 6.2 the structure of baboon a-lactalbumin is shown. 

I 

F 

Figure 6.2 Molscript drawing of a-lactalbumin 

The X-ray crystal structures of lysozyme and a-lactalbumin are very 

similar, attracting comparisons of the structure and function of both proteins 

(McKenzie & White, 1991; Sugai & Ikeguchi, 1994). The arrangement of the 

secondary structure elements of a-lactalbumin are listed in Table 6.2. 



Table 6.2 Secondary structure of a-lactalbumin (McKenzie & White. 1991) 

Structure 

a-helix 

3lo-helix 

,B-sheet 

Residues 

5 -11 (A), 23 - 34 (B), 86 - 99 (e), 

105 - 109 (D) 

12 -16 (E), 17 - 21 (F), 76 - 82 (G), 

101 - 104 (H), 115 - 119 (I) 

40 - 43,47 -50 (double-stranded) 
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Similar to lysozyme there are four a-helix regions which encompass the 

amino and carboxy-tenninal. forming one of the two domains in the protein. The 

second domain is made up of a small stretch of double-stranded ,B-sheet and a long 

loop. There is a comparatively large amount of 31O-helix in bovine a-lactalbumin; in 

fact roughly twice the amount found in lysozyme. There are three 31O-helix regions in 

the a-helix domain and one in the second domain. Again similar to lysozyme there 

are four disulfide bridges between cysteines 6 H 120. 28 H 111. 61 H 77 and 

73 H 91. The disulfides between cysteines 61 and 77, and 73 and 91 create a double 

loop region that is of great interest. In lysozyme there is a region of equivalent 

overall length, however in the a-lactalbumin the second loop is the calcium binding 

region whereas in the case of lysozyme there is little affinity for the binding of metal 

Ions. 

For the case of both lysozyme and bovine a-lactalbumin it is also worth 

noting that early conventional Raman studies (Yu. 1974) showed that the crystal and 

solution main-chain confonnations of both proteins were very similar. 

The backscattered Raman and ROA spectra of a-lactalbumin and lysozyme 

in H20 and D20 and are shown in Figure 6.3 and Figure 6.4. respectively. 
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Figure 6.4 Backscattered Raman and ROA of lysozyme 
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Figure 6.5 Backscattered Raman and ROA of a-lactalbumin 

85 



86 

The backbone skeletal stretch region of lysozyme and a-lactalbumin contain 

valuable information about the a-helix (Wen et a/., 1994a) and ,B-sheet (Wen et a/., 

1994b) regions of the proteins. Both a-lactalbumin and lysozyme contain very 

similar ROA bands in this region since both contain a positive region in the range 

-880 - 960 cm-I , which is characteristic of a-helix modes. There are nonetheless 

differences since lysozyme contains two distinct ROA peaks at 910 and 940 cm-I , 

while a-lactalbumin contains a positive ROA band at 855 cm- t • Also a-lactalbumin 

contains a positive band at 1006 cm-I which is probably due to twisted ,B-sheet (see 

later) or possibly aromatic side-groups. Lysozyme contains a similar positive band at 

1020 cml, again probably originating in twisted ,B-sheet. A second a-helix ROA 

band Structure which is observed in both proteins is a couplet which has a small 

negative component at 1095 cm-I with a large positive component at 1120 cm- t • In 

020 the a-lactalbumin ROA spectrum has a large positive region in the range -882 -

949 cm-1 and a large negative-positive couplet with the negative part peaking at 1084 

cm- I and the positive part at 1124 cm-I , indicating that the a-helix has undergone 

little exchange. The ,B-sheet region is quite different in {}zO. There is a similar 

situation in the lysozyme {}zO ROA spectrum with a positive ROA region between 

-875 - 960 cm-1 and the a-helix negative-positive couplet with a crossover point at 

1097 cm l still being observable. It can thus be concluded from the overall 

fingerprints of ROA in this region that a-lactalbumin and lysozyme contain similar 

secondary structure in aqueous solution. The small differences that do occur could be 

significant since they might be due to for example the different lengths of the a

helical segments and their precise environments in the protein. The larger amount of 

,B-sheet in lysozyme will also affect the ROA. 

The ROA of a-lactalbumin in H20 in the range -950 - 1070 cm-1 contains a 

negative-positive-negative ROA pattern which may be indicating that there are 

residues in solution that have the propensity to form a right-twisted ,B-strand in a left

handed helical conformation. Lysozyme also has hints of this pattern. 

ROA is therefore suggesting that a-lactalbumin and lysozyme have very 

similar secondary structure in aqueous solution. It is interesting however that this 
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result is in conflict with a recent ven result which suggested that the secondary 

structures of a-lactalbumin and lysozyme in aqueous solution are much less similar 

than in the crystal (Keiderling et a/., 1991). 

Unfortunately, ROA is not particularly useful in the amide I region. It is 

found that both a-helix and ,8-sheet give rise to an amide I ROA couplet, negative at 

low wavenumber and positive at high. In ,8-sheet proteins this couplet tends to be 

conservative while in a-helix proteins the positive component has more intensity. 

This situation is in contrast to ven where the amide I region is very sensitive to 

different types of protein secondary structure (Keiderling & Pancoska, 1993; 

Keiderling et aI., 1994; Pancoska et a/., 1994). Comparing the amide I ROA region 

of lysozyme and a-lactalbumin, the amide I ROA couplets can be seen to be very 

similar apart from the a-lactalbumin having an extra smaller couplet at lower 

frequency (due to aromatic aromatic side-groups). This observation again highlights 

the similarity of the secondary structure in both proteins. Although the amide I 

region also contains information about loops and turns (Ford et aI., 1995b), 

deconvolution of this band would be required to fully extract this data Due to 

secondary structure contributing most to the amide I band, in ~O this band is very 

similar to the FhO amide I region, although in both a-lactalbumin and lysozyme the 

ROA couplet appears to be slightly sharper (probably due to exposed loop structure 

being exchanged). 

In the extended amide III region protein ROA has started to reveal detailed 

infonnation of not only the secondary but also the tertiary structure of proteins. 

Although most proteins have a broad couplet in this region, negative at low 

wavenumber and positive at high. the actual detailed structure illustrates the incisive 

nature of ROA. Both lysozyme and a-lactalbumin have a strong sharp positive ROA 

signal at 1296 cm-l with a negative shoulder at 1265 cm- l , which has previously been 

assigned to a-helix (Wen et a/., 1994a). In both proteins this band is relatively 

unaffected in D20, providing further indication that there has been little exchange of 

the a-helix. As will be discussed later ,8-sheet proteins show a sharp positive band at 

1313 cm l and it is noticeable that this band is absent in both lysozyme and a-
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lactalbumin, probably due to the low ,B-sheet content in both proteins. There is also 

the possibility that the 1313 cm- l ,B-sheet band is being wiped out due to the other 

intense bands around it. The detailed structure in the extended amide ITI region also 

allows ROA to probe the differences in the aqueous solution structure of a

lactalbumin and lysozyme. The sharp positive band at 1340 cm- l observed in both a

lactalbumin and lysozyme which was also observed in the a-helical poly-L-Iysine 

spectra has been attributed to 3.o-helix. Evidence for this assignment comes from the 

fact that X-ray studies have shown a-lactalbumin to have twice the amount of 3.0-

helix as compared to lysozyme and indeed the ROA band is roughly twice as large in 

a-lactalbumin. In DzO although the 1340 cm- l ROA band has undergone deuterium 

exchange the band is still observable, due to some of the 31O-helix being buried in the 

structure. In the negative half of the couplet a-lactalbumin has two sharp negative 

ROA bands at 1223 and 1243 cm- l , while lysozyme has one sharp band at 1237 cm- l 

(a possible assignment for this band will be proposed in Chapter 7). In ~O both of 

these ROA bands have undergone almost complete exchange highlighting that this 

part of the protein structure is exposed to the solvent. These differences indicate that 

the details of the loop structure of the two proteins are different. 

From the ROA study of the unfolded lysozyme which will be discussed later 

in Chapter 7, the underlying amide ITI couplet which can be observed in both a

lactalbumin and lysozyme is probably due to the loop and end-chain structure that 

has the same conformational heterogeneity and associated flexibility as that of an 

unfolded protein. 

Protein ROA can also provide valuable information about side-group 

conformation and this will now be discussed for a-lactalbumin and lysozyme. a

lactalbumin contains four tryptophan residues while lysozyme contains six 

tryptophan residues. Both proteins contain a strong positive ROA signal associated 

with the strong Raman band at 1555 cm- l and weak negative ROA associated with 

the weaker band at 1580 cm- l _ As expected the protein ROA bands are relatively 

unaffected in D20, due to the side-groups not exchanging_ a-lactalbumin and 

lysozyme also show a strong Raman band at 1451 cm- l accompanied by a shoulder at 
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1420 cm l in a-lactalbumin and at 1430 cm- l in lysozyme. These bands mostly 

originate in side-group CHz and CH3 deformations and also a small contribution 

from the N-H bend of the indole ring in the tryptophan to the 1420 and 1430 cm- l 

shoulders (Harada & Takeuchi. 1986). The ROA of both proteins in this region 

consists of an ROA couplet that is large and negative at the low wavenumber region. 

The positive parts of the ROA couplet have no significant Raman bands associated 

with them but it is known that vibrations of the amide II peptide backbone and of 

some aromatic residues occur in this region because they have been observed to 

become very strong in surface-enhanced Raman spectra (Hu et a/., 1995). A possible 

explanation is that the ROA band pattern arises from the coupling of side-group CH2 

and CBJ deformations with the previously mentioned backbone and side-group 

modes. Due to the side-groups not exchanging these bands are again unaffected in 

D20. One difference in the ROA of a-lactalbumin and lysozyme is that a

lactalbumin has a small sharp couplet. positive at low wavenumber and negative at 

high which has a crossover point of 1615 cm- l . This ROA feature is on the low

wavenumber side of the amide I Raman band that has previously been assigned to 

aromatic vibrations such as tryptophan (Lord & Yu. 1970; Harada & Takeuchi. 

1986). The ROA data is therefore showing that in aqueous solution that there are 

differences in the conformations of some of the aromatic and aliphatic side-groups. 

Bovine Serum Albumin (BSA) 

Serum albumin is a principal component of blood and contributes about 

80% to the colloid osmotic blood pressure. It is also responsible for the maintenance 

of blood pH (Figge et a/., 1991). Although this study will concentrate on the bovine 

form it is only the human form that has had its structure solved by crystallography 

(He & Carter, 1992). 

BSA is a large protein consisting of 582 amino acids (Brown. 1975; 

Holowachuk, 1991) with a molecular weight of -65 kDa containing 17 disulfide 

bridges. Although the bovine crystal structure is not known. it is assumed that it is 



90 

similar to the human form. Unfortunately, the atomic coordinates of human serum 

albumin (HSA) have not been released due to the structure having pharmaceutical 

applications and therefore a Molscript diagram cannot be used to illustrate the 

structure. Instead a topological illustration of a typical domain in HSA is shown in 

Figure 6.5. The protein is constructed from three homologous domains that assemble 

to form a heart-shaped molecule. 

h3 h4 h9 

h2 he 

14 

Subdomain A Subdomain B 

Figure 6.5 Topological illustration of a typical domain in HSA (He & Carter, 1992) 

The structure is highly helical, containing 67% helix. In Figure 6.5 there are 

10 principal helices labelled hI to hiO. Three domains which are similar to that in 

Figure 6.5 make up the whole of the protein and it is therefore made up of six helical 

subdomains (Carter et aI., 1989; Carter & He, 1990). The helices (Le. hI, h2, h3, h4, 

h7. h8. h9 and hlO) represent the common structural motif that is common in all six 

subdomains. The motif is therefore a short helix (e.g. hI) connected to three 

antiparallel long helices (e.g. h2, h3 and h4) that are held together by a pair of 

disulfide bridges. 
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The ROA of BSA will now be discussed. In Figure 6.6 there are the 

backscattered Raman and ROA spectra of BSA in H20 and ~O at pH/pD 5.4. 

Comparing the ROA spectrum of BSA in H20 with that of the a-helical poly-L

lysine in H20 previously discussed, there are three a-helical signatures that can be 

clearly observed, namely the positive ROA region of -851 - 957 cm-I , the negative

positive ROA couplet with a crossover at 1103 cm- I and the negative-positive 

underlying ROA couplet in the amide III region with a crossover at 1277 cm-I (Wen 

et al.. 1994a). It can also be deduced from the a-helical poly-L-Iysine that the 

positively biased negative-positive amide I couplet with a crossover at 1641 cm- l is 

also an a-helical signature. It is reassuring that in DzO these four features are 

relatively unchanged providing confidence in the prediction that they are indeed 

signatures for a-helix. 
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The strong positive ROA band at 1340 cm-l which is also found in the a-

helical poly-L-Iysine has been postulated as 3lo-helix. It is obvious that in ~O this 

band has undergone almost complete exchange, providing confidence in the 

assignment because 31O-helix is known to be prone to exchange due to the lack of 

strong hydrogen bonding. There is also the loss of the negative ROA band at 1223 

cm-l in D20. It is interesting that native a-lactalbumin also has a negative ROA band 

at this precise frequency. There must therefore be some sort of common loop 

structure present in a-lactalbumin and BSA (but absent in lysozyme). 

The small positive ROA band at 1551 cm-l is due to the two tryptophans in 

the protein. In D20 this band shifts down slightly and becomes even broader. 

In the H20 BSA spectrum there is a small negative ROA band between 

-837 - 881 cm- l and a small negative ROA band between -1418 - 1456 cm! which 

is due to CHz and CH3 side-groups. Other spectroscopic methods (Jacobsen, 1972; 

Sjoholm & Ljunstedt, 1973; Chen & Lord, 1976) also suggested the solution 

structure to be predominantly a-helical. 

Insulin 

Insulin is a central component in the hormonal control of metabolism 

(Cahill, 1971) and there is much interest in the structure and function of the protein 

(Blundell & Humbel, 1980). Insulin is an ideal subject for an ROA study because the 

crystal structure has been solved (Chothia et al., 1983; Baker et aI., 1988; Derewenda 

et a/., 1989; Wlodawer & Savage, 1989; Bentley et a/., 1991) and there has been 

extensive attempts to determine the structure and dynamics of insulin in solution 

(Hua et a/., 1991). Insulin has also undergone Raman spectroscopic studies (Yu et 

aI., 1972; Yu & Liu, 1972). 

The structure of insulin is illustrated by a Molscript diagram in Figure 6.7. 
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Figure 6.7 Molscript drawing of insulin 

Insulin is made up of two polypeptide chains: an A-chain with 21 residues and a B

chain with 30 residues. These two polypeptide chains are linked by two disulfide 

bonds (A 7 - B7 and A20 - B 19) and there is a third intramolecular disulfide bond in 

the A-chain (A6 - All). Table 6.3 summarizes the structure of the protein. 

Table 6.3 Structural elements in the monomer of insulin. (Hua et aI., 1991). 

Structure 

Helix 

Turn 

Residues 

A2 - A8 (HI) , Al2 - Al8 (H2), 

B30 - B40 (H3) 

B20 - B23 (Tl) 
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The C-tenninal on the B-chain which includes residues B23 - B26 has been 

found to play an important role in the function of insulin (Pullen et aI., 1976; De 

Meyts et aI., 1978). The C-terminal of the B-chain is highly flexible and it has been 

shown that this flexibility plays a crucial part in insulin's functional role (Dodson et 

ai., 1979). The C-terminal is used to fonn a dimer link via the fonnation of a fJ

strand with another insulin monomer. 

In Figure 6.7 the illustration is of the insulin monomer; however at -70 mg! 

ml and pH 2.0, insulin will exist as a hexamer. It is found that as the concentration is 

increased and the pH raised the tendency is to form higher-order oligomers i.e. 

monomer ~ dimer ~ hexamer ~ higher-order oligomers (Kowalsky, 1962; 

Bradbury & Wilairat, 1967; Paselk & Levy, 1974; Bradbury & Brown, 1977; 

Williamson & Williams, 1979; Bradbury et aI., 1981). 

The backscattered Raman and ROA spectra of insulin in H20 and ~O are 

shown in Figure 6.8. From the ROA it is clear that insulin is a highly a-helical 

protein. This agrees with crystallography where it is known that insulin exists in a 

compact globular structure with an a-helix in the centre of the B-chain (B 10 - B 19) 

and two shorter helices in the A-chain (AI - A6 and A16 - A21) which are linked by 

a small extended chain (A7 - AI3). Thus in the lhO spectrum the positive ROA band 

at -860 - 974 cml, negative-positive ROA couplet with a crossover at 1101 cml, 

and the underlying negative-positive ROA couplet in the amide III region with a 

crossover at 1277 cm- I all indicate that the protein is composed mainly from a-helix. 

The amide I negative-positive ROA couplet with the negative part peaking at 1638 

cm-I and the positive at 1668 cm-I , is only slightly positive biased and is 

unfortunately not very informative. In ~O the three a-helical signatures are virtually 

unchanged, as would be expected for secondary structure. 

In the positive part of the amide III there is a hint of a shoulder at 1340 cm- I , 

perhaps suggesting that there is a small amount of 3\O-helix present in the solution 

structure. As expected this disappears in the D20 spectrum. 
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The sharp negative ROA band in the H20 spectrum at 1243 cm-) which 

undergoes exchange in D20 is indicative of a particular type of loop structure that is 

also present in a-lactalbumin. 

It is also noticeable that there is no tryptophan band in the ROA spectrum. 

confirming this assignment because there is indeed no tryptophan present in insulin. 

Ribonuclease A 

Ribonuclease A is a digestive enzyme secreted by the pancreas which 

catalyzes the hydrolysis of phosphodiester bonds in ribonucleic acid (i.e. RNA). The 

molecular weight of the protein is -13.6 kDa, containing 124 residues. 

Ribonuclease A is an excellent sample for ROA studies because not only is 

the X-ray crystal structure known (Avey et ai., 1967; Kartha et aI., 1967; Borkakoti 

et al.. 1982; Wlodawer & Sjolin. 1983; Svensson et aI., 1986; Wlodawer et al.. 1986, 

1988; Campbell & Petsko, 1987) but the solution structure has also been solved 

using 2-dimensional NMR. (Santoro et aI., 1993). 

Figure 6.9 Molscript drawing of ribonuclease A 
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As can be observed from Figure 6.9, ribonuclease A contains a mixture of 

both helix and sheet The structure consists of three main helical sections: a-helix 

from residue 4 - 13; a-helix from residue 24 - 33 and a helical section from residue 

51 - 59 which is irregular, beginning with one turn of a-helix followed by two turns 

of 31O-helix. There are two main .8-sheet regions which both have their strands in an 

antiparallel arrangement that is twisted. There is also a considerable amount of turn 

structure present (Santoro et at., 1993). Table 6.4 lists the main structural features in 

ribonuclease A. 

Table 6.4 Structural elements present in solution ribonuclease A 

(Santoro et aI., 1993) 

Structure 

a-helix 

31O-helix 

.8-sheet 

Turn 

Residues 

4 - 13 (HI), 24 - 33 (H2), 51 - 54 (H3) 

54 - 59 (H3) 

42 - 48 (S11), 79 - 87 (S12), 96 - 104 (S13), 

61 - 64 (S21), 71 - 74 (S22), 105 - 111 (S23), 

116 - 124 (S24) 

14 - 17 (T1), 22 - 25 (TI), 65 - 68 (n), 

91 - 94 (T4), 112 - 115 (T5) 
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Figure 6.10 Backscattered Raman and ROA of ribonuclease A 
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The backscattered Raman and ROA spectra of ribonuclease A in H20 and 

020 are shown in Figure 6.10. There are again indicators of a-helix being present: 

the positive ROA region between -831 - 909 crrr l , the negative-positive couplet with 

a crossover at 1101 cm-1 and a positively biased amide I couplet with the negative 

part peaking at 1649 cm- l and the positive part peaking at 1673 cm- l . In DJ.O these 

three ROA bands are all virtually unchanged. The negative-positive couplet with a 

crossover point at 1267 cm-l is also an a-helix signature which is again only slightly 

altered in the DJ.O spectrum. There is also a sharp peak at 1340 cm- l indicating the 

presence of 31O-helix agreeing with the NMR solution structure (Santoro et al., 

1993), which loses most of its intensity in 0 20. 

Comparing ribonuclease A to other proteins with a high content of ,8-sheet 

(see later), common ROA signatures are again observed. The positive ROA region 

between -1001 - 1048 cm l and the sharp positive ROA peak at 1311 cm- l are all 

indicators of ,8-sheet (Wen et al .. 1994b). The negative-positive-negative pattern in 

the range of -950 - 1070 cm- l as suggested before may not only be indicating the 

presence of ,8-sheet but that the sheets are fonned from right-twisted ,8-strands in a 

left-handed helical conformation as can be observed in the Molscript illustration of 

the protein. The ,8-sheets in ribonuclease A are allowed to twist since they are highly 

irregular with only up to four strands of different lengths in each of the sheets. This is 

in contrast to concanavalin A, where the sheets remain flat in a multi-stranded ,8-

sheet structure forming a ,8-barrel (see later). In ~O there is much more exchange of 

the ,8-sheet structure than the a-helix structure. The positive ROA band in the H20 

spectrum between -1001 - 1048 cm l has split into two sharp peaks in the 020 

spectrum. It is also noticeable that the 1311 cm- l ,8-sheet band has lost over half of its 

intensity in DzO. It must therefore be remembered that although the amide hydrogens 

that are internally hydrogen bonded in the ,B-sheet network are protected from 

exchange, the hydrogens exposed on the outside of this network are readily 

exchanged. 

In ~O there is a sharp negative ROA band at 1337 cm- l which although at a 

slightly different frequency from that in the model,B-turn peptide, could be indicating 
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the presence of turn structure. The advantage of being able to run ~O spectra is 

therefore highlighted here since the band is 'masked' in the H20 spectrum. 

Ovalbumin 

Ovalbumin is the major protein in avian egg-white and in fact comprises 60 

- 65% of the total protein in egg-white although its function is unknown. Ovalbumin 

is a glycoprotein with a small amount of carbohydrate and has a molecular mass of 

-45 kDa, comprising 385 residues (McReynolds et ai., 1978). 

The protein exists as a tetramer but due to the size of the final structure only 

the monomer is shown in Figure 6.11. Although the four molecules making up the 

final ovalbumin model are all slightly different the differences are not significant 

(Millar et al., 1983; Stein et al., 1991). A summary of the structure of the monomer 

is given in Table 6.5. 

Figure 6.11 Molscript drawing of ovalbumin 
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Table 6.5 Structural summary of one of the four molecules making up 

ovalbumin (Stein et al., 1991). 

Structure Residues 

a-helix 26 - 44 (A), 54 - 65 (B), 70 - 80 (C), 87b - 87e (C2), 

,B-sheet 

94 - 104 (D), 128 - 137 (E), 150 - 164 (F), 260 - 266 (G), 

269 - 275 (H), 299 -305 (I), 350 - 359 (R) 

142 - 145 (SIA), 110 -121 (S2A), 182 - 196 (S3A), 

331 - 340 (S5A), 291 - 298 (S6A), 228 - 232 (SIB), 

237 - 243 (S2B), 248 - 255 (S3B), 370 - 376 (S4B), 

382 - 388 (S5B), 50 - 52 (S6B), 363 - 365 (S Ie), 

281a - 289 (S2C), 215 - 227 (S3C), 204 - 209 (S4C) 

31O-helix 200 - 202 (FI), 310 - 312 (FII) 

,B-Tums - Type I 82 - 84, 165 - 168, 179 -180, 233 - 236, 256a - 259, 

313 - 316, 318 - 321,324 - 327,65 - 68, 87e - 87h 

,B-Tums - Type IT 45 - 48,84 - 87, 91 - 94,174 - 177,244 - 246 

,B-Tums - Type III 121 - 124,277 - 280 

a-Tum 148 - ISO, 376 - 380 

(the a-turns are sharp turns that connect two ,B-strands) 

Almost all of the polypeptide chain in ovalbumin is therefore involved in well 

defined structure. There are three main ,B-sheet regions (A - C), nine a-helices (A -

H, with helix R present in only one of the molecules) and three shorter helical 

segments (C2, PI and FII). 

The backscattered Raman and ROA spectra of ovalbumin in H20 and ~O 

are shown in Figure 6.12. 
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Figure 6.12 Backscattered Raman and ROA of ovalbumin 
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In the H20 ROA spectrum of ovalbumin the usual a-helical signatures are 

present, namely the large positive ROA between -851 - 963 cm-I ; the negative

positive couplet with a crossover at 1103 cm-I and the underlying amide III couplet 

with a crossover at 1273 cm- I are all indicators of a large amount of a-helix being 

present. These three bands are also present in the ~O ROA spectrum as would be 

expected. 

There is also a positive region between -995 - 1046 cm- I and a sharp 

positive ROA band at 1307 cm- I , which indicate the presence of ,B-sheet. A lot of the 

,B-sheet is observed to exchange indicating that the sides of the exposed strands are 

subject to exchange. The usual negative-positive-negative pattern between -950 -

1070 cm l is not apparent here since the first negative part is 'masked' by a large 

positive region. It therefore cannot be said for certain from the ROA that the {3-

strands exist in a twisted environment 

In the H20 spectrum there is a sharp positive ROA band at 1340 cm-I, again 

indicating the presence of 31O-helix, in agreement with the crystal structure (Stein et 

aI., 1991). 

In ~O the {3-turn signals become observable when they are not very clear in 

the H20 ROA spectrum. The sharp negative ROA band in the ~O spectrum at 1348 

cm- I indicates that there is a considerable amount of {3-turns in the structure. 

It is interesting that the two peaks at 1212 cm-! and 1237 cm-! in the bottom 

half of the amide III region which are some sort of loop structure, are not completely 

exchanged in DzO. These loop regions are therefore not completely exposed to 

solvent. 

,B-Iactoglobulin 

,8-lactoglobulin is abundant in the whey fraction of milk, but its actual 

function is as yet unknown. The protein has a molecular weight of -18 kDa and 

contains 162 amino acids. Although a crystal structure has been published for ,8-
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lactoglobulin, it remains unclear as to why no coordinates have been deposited in 

protein databases (papiz et al.. 1986). In Figure 6.13 there is a drawing of the fJ

lactoglobulin fold. 

Figure 6.13 Represeiltation of the ,B-Iactoglobulin fold 

The protein consists of nine strands in an antiparallel ,B-sheet arrangement that wrap 

round to form a flattened cone. In the core of the molecule there is an interesting 

structural motif, namely an eight-stranded antiparallel ,B-barrel (Branden & Tooze, 

1991). This is also known as an up-down ,B-barrel which has been observed before in 

for example retinol-binding protein (Newcomer et aI., 1984) and catalase (Murthyet 

ai., 1981). Table 6.6 summarizes the structural elements present in fJ-Iactoglobulin. 



Table 6.6 Structure of ,B-Iactoglobulin (Papiz et al., 1986) 

Structure Residues 

a-helix 133 - 140 

,B-sheet 16 - 27 (A), 39 - 44 (B), 47 - 58 (C), 62 - 76 (D), 

80 - 84 (E), 89 - 97 (F), 102 - 109 (G), 115 - 124 (H), 

145 - 150 (I) 

Turns 44 - 47,59 - 62, 78 - 81, 84 - 88, 98 - 102, 111 - 115 
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The backscattered Raman and ROA spectra of ,B-Iactoglobulin are shown in 

Figure 6.14. The H20 ROA spectrum of ,B-Iaetoglobulin is rather different to the 

previously discussed ROA spectra, perhaps due to the interesting new structural 

features present. 

The positive ROA band in the -918 - 954 cm·1 region is indicating the 

presence of the single stretch of a-helix. The usual negative-positive ROA couplet at 

1103 cm! is absent and there is only a hint of the usual negative-positive couplet at 

1275 em-I, probably due to the Iowa-helix content. 

There is also no ROA band at 1340 em-I, indicating that there is no 3.o-helix 

in the protein. 
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Figure 6.14 Backscattered Raman and ROA of ,B-lactoglobulin 
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The sharp ROA couplet with the negative part at 1246 cm- I and the positive 

part at 1268 cm-I has not been observed in any spectra so far (but it is observed in 

pepsin, see later). This ROA couplet might therefore be representative of the f3-a-f3 

motif structure contained in ,8-1actoglobulin. If this is true this is a clear 

demonstration that ROA is recognising supersecondary structure. This theory could 

be tested by obtaining the ROA spectrum of retinol-binding protein (Newcomer et 

a/., 1984) which contains an antiparallel f3-barrel structure similar to f3-lactoglobulin 

but lacks the f3-a-f3 motif. In D20 this band almost completely vanishes. It is again 

interesting that in the region of -950 - 1070 cm-I there is again a negative-positive

negative ROA pattern that is perhaps indicating that the f3-strands are twisted. 

Due to the high content of ,8-sheet there is a large ROA peak at 1313 cm- I . It 

is important to realize that due to the strands existing in a ,8-barreI. very few of the 

amide hydrogens will be exposed to exchange and thus the fact that the band persists 

in the ~O ROA spectrum is giving information about the make-up of the f3-sheet. 

Due to the high content of turn structure there is a sharp negative ROA band at 1352 

cm- I , which is also found in the model f3-turn structure. In DzO there is again little 

effect on this band which is consistent with the assignment. 

The amide I region has a sharp conservative couplet, with the negative part 

peaking at 1647 cm- l and the positive part at 1674 cm-I . A conservative couplet in 

the amide I region is therefore likely to be a signature for a high content of f3-sheet. 

Concanavalin A 

Concanavalin A is a member of the lectin family and is a carbohydrate 

binding protein. At physiological pH, concanavalin A usually exists as a tetramer, 

which is made up of four identical monomers of molecular weight -25 kDa 

(Edmundson et a/., 1971; Wang et at., 1971). The X-ray crystal structure has been 

solved (Becker et a/., 1975; Reeke et aI., 1975; Weisgerber & Helliwell, 1993) and it 

has been found that each monomer contains one saccharide binding site, and 

therefore four saccharides can be bound by the tetrameric concanavalin A (So & 
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Goldstein, 1968; Yariv et aI., 1968). An illustration of concanavalin A is shown in 

Figure 6.15. 

Figure 6.15 Molscript drawing of concanavalin A 

The structure is constructed from a 'jelly roll' (Branden & Tooze, 1991) arrangement 

of the ,B-sheets. It consists of two large ,B-sheet structures: one forms the front of the 

molecule while the other runs through the molecular centre. Table 6.7 lists the 

structural features present in concanavalin A. 



Table 6.7 

Structure 

Front pleated 

,B-sheet 

Back pleated 

,B-sheet 

Loops and 

turns 

Structure of concanavalin A (Weisgerber & Helliwell, 1993). 

Residues 

79 - 73,60 - 66, 55 - 48, 188 - 200, 116 - 108, 

106 - 103, 124 - 130, 153 - 16, 149 - 147. 

35 - 40,30 - 23, 4 - 11,215 - 208,88 - 97, 

176-169,139-143. 

10-13,14-17,15-18,28-31,31-34,34-37, 

43 - 46,55 - 58, 56 - 59,67 -70,86 - 89, 97 - 100, 

117 - 120, 134 - 137, 137 - 140, 143 - 147, 147 - 150, 

149 - 152, 150 - 153, 160 - 163, 166 - 169, 

183 - 186, 186 - 189,203 - 206,216 - 219, 

222 - 225, 226 - 229, 227 - 230, 229 - 232. 

Helical region 81 - 84 

110 

It can be observed from Table 6.7 that there is only a very small amount of helix 

present, namely residues 81 - 84 which form a single helical turn. There are a number 

of hairpin loops which allows the direction of the polypeptide backbone to change 

sharply. 
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Figure 6.16 Backscattered Raman and ROA of concanavalin A 
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The backscattered Raman and ROA spectra of concanavalin A are shown in 

Figure 6.16 and are very informative about the structure of the protein. There is a 

sharp positive ROA band at 1316 cm- l , indicative of p-sheet, which only decreases 

slightly in ~O, suggesting that the p-sheet structure is not in an open conformation. 

There is also the large negative ROA peak at 1348 cm- l which is characteristic of the 

many P-turns that are present in the structure. 

The negative ROA band at 1237 cm- l which is characteristic of loop 

structure is also observed in the ROA of lysozyme. In DzO this band almost 

completely vanishes. 

In contrast to ribonuclease A which contains twisted ,8-sheets with the,8-

strand adopting a left-handed helical structure, there is no sign of the negative

positive-negative pattern in the -950 - 1070 cm- l region. This indicates that in 

solution the strands remain in the rigid ,8-barrel conformation and do not form 

twisted structures. It is also interesting that there is a lack of significant positive ROA 

intensity in the -1020 - 1060 em l region which was previously assumed to be due to 

antiparallel p-sheet (Wen et a/., 1994b). This region is perhaps therefore much more 

specific to the actual type of p-sheet structure than previously thought. 

The amide I couplet is uncharacteristically sharp and may well have 

something to do with the rigid p-barre1 conformation. The couplet has its negative 

part at 1651 cm- l and the positive part at 1673 em-I. This couplet is virtually 

unchanged in D20 apart from shifting down by 10 em-I, indicating that some 

exchange has occurred. 
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Pepsin 

Pepsins are the major digestive enzymes designed to function at the low pH 

of the stomach. Pepsin itself consists of 326 residues with a molecular weight of -33 

kDa (Sepulveda et al.. 1975). The structure, which is shown in Figure 6.17, consists 

of two ,B-sheet lobes. 

Figure 6.17 Molscript drawing of pepsin 

It is found that the structure is dominated by ,B-sheet, with 44% of residues lying in 

,B-strands (Kabsch & Sander, 1983; Cooper et al., 1990; Sielecki et a/., 1990). 

Residues 1 - 175 form the N-terminallobe and residues 176 - 327 comprise the C

terminal lobe. 
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Table 6.9 Summary of the structural elements in pepsin (Cooper et ai., 1990). 

Structure Residues 

a-helix 110 - 114, 136 -142, 225 - 236, 252 - 255, 

272 - 275,304 - 307. 

,B-sheet 2 - 6, 163 - 167, 150 - 154,310 - 315, 320 - 326, 

(there are 5 180 - 183 (sheet 1). 

individual sheet 7 - 9, 13 - 16,29 - 32, 119 - 122,38 - 40 (sheet 2). 

structures) 99 - 106, 79 - 87, 65 - 74 (sheet 3). 

191 - 194,210 - 214,300 - 302, 221 - 223, 

286 - 290,246 - 248, 239 - 240 (sheet 4). 

25 - 28, 17 -20, 88 - 91, 94 - 98, 

202 - 205, 196 - 199,259 - 263, 266 - 270 (sheet 5). 

31O-helix 48 -50, 58 - 60, 126 - 128, 130 - 132. 

Loops and turns 9 - 12 (ITI), 21 - 24,32 - 35 (1), 

42 - 45 (1), 57 - 60 (1), 75 - 78 (I), 91 - 94 (I), 

125 - 128 (ITI), 130 - 133 (I), 141 - 144 (I), 

157 - 160 (ill), 171 - 174 (I), 

199 - 202 (I), 206 - 209 (IT), 215 - 218 (I), 

224 - 227 (ITn, 233 - 236 (I), 240 - 243 (I), 

262 - 265 (1), 270 - 273 (ITI), 278 - 281 (I), 

314 - 317. 

The structure is therefore quite complicated with the central underlying sheet fanned 

by six antiparallel ,B-strands. 
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Figure 6.18 Backscattered Raman and R OA of pepsin 
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The backscattered Raman and ROA spectra of pepsin in H20 and DzO are 

shown in Figure 6.18. In the HzO ROA spectrum there is the usual positive ROA 

between -890 - 940 cm- l indicating the existence of a-helix which surprisingly 

appears to be susceptible to deuterium exchange, although there are some positive 

peaks left in the ~O ROA spectrum (there is also the possibility that the ROA 

spectrum is slightly distorted). From the Molscript diagram the a-helices are near the 

surface and might be part of the loop structure which would explain the high amount 

of deuterium exchange. Although the crystal structure indicates the presence of 310-

helix, there is no positive ROA band at 1340 em-I. Perhaps in the solution the 

structure is much looser and not able to accommodate 31O-helix (or the negative fJ
turn ROA band cancels it out). 

From the ROA the fIrst impression is that the protein has a high fJ-sheet 

content. The sharp positive ROA band in the H20 spectrum at 1311 cm- l and the 

fairly conservative amide I negative-positive ROA couplet with its negative 

component peaking at 1635 cm- l and the positive part peaking at 1668 cm- l , suggest 

the presence of sheet structure. In l)zO the amide I couplet is relatively unaffected 

but the 1311 cm- l fJ-sheet band loses about half of its intensity. This indicates that the 

majority of the sides of the strands are susceptible to deuterium exchange. In the 

-950 - 1070 cm- l region there is again a negative-positive-negative ROA pattern 

indicating that the strands are perhaps twisted. There is also a sharp negative ROA 

band at 1348 cm- l which remains in 020, generated by the large amount of ,B-turns 

present in the structure. 

The sharp negative ROA band at 1253 cm- l which is completely lost in 

020, is generated by the loop structure in the pepsin. This is an unusual frequency 

for loop structure, not observed in lysozyme or lactalbumin. The entrance to the 

active cleft in pepsin is controlled by long mobile loops of ,B-strands protruding from 

both of the two lobes; these loops are capable of closing on a substrate and binding to 

it (Sugana et aI., 1987; Sielecki et aI., 1990). This seemingly unimportant piece of 

information is actually very interesting because a number of the proteins of the 

human immunodeficiency virus (HIV) are synthesized as single polypeptide chains 
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that an acid proteinase then splits into components. From the amino acid sequence it 

was assumed that the proteinase would have a similar structure to that of the acid 

proteinase of the pepsin family. From the crystal structure the proteinase was indeed 

found to be similar to that of pepsin (Navia et aI., 1989; Wlodawer et a/., 1989; 

Lapetto et a/., 1989). There could therefore be much promise for ROA in this area 

since it provides a new probe of the loop structure. 

a-chymotrypsin 

a-chymotrypsin is a digestive enzyme and its biological role is to catalyze 

the hydrolysis of proteins in the small intestine. The protein contains 245 amino 

acids and has a molecular weight of -25 kDa The structure is shown in Figure 6.19, 

which reveals that the protein is made from two similar but not identical lobes. 

Figure 6.19 Molscript drawing of a-chymotrypsin 
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a-chymotrypsin is again dominated by a ,B-barrel structure (Sigler & Blow, 

1965; Tsukada & Blow, 1985) with a small amount of a-helix. A summary of the 

secondary structure elements of one of the lobes of a-chymotrypsin is listed in Table 

6.9. 

Table 6.9 Secondary structure of a-chymotrypsin (Tsukada & Blow, 1985). 

Structure Residues 

a-helix 164 - 176,230 - 235, 235 - 245. 

,B-sheet 29 - 35, 39 - 48,51 - 54, 103 - 108, 81 - 91,65 - 68, 

29 - 35 (sheet 1). 

134 - 140, 156 - 163. 179 - 184.226 - 231,206 - 215, 

197 - 203. 134 - 140 (sheet 2). 

The backscattered Raman and ROA spectra of a-chymotrypsin are shown in 

Figure 6.20. Once more the ,B-sheet signatures are clear: there is the sharp positive 

ROA band at 1314 cm-l, a conservative amide I couplet with the negative part at 

1643 cml and the positive part at 1670 em-I; and a positive ROA region between 

-1005 - 1057 cml. In DzO the 1314 cm-l ROA band has undergone a small amount 

of deuterium exchange, indicating that little of the ,B-sheet structure has exchanged. 

as expected for a barrel structure. 
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Figure 6.20 Backscattered Raman and ROA of a-chymotrypsin 



120 

The negative feature observed at 1348 cm-] is a signature for the presence of 

,B-tums. There also appears to be a lot of loop structure shown by the large amount of 

rather diffuse negative intensity in the lower wavenumber side of the amide ill 

couplet. In ~O the .B-turn structure is more prominent and the loop region has 

undergone exchange but also appears to have become more structured. 

There are also a-helix signatures present, namely the positive ROA in the 

-890 - 960 cm-1 region and the negative-positive ROA couplet with the crossover at 

1103 em-1 which are relatively unaffected in D20. 

Trypsin 

Trypsin is a digestive enzyme found in the stomach. Bovine trypsin contains 

245 amino acids and has a molecular weight of -23 kDa. The crystal structure has 

been solved by X-ray diffraction techniques (Bode & Schwager, 1975; Marquart et 

al., 1983; Bartunik et aI., 1989). The structure of trypsin is shown in Figure 6.21. 

Figure 6.21 Molscript drawing of trypsin 
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The structure is a mixture of both a-helix and ,B-sheet. The elements of secondary 

structure are listed in Table 6.10. 

Table 6.10 Structure of trypsin (Bartunik et at., 1989). 

Structure Residues 

a-helix 56 - 58, 165 - 172. 173 - 175.231 - 243. 242 - 244. 

,B-sheet 30 - 33. 42 - 48,51 - 54, 104 - 108.81 - 90, 

65 - 68. 30 - 33 (sheet 1). 

135 - 140, 156 - 163. 180 - 183,226 - 230.207 - 215, 

198 - 202, 135 - 140 (sheet 2). 

Turns 23 - 26, 27 - 30,33 - 41. 48 - 51. 72 -76, 76 - 80. 

91 - 94, 129 - 132, 145 - 149. 168 - 171. 177 - 179. 

191 - 194. 194 - 197.202 - 205.222 - 224. 

The backscattered Raman and ROA spectra of trypsin are shown in Figure 

6.21. The positive ROA in the region between -885 - 938 cm-I denotes a-helix. 

Apart from a small positive ROA peak at 1295 cm-1 there are no other observable a

helix signatures. These two a-helix bands undergo a small amount of deuterium 

exchange. It is noticeable that the a-helix regions are again on the surface of the 

protein which might explain their exchange. 

The positive part of the amide III region is quite broad with the middle of 

the peak occurring at 1304 em-I. In ~O this band becomes much sharper, now 

peaking at 1291 cm-l (perhaps indicating a-helix). The amide I ROA couplet is 

conservative in the H20 spectrum but changes to being positively biased in the thO 

spectrum. The negative part of the couplet occurs at 1640 em-I. while the positive 

part occurs at 1670 cm-l. 
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Figure 6.22 Backscattered Raman and ROA of trypsin 
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Due to the lack of any significant positive ROA intensity in the - 1000 cm l 

region and the lack of the usual negative-positive-negative ROA pattern between 

- 950 - 1070 em-I, it can be concluded that the ,B-strands are relatively flat in the 

solution structure. 

There is also a sharp negative ROA band at 1348 cm-I both in H20 and ~O 

indicating that there is a considerable amount of turns present in the protein solution 

structure. 

The two negative ROA loop bands at 1223 and 1243 em-I are at exactly the 

same frequencies as the loop structure in a-lactalbumin. In ~O they are almost 

completely lost 

Trypsinogen 

Trypsinogen is a pancreatic zymogen which is used in the stomach to digest 

other proteins. The protein has a molecular weight of -23 kDa containing 245 amino 

acids and contains a mixture of helix and sheet structure as shown in Figure 6.23 

(Fehlhammer et al., 1977; Kossiakoff et al., 1977). 

Figure 6.23 Molscript drawing of trypsinogen 



Table 6.11 is a summary of the structural elements in trypsinogen. 

Table 6.11 Structure of trypsinogen (Fehlhammer et a/., 1977). 

Structure 

a-helix 

,8-sheet 

3w-helix 

Turns 

Residues 

164 - 172, 234 - 245 

20 - 20, 156 - 161. 136 - 140. 197 - 201, 

204 - 214,226 - 231. 179 - 183 (sheet 1) 

43 - 45.52 - 55, 104 - 107.87 - 91 (sheet 2) 

63 - 66. 81 - 85 (sheet 3) 

230 - 235 

23 - 26. 48 - 51,56 - 59. 91 - 94.99 - 102, 

115 - 118. 130 - 134, 172 - 175, 177 - 180, 

184 - 187, 191 - 194, 194 - 197,201 - 204, 

221 - 224 
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The proteins trypsin and trypsinogen are from X -ray studies known to be very 

similar. It has been found that 85% of the two proteins have almost identical 

structures (Bode & Huber, 1978). The remaining 15% which is called the activation 

domain consists of three extemalloops. These loops. varying in length from 7 to 12 

residues are partly or entirely disordered in trypsinogen crystals but ordered in 

trypsin. It is thought that trypsinogen is inactive because an ordered activation 

domain is required to form the substrate binding site. 
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Figure 6.24 Backscattered Raman and ROA of trypsinogen 
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The backscattered Raman and ROA spectra of trypsinogen in H20 are 

shown in Figure 6.24. It was unfortunate that the ~O ROA spectrum of trypsinogen 

could not be obtained since the sample deteriorated too quickly in the beam to allow 

ROA to be obtained. Even the ROA spectrum in H20 of trypsinogen is rather noisy. 

The broad top of the amide m couplet peaks at about 1304 em-! and there is 

a broad positive region between -995 - 1056 cm-! indicating the presence of ,8-sheet 

There is a positive ROA region between -890 - 940 cm- I which is representative of 

the a-helix that is present in the structure. There is also a very small positive ROA 

peak at 1340 cm-I indicating the presence of a very small amount of 31o-helix, which 

is in agreement with the crystal structure. In the -950 - 1070 em-! region there is the 

negative-positive-negative pattern which is an indication that there is not only ,8-

sheet present but that the strands are twisted. 
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The sharp negative ROA peak at 1348 cm-l is due to the turn structure and 

the two peaks in the bottom half of the amide III at 1212 and 1244 cm- l are due to the 

loop structure. It is interesting that the amide III couplet is broader in trypsinogen 

than in trypsin, which is an indication that trypsin is the more rigid structure. Overall 

the ROA spectra of trypsin and trypsinogen are fairly similar as would be expected. 

It is also noticeable that the -1223 cml ROA band is much weaker than in trypsin 

and this could perhaps be providing information about the activation domain. 

Orosomucoid 

Orosomucoid (or more commonly known as ai-acid glycoprotein) is a 

glycoprotein which is found in the blood and has a very high content of carbohydrate 

(-40%). It is interesting to look at glycoproteins with ROA because they are very 

difficult to study by the usual physical methods such as X-ray crystallography, multi

dimensional NMR and ECD. Orosomucoid consists of 181 amino acids and has a 

molecular weight of -41 kDa. The carbohydrate part involves five hetero

oligosaccharides which are attached by N-glycosidic bonds to asparagine residues 

(Schmidt et aI., 1973; Bell, 1994). 
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The back scattered Raman and ROA spectra of orosomucoid in both H20 

and DzO are shown in Figure 6.25. The H20 ROA spectrum suggests that the 

glycoprotein is dominated by ,B-sheet structure. This observation conflicts with a 

recent study which concluded that there was only a small excess of ,B-sheet over a

helix (Karpenko et aI., 1992). 

The broad positive part of the amide ITI has one of its peaks at 1313 cm- l 

and the positive ROA between -1030 - 1080 cmI , both indicate that there is a 

significant amount of sheet present. The negative-positive-negative pattern in the 

-950 - 1070 cm- I region also suggests that the sheets are twisted. It is a little 

surprising that there are no strong a-helix bands present, apart from the amide ill a

helix couplet. The conservative amide I negative-positive couplet. with the negative 

part at 1629 cm- l and the positive part at 1671 cm- l also suggests that the structure is 

mainly,B-sheet. It is also interesting that there is a sharp negative ROA band at 1237 

em-I, occurring in exactly the same position as the loop structure in lysozyme. which 

almost disappears in D20. 

There are however a few features observed in the ROA spectrum that have 

not been seen before. The negative-positive couplet centred at 1123 cm- I is in the 

region where previous IR studies (Marshall & Porath, 1965) of a glycopeptide of 

orosomucoid were found to have contributions from the carbohydrate. Previous 

disaccharide ROA studies (Bell et aI., 1993) suggested that this couplet could be due 

to the C-O-C stretching vibrations of the P( 1-4) glycosidic link. 

Future studies in this important area could involve the use of linkage

specific endoglycosidase enzymes to cleave the glycans from the polypeptide. The 

ROA could then be used to compare the carbohydrate part, the protein part and the 

complete glycoprotein. 
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Conclusion 

From the protein ROA spectra described in this chapter it is clear that ROA 

provides a unique insight into the structure and fold of proteins. It is important to 

realize that ROA not only provides information about the secondary but also tertiary 

structure. A summary of the ROA structural signatures will be made in the appendix. 



130 

Chapter 7 

Protein Dynamics 

In this chapter the reduced (Le. unfolded) fonn of lysozyme and 

ribonuclease A, and molten globule states of a-lactalbumin will be discussed. Molten 

globules are of great current interest because they are thought to be intennediates on 

the protein folding pathway and could provide a solution to the Levinthal paradox 

(Dobson, 1994). The Levinthal paradox suggests that it would take an almost infinite 

amount of time for a protein to fold properly if it had to explore all possible 

confonnations. Interest in non-native states is rapidly increasing due to the 

importance of these states in protein folding, stability and function (Kim & Baldwin, 

1990; Dill & Shortle, 1991; Creighton, 1992; Shortle, 1993; Pain, 1994; Dill et al .. 

1995). Due to the heterogeneity associated with such states they have proved difficult 

to characterize with conventional methods such as NMR and far-UV CD. 

The classic example of a molten globule state is supported by a-lactalbumin 

at low pH or when the Ca2+ is extracted from the double loop region at neutral pH. A 

standard definition of a molten globule is that it is a compact structure that has 

native-like secondary structure but unfolded tertiary structure, the end result being 

that tertiary structure is much more mobile in the molten globule state than in the 

native state (Kuwajima, 1989). By varying the temperature of the molten globule 

state new insights into the possibility of native-like tertiary folds existing along with 

secondary structure (Ptitsyn, 1992) have been revealed by ROA. 

The result of binding a saccharide inhibitor to lysozyme will also be studied. 

Finally, native lysozyme ROA spectra over a range of temperatures will be 

presented. The changes in these spectra will be discussed in relation to the structure 

and dynamics of Lysozyme. 

The unfolded protein work and molten globule analysis is again an 

extension of the work of SJ. Ford (1995). 
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7.1 Experimental 

Hen egg-white lysozyme (type I) and bovine a-lactalbumin (type J

containing 1 to 2 mol Ca2+/mol protein) were obtained from Sigma Bovine a

lactalbumin, which is partially calcium depleted (type III- containing about ()'4 mol 

Ca2+/mol protein) was also purchased from Sigma The bovine ribonuclease A was 

purchased from Fluka All other materials including tri-N-acetyl glucosamine 

(NAG3), GdHCI and dithiothreitol (DIT) were again purchased from Sigma 

Unfolded lysozyme was prepared by reducing the four disulfide bridges 

using the method described by Creighton (Creighton, 1989). Briefly, this involved 

adding -250 mg of protein to a 6M GdHCI solution at pH 8.0. When the protein had 

dissolved -0.116 g of DIT was added. This solution was then stirred for 30 minutes. 

The reaction was then stopped by adding HCI until a pH < 1 was obtained. The 

purification stage was slightly altered from Creighton's method in that six 3 1 

volumes of 0.01 M HCI were used for dialysis of the sample, which was finally 

lyophilized. This proved to be an ideal method of denaturation for our purposes since 

using materials such as urea produced samples that fluoresced in the beam. making 

them unsuitable for ROA studies. Thermally denatured proteins are also unsuitable 

because these samples are highly scattering, due to aggregation. The broken disulfide 

bonds can refonn and a way to block this is to carboxymethylate these residues to 

prevent reoxidation. However, the carboxymethylated lysozyme was insufficiently 

soluble for ROA studies. The procedure that was finally adopted was to prevent 

reoxidation by making the sample up at pH 2.0 in 10 mM citrate buffer. which was 

recently employed in an NMR study of denatured lysozyme (Evans et aI., 1991). An 

Ellman assay (Creighton, 1989) was used to check that the cysteine bonds were 

broken and this analysis showed that between seven and eight of the sulfhydryl 

groups were free. A similar procedure was employed to prepare reduced ribonuclease 

A except that a citrate buffer at pH 2.6 was used because this sample tends to form a 

gel at lower pH. Once the reduced samples for ROA study were prepared, the ROA 

spectra were obtained as quickly as possible to reduce any problems associated with 
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any refolding that might occur. 

To fully remove the Caz+ for studies of apo a-lactalbumin -lao mg of type 

ill a-lactalbumin was added slowly to 5 ml of a 20 mM EDTA/NHJ solution which 

was at pH 8.2. This solution was then stirred for 1 hour at room temperature. To 

ensure that as much of the Caz+ as possible was removed, this was then dialysed 

against 5 x 200 ml volumes of EDT Nammonia The sample was then dialysed seven 

times against 3 I of filtered/deionised water to create as pure and clean a sample as 

possible before the sample was lyophilized. 

Acid molten globule a-lactalbumin was prepared in a 0.1 M glycine buffer 

at pH 2.0 buffer and the Caz+ free a-lactalbumin was prepared in a 0.1 M Tris buffer 

at pH 8.0 (it was found not to be sufficiently soluble at pH 5.4). To have a direct 

comparison native a-lactalbumin was also prepared in a 0.1 M Tris buffer at pH 8.0. 

The lysozyme bound to the trimer of N-acetylglucosamine (NAGJ) was 

prepared by using a 2 molar excess of the saccharide inhibitor since it is known that 

at least a 1.3 molar excess is required to ensure that the lysozyme is fully bound 

(Lumb et al., 1994). Due to NAG having the ability to hydrolyse the lysozyme. the 

ROA data was obtained as quickly as possible after preparing the sample in an 

acetate buffer at pH 5.4. The native lysozyme sample was prepared as explained 

previously in a 0.1 M acetate buffer. 

Analar grade reagents and distilled, deionized water were used throughout. 

Using UV absorbance the protein concentrations of the a-lactalbumin and lysozyme 

samples were determined. By measuring the absorbance of diluted aliquots and using 

an extinction coefficient for a-lactalbumin of aSOnm = 2.01 ml (Gill & von Hippel, 

1989) and lysozyme of ~8Onm = 2.65 ml, concentrations were found to be about -70 

mg/mt. The protein solutions are prepared in small glass sample tubes and mixed 

with a small amount of pharmaceutical grade activated charcoal which helps to 

remove fluorescing impurities. The charcoal was removed from the sample by slow 

centrifugation. The protein solutions were then filtered through Millipore GV4 (0.22 

,urn) filters into quartz microfluorescence cells and centrifuged again to remove any 

dust particles prior to ROA data collection. All of these samples displayed residual 
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fluorescence but by leaving the sample to "burn down" in the laser beam for several 

hours the fluorescing impurities are selectively destroyed. This is a standard 

technique in the Raman spectroscopy of proteins (Carey, 1982) and does not appear 

to harm the sample as the Raman spectra remain unchanged throughout the 

procedure. On analysing the enzymatic activity of lysozyme (using the standard 

Sigma procedure based on the cell wall hydrolysis of Micrococcus lysodeikticus) and 

the fluorescence of the calcium-bound and calcium-free samples before and after 

ROA data collection confidence was gained that the protein molecules had been 

unaffected by the laser beam. 

The tryptophan fluorescence measurements on diluted protein samples (0.05 

to 0.1 mg/ml) over the temperature range O°C to 35°C in a 1 cm path-length 

quartz cell were perfonned at a A.exc = 295 nm using a SPEX Fluor Max spectro 

fluorimeter. All of the fluorescence data were collected by Dr. A. Cooper. The UV 

CD measurements were perfonned on a Jasco J-6oo spectropolarimeter using cells of 

path-length 0.02 cm (far-UV, concentrations -D.6 mg/ml) and 0.05 cm or 0.5 cm 

(near-UV, concentrations -6 mg/ml or -0.6 mg/ml). The UV CD spectra were kindly 

measured by Prof. N.C. Price and Dr. S.N. Kelly at the BBSRC funded facility at 

Stirling University. 

7.2 Results and Discussion 

The ROA spectra will now be discussed in the context of protein structure 

and dynamics. 

Unfolded Lysozyme and Ribonuclease A 

The backscattered Raman and ROA spectra of reduced lysozyme at 45°C. 

20°C and 2°C are shown in Figure 7.1. 
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Figure 7.1 Backscattered Raman and ROA of unfolded lysozyme at 45,20 and 2°C 
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Comparing these spectra with that of native lysozyme (Figure 6.4) there are 

obvious differences in the spectra. especially since the ROA spectra in the unfolded 

protein is now dominated by a relatively unstructured extended amide ill couplet. 

The residual structure that does exist in the unfolded proteins is nonetheless 

of great significance since it appears to monitor the rp, 1/J propensities of the 

individual residues averaged over the different amino acids in the mobile 

heteropolypeptide structure. In the 20°C ROA spectrum there are two positive ROA 

bands at 1300 and 1313 cm- l , which are close to previously mentioned bands that 

have been assigned to a-helix and ,a-sheet, respectively, in native proteins (see 

Chapter 6). The negative ROA band at 1237 cm- l in the 20°C spectrum coincides 

with an ROA band in lysozyme which was previously assigned as 'loop' structure. It 

is intriguing that in recent work on protein architecture (Adzhubei & Sternberg, 

1993), analysis of all of the rp, 1/J angles in a set of 68 proteins from the 

crystallographic structural database (Adzhubei et al .• 1987) revealed three main rp.1/J 

distribution peaks. Adzhubei et al., (1987) have associated these peaks with a-helix, 

,B-structure and M -confonnation. the last corresponding to PPII type structure. Since 

the a-helix and ,B-sheet regions have already been fairly well established in this loop 

region, perhaps the negative 1237cm-1 ROA band is derived from PPII type structure. 

However, this is a very tentative assignment which requires much more work to fully 

validate this idea 

The extra small bumps in the extended amide III region are presumably due 

to residues populating less favourable regions of rp, 1/J space. 

In the 2°C ROA spectrum the previously discussed negative ROA band at 

1237 cm- l has split into two components, one at 1227 cm- l and the other one at 1242 

cm- l which suggests that at the lower temperature structure with distinct but related 

types of local order are becoming resolved in the putative PPII-type structure. On the 

other hand in the 45°C ROA spectrum the a-helix and ,a-structure ROA bands at 

1300 and 1314 em-I have coalesced into a single ROA band at 1305 cm-!, indicating 

the loss of the two local residue eonfonnations. The 1237 em- l negative ROA band 

has also become sharper and is now accompanied by another negative ROA band at 
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1212 cm-I . The significance of these changes is as yet unknown. 

An analogy of what has happened in the temperature-dependent ROA 

spectra in the amide III region of lysozyme can be found in chemical exchange 

effects in NMR where closely spaced lines collapse into a single line at the 

temperature at which the lifetime broadening is greater than the line separation. The 

timescale for ROA can be obtained from the timescale for conventional Raman 

scattering (-3·3 x 10-14 s for a vibration of -1000 cnrl). This therefore represents a 

very fast timescale with ROA in effect providing a superposition of 'snapshot' spectra 

from all the distinct chiral confonners. At 45°C the ROA could therefore be 

undergoing broadening due to the finite lifetimes of the interconverting conformers. 

This effect has been observed for conventional vibrational Raman lines (Kreevoy & 

Mead, 1965). There has also been recent IR work along these lines (Turner et al .. 

1995). From the spectra and using the fonnula k "" 2·2ov an approximate rate 

constant for the temperature at which two bands with frequency separation av 
coalesce can be found (GUnther, 1995). From the ROA spectra the separation of the 

a-helix and ,B-structure bands is -14 cnrl and therefore the rate constant at 45°C for 

interconvertion between the corresponding confonners is -9-2 x 1011 S-1. This value 

is similar to that of the rate of rotations involving changes in q> and tp about Ca-N and 

Ca-C bonds, respectively. in single residues in the polypeptide backbone (Creighton. 

1994). The simplest version of absolute reaction rate theory predicts a maximum rate 

for a chemical process of 6-2 x 1012 s-I at 25°C corresponding to a zero free energy 

barrier (Creighton, 1994). This value will be smaller when collision damping is 

included (Brooks et aI., 1988). The ROA spectra are therefore suggesting that, at 

physiological temperatures. the individual residues in mobile heteropolypeptide 

structure in unfolded lysozyme 'flicker' between distinct conformational states at 

rates close to the maximum theoretically possible. It is also worth remembering at 

this stage that the unfolded lysozyme is completely different from that of the low pH 

unordered poly-L-Iysine (Figure 5.5). 

It is interesting that in a recent study which excluded all residues in a-helix 

or ,B-strand, three main regions of q>, tp space were found to be present for individual 
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residues in 'coil' regions of native proteins (Swindels et at., 1995). These regions 

were termed a, b and p but they appear to have a too diffuse range of </>, 1/J angles to 

give rise to the sharp ROA peaks. This therefore suggests that in the crystal the coil 

regions of native proteins the residue conformations are distorted by the surrounding 

crystal packing forces, whereas in aqueous solution the </>, 1/J propensities are much 

more tightly focused. 

An important feature that is absent in the ROA spectra of unfolded 

lysozyme is the lack of a sharp positive band at 1340 cm- l which has previously been 

assigned to 31O-helix loop structure. It can be concluded therefore that there is little 

propensity for individual residues to take up this conformation. unlike PPII-helix 

loop structure. 

The backbone skeletal stretch region of the unfolded lysozyme at 20°C 

indicates that there is only a very small amount of extended secondary structure 

present. On lowering the temperature to 2°C clearer a-helix signals appear, namely 

the broad positive ROA band peaking at 950 cm-l and the positive component on the 

high wavenumber side of the couplet at 1100 cm-l . Comparing the unfolded 2°C 

spectrum with that of the native lysozyme ROA spectra (Figure 6.4) there is -25% of 

the native amount of a-helix present It is also noticeable that there is no twisted {3-

strand structure. The ROA couplet positive at 1555 em-I and negative at 1580 cm-) 

which is due to the six tryptophans in the protein increases along with the a-helix 

bands at 2°C but has almost disappeared at 45°C. This suggests that the 

confonnational freedom of the tryptophans associated with sections of a-helix has 

been much reduced. These regions could be due to helix C and D which encompass 

residues 88 - 99 and 108 - 115. respectively (Figure 6.1). A peptide containing 

residues 84 - 129 of lysozyme at pH 2.0 and 25°C was shown from a UV CD study 

to have a high intrinsic propensity for a-helix formation (Yang et al., 1995). Another 

VCD study for a peptide comprising residues 36 - 108 again found that residues 

corresponding to helix C had a high propensity for a-helix formation (Ueda et al., 

1994). It should also be observed that at 4S'C there is virtually no 

secondary structure present 
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At 20°C and 45°C there is an amide I negative-positive ROA couplet that is 

shifted by -10 cm' to a higher wavenumber than that found in the native protein. It 

is however much smaller than the native amide I couplet and presumably arises from 

the local chiral environments of the carbonyl oscillators. 

The backscattered Raman and ROA spectra of unfolded ribonuclease A at 

35°C and 200C are shown in Figure 7.2. It was unfortunate not to be able to obtain 

ROA spectra over a wider temperature range but the unfolded ribonuclease A was 

found to form a gel and aggregate at higher or lower temperatures. Comparing the 

20°C ROA spectra of unfolded lysozyme and ribonuclease A. it is clear that the 

unfolded ribonuclease A contains much more structure. 

In the extended amide III region of the 20°C ROA spectrum the three bands 

assigned to individual structures containing a-helix. ,B-structure and PPII type 

Structure can be clearly observed. There are slight differences in the position of these 

bands though which is highly relevant. The a-helix band is -4 cm-' lower in the 

ribonuclease A, which could be due to the greater amount of extended a-helix 

secondary structure present (1296 cm l is in fact the usual value for the a-helix band 

in native proteins). Raising the temperature to 35°C it was found that this band shifts 

by -2 cm-1 to a higher wavenumber. with the ROA band now being of equivalent 

height to the adjacent ,B-structure band. In the ROA of unfolded ribonuclease A at 

20°C (and to a lesser extent at 35°C) there is a negative ROA band at 1360 cm-1, 

indicating the presence of a small amount of turn structure. 

It is also apparent in both the unfolded ribonuclease A spectra that there is 

no positive ROA band at 1340 cm- I , indicating again that there is no 3to-helix loop 

structure. At 3SOC the extended amide III couplet is very smooth (unlike unfolded 

lysozyme) suggesting that there are few residues taking up 1>, 1/J angles other than 

those corresponding to the three main bands. 

In the backbone skeletal stretch region of the unfolded ribonuclease A at 

20°C in the range -950 - 1150 cm- l there is -50% of the native secondary structure. 

The remaining secondary structure also appears to have right-twisted ,B-strand. as 

does the native form. The a-helix structure might occur at the amino-terminal end 
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since residual structure has been detected there by nonradiative transfer (Haas et aI., 

1988). A UV CD analysis of a peptide of ribonuclease A comprising residues 1 - 13 

also found the structure to be -30% helical at 1.7°C (Brown & Klee, 1971). Helical 

conformations have also been detected in this peptide by 2-dimensional NMR 

(Osterhout et af., 1989). At 35°C in the unfolded ribonuclease A although there is 

still secondary structure present, the amount has been greatly reduced. 

Considering both the unfolded lysozyme and ribonuclease A it is apparent 

that there is no positive ROA band at 1340 cm-! and therefore it can concluded that 

there is no 31O-helix loop structure, nor any propensity for individual residues to take 

up the associated cp, 1/J angles in these two unfolded proteins and that a structured 

environment is required for this to form. This conclusion actually goes against that of 

Millhauser (1995) who suggested 31O-helix is a precursor to a-helix in the protein 

folding pathway. It can also be suggested from this result that there is no 

interconversion between a- and 31O-helix although other models have been built 

around this idea (Smythe et af., 1995). 

It is interesting to note that in the protein GBI an identical ll-amino 

sequence folds as a-helix in one part of the protein but as ,B-sheet in another part 

(Minor & Kim, 1996). This suggests that the environment is of fundamental 

importance in determining the structure. In both the unfolded proteins presented here 

it can be observed that a-helix and ,B-sheet can exist as extended structure which is 

probably due to the high propensities for individual residues to take up 

corresponding regions of ljJ, 1/J space. It is perhaps not a coincidence that the unfolded 

lysozyme at 20°C is very similar to that of the unfolded ribonuclease A at 35°C 

despite both proteins having quite different amino acid sequences. This ties in with 

the result of Minor and Kim (1996) since it suggests that factors other than intrinsic 

residue propensities ultimately determine the actual conformation adopted by a 

particular stretch of the peptide backbone in a native protein. 
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Acid Molten Globule a-Lactalbumin 

The backscattered Raman and ROA spectra of the acid molten globule of a

lactalbumin at 2°e, 200 e and 35°e are shown in Figure 7.3. As previously stated the 

a-lactalbumin is at pH 2.0 in a glycine buffer and is in a so-called 'molten globule' 

state (Kuwajima, 1989; Ptitsyn, 1992), whe:.'e the tertiary structure is presumed to be 

mobile yet retaining rigidity in some of the secondary structure. In Figure 7.4 a 

complete range of ROA spectra at 45°e, 3SOC, 25°e, 20oe, 15°e. lOOe, SOC and 

2°C are stacked on top of each other. By collecting the ROA over a range of 

temperatures it might be possible to separately characterise transitions involving 

secondary and tertiary loop structure which could be of importance for protein 

folding since the molten globule is thought to be a universal intermediate on the 

folding pathway. 
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From an inspection of Figure 7.3 and Figure 7.4 there are two trends that 

can be observed as the temperature is changed. At 35°e some ROA secondary 

Structure bands which can still be seen in the backbone skeletal stretch region where 

there is a resemblance to the native protein but there has been a loss of intensity and 

changes of detail in parts of the ROA band structure. As the temperature is lowered 

the amount of secondary structure gradually increases. The second trend that can be 

observed from the ROA spectra is that the loop structure in the extended amide III 

region changes rapidly (Wilson et aI., 1995; Wilson et aI., 1996). The sharp positive 

ROA band at 1340 cm-I is an ideal band to monitor this change in the tertiary fold. It 

is also noticeable that at 2°e the molten globule ROA is very similar to that of the 

native protein. This suggests that the complete structure (including the tertiary fold) 

is native-like yet the sample retains the molten globule status (since it still exhibits 

the loss of near-UV CD and the fluorescence changes). 

The ROA spectrum at 35°e is consistent with the standard ideas of molten 

globule structure. In the backbone skeletal stretch region it can be observed that 

some of the secondary structure has remained and retains a similarity to the native 

protein, yet there is a reduction in the intensity and structure of the ROA bands. The 

extended amide III region at 35°e is dominated by a conservative couplet with the 

negative component peaking at 1230 cm-I and the positive part which is slightly 

broader at 1300 cm-I . The shape of this couplet is very similar to that shown by the 

unfolded lysozyme (Ford et a/., 1995) which suggests that most of the tertiary fold is 

lost. On going to 45°C this couplet becomes even more like that of unfolded 

lysozyme. This implies that at these high temperatures the loop structure must have a 

similar conformational heterogeneity and mobility to that found in an unfolded 

protein. At 35°C the amide I ROA couplet becomes much sharper and similar to the 

situation in unfolded lysozyme, with the couplet shifted by -8 cm- I to a higher 

wavenumber. This is another indication that the conformational heterogeneity has 

increased at this high temperature. 

Fluorescence experiments (kxc = 295 nm) on the acid molten globule 

sample at 3SOC showed a red shift of the maximum from 334 nm in the native 
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protein at pH 8.0 to 346 nm with a small increase in intensity (e.g. Lala & Kaul, 

1992). A comparable result was obtained in the near-UV CD since at 3jOC the 

negative intensity that is observed in the native protein is lost in the molten globule. 

These described changes in fluorescence and near-UV CD experiments are usually 

related to changes in the environments and conformations of some of the aromatic 

residues. The red shift in the fluorescence usually arises from an increased exposure 

to solvent water which will provide a more polar environment which induces the red 

shift. The increase of the intensity implies that the tertiary interactions that have the 

ability to quench the fluorescence in the native state have been lost (Hayer-Hartl et 

al., 1994). The loss of intensity in the near-UV CD is due to a time-averaged 

symmetrization of the environments of the aromatic side-groups which is a 

consequence of the fluctuating tertiary structure (Dolgikb et aI., 1981). However, 

using the near-UV CD to predict the absence or the presence of the native tertiary 

fold does not now seem to be definitive because the absence of near-UV CD does not 

necessarily mean that the tertiary structure is unfolded (Kuwajima, 1989; Ptitsyn, 

1992; Okasaki et al., 1994; Sugai & Ikeguchi, 1994; Ewbank et al.,1995; Fink, 

1995). The near-UV CD results can therefore be misleading and it is better to assume 

that the presence of near-UV CD from aromatic residues just gives a signal that is 

representative of the packing of the tertiary fold (Christensen & Pain, 1994), rather 

than saying that the loss of near-UV CD definitely means that the tertiary fold is lost. 

The actual mechanism by which near-UV CD is generated in aromatic chromophores 

is actually not yet fully understood (Woody, 1994) and it remains unclear as to why 

near-UV CD shows nothing for low temperature acid molten globule a-lactalbumin 

where ROA has shown that the tertiary fold is highly native-like with the tryptophans 

rigid, which will now be discussed (this might be due to the solvated tryptophans 

being held rigidly to the backbone). 

Considering now the 2°C ROA spectrum in Figure 7.3 it is apparent that the 

ROA spectrum is very similar to that of native a-lactalbumin as shown in Figure 6.3. 

In the backbone skeletal stretch region the ROA of the 2°C ROA spectrum is very 

similar to that of the native protein, even the detailed structure has reappeared. As 
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opposed to the sharp amide I couplet in the 35°C ROA spectrum, the shape and 

position of the amide I is also native-like. The a-helix amide ITI couplet which has its 

negative part at 1265 cm-1 and positive component at 1296 cm-1 is also suggesting a 

native-like structure. The loop signatures that are not present at high temperatures 

occur at 2°C which suggests that not only is the secondary structure native-like but 

so also is the tertiary fold. The negative ROA bands at 1223 and 1243 cm-1 and the 

positive band at 1340 cm-1 are indicative of the native a-lactalbumin tertiary fold. 

This sample at 2°C is still classed as a molten globule since it still shows the red shift 

in the fluorescence and the loss of intensity in the near-UV CD as did the spectra at 

35°C, which indicates that the environments of the aromatic residues remain the 

same at the high and low temperatures. However, the amide lIT region is not as sharp 

as that exhibited by the native protein and there is a slight broadening and increase in 

noise of the couplet. 

The appearance of the 20°C ROA spectrum of the acid molten globule of a

lactalbumin (middle of Figure 7.3) is intermediate between the two extremes and 

shall now be discussed. The backbone skeletal stretch and amide I region still look 

highly native-like, indicating that most of the secondary structure is still intact. On 

the other hand, the amide ill is quite different from either the 2°C or 35°C spectra. 

As expected the a-helix couplet positive at 1296 cm-1 and negative at 1265 cm-l is 

still present but the positive ROA band at 1340 cm- l has lost much of its intensity. 

The two negative ROA bands at 1223 and 1243 cm-1 which are present in the native 

protein and the 2°C molten globule form are replaced by a single sharp negative bend 

at 1230 cm- l as found in the 35°C spectrum. The acid molten globule state of a

lactalbumin at 20°C therefore contains a secondary structure similar to that of the 

2°C molten globule but has lost much of the tertiary loop structure and hence much 

of the tertiary fold. 

Due to some of the ROA bands changing sufficiently over the temperature 

range it is possible to make a plot of ROA intensity against temperature for acid 

molten globule a-lactalbumin. The following ROA bands were selected for the plot: 

the positive band at 931 cm-1 which is an a-helix signature; the positive ROA band at 
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1340 em l assigned to 31O-helix loop; and we used the peak-to-peak amplitude of the 

tryptophan couplet associated with Raman bands at 1555 and 1580 em-I. The plots 

are shown in Figure 7.5. 
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Figure 7.5 Plot of ROA intensity against temperature for acid molten globule a

lactalbumin 
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From an inspection of Figure 7.5 it is clear that the a-helix undergoes a 

gradual change over the 2 - 45°C temperature range which is characteristic of a non

cooperative process. In contrast. the 31O-helix loop and tryptophan plots are 

sigmoidal, which is characteristic of a cooperative process (Dill & Shortie, 1991; 

Chan et ai., 1995). 

The a-helix ROA results agree with far-UV CD experiments which also 

indicated that when the temperature increases the amount of a-helix decreases 

gradually via a non-cooperative process (Kuwajima, 1989). A major advantage that 

ROA has over UV CD becomes apparent here because UV CD cannot detect the 

presence of loop structure and so cannot monitor the changes in loop structure and 

hence the tertiary fold, as the temperature is varied. The near-UV CD is also not 

helpful due to the aromatic residues being fully exposed to solvent in the molten 

globule at all temperatures. This situation arises due to the different mechanisms in 

ROA and in near-UV CD from which the effects are generated. ROA probes the 

local geometry of the aromatic residues relative to the peptide backbone via the 

coupling of vibrational coordinates in the aromatic residues with those of the 

connecting covalent bonds. 

The cooperative nature of the changes in 31O-helix loop structure with 

temperature has far reaching implications for changes of the complete tertiary fold. 

From the crystal structure of a-lactalbumin (Acharya et aI., 1989) the 3to-helix is 

distributed allover the structure; in particular residues 12 - 21, 76 - 82, 101 - 104 and 

115 - 119. Any change in lo-helix will therefore affect the tertiary fold of the whole 

protein. In the extended amide III region the other loop signatures can be seen to 

follow a similar pattern as the 1340 cm-1 band. although it would not be as easy to 

extract the required data due to complications arising with other overlapping bands. 

When the acid molten globule a-lactalbumin was tested under a similar set of 

conditions using differential scanning calorimetry (DSC) no latent heat and therefore 

no transition was detected. This result is shown in Figure 7.6 and agrees with other 

experimental data (Griko et aI., 1994a). 
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A similar situation was also found for the fluorescence of the acid molten globule a

lactalbumin, as shown in Figure 7.7, where no transition was observed. 
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Figure 7.7 Fluorescence of acid molten globule a-lactalbumin 
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If the transition was first order and if the points in the 3to-helix loop are 

used in a conventional van't Hoff analysis it can be calculated that an enthalpy 

change of LlH .., 25 k cal moP, with a corresponding transition temperature of -20°C 

should occur. However, DSC observes no latent heat which implies that the 

transition cannot be fIrst order and that a van't Hoff analysis is inappropriate. 

Cooperativity but no latent heat are the characteristics of a second-order phase 

transition (Landau & Lifshitz, 1980). A second-order phase transition can be 

described as having no discontinuity in the properties and thermodynamic functions 

of the system at the transition temperature although there can be discontinuities in the 

rates of change. In condensed matter physics anything apart from a first order 

transition is now called a continuous transition to avoid problems with the original 

Ehrenfest classifIcation and this nomenclature will be used here (Binney et a/., 

1992). Another reason for not calling the transition second-order is that the 

characteristic discontinuity is not present in the latent heat since no step is 

perceivable in the DSC trace in Figure 7.6. There is also the possibility that this 

observed transition in molten globule a-lactalbumin could be a spin-glass transition 

(Austin & Chen, 1992). 

In a first-order transition different phases will co-exist at the transition point 

and this will result in an abrupt structural change when the transition occurs. This is 

in contrast to a continuous transition where the structural differences between the 

different phases disappear at the critical point (Landau & Lifshitz, 1980; Binney et 

at., 1992). All transitions require an order parameter which is an observable quantity 

that represents the degree of ordering of the microscopic system and which varies 

continuously through non-zero values below the initial temperature to zero above it. 

A phase transition that contains these qualities is termed an order-disorder transition 

and is always accompanied by a reduction of symmetry in the low-temperature 

phase. These ideas tie in with the loop signatures in the molten globule and 

especially the positive ROA band at 1340 cm- l which originates in 31O-helix loop 

structure, since these loop signatures could be classed as an order parameter that is 

related to the tertiary fold. This order parameter would be a pseudoscalar (Le. a 
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number with no directional properties but which changes sign under space inversion) 

and therefore the loss of the signal in the disordered phase is monitoring a time

averaged loss of the chirality in the system. 

The tryptophan ROA couplet associated with the 1555 and 1580 cm- l 

Raman bands also follows a sigmoidal curve similar to that of the 31O-helix loop but 

with the transition range shifted to a slightly higher temperature. There is also a small 

aromatic couplet centred at 1615 cm- l which is also due to tryptophan (or other 

aromatic) vibrations but is too small to analyse its variation with temperature. The 

larger couplet is very similar at 2°C and 20°C, but virtually collapsed at 35°C and 

45°C. The ROA is therefore suggesting that at 2°C and 200C the tryptophan residues 

in the acid molten globule have a rigidity similar to that found in the native protein. 

Independent evidence from fluorescence polarization measurements showed by 

analysing the rotational relaxation times of the tryptophans in the molten globule that 

they were similar to the native state and perhaps even more rigid (Dolgikh et a/., 

1981). By monitoring the tryptophans it is possible to describe the state of the tertiary 

fold because three of the four tryptophans (60, 104 and 118) occur in the loop 

regions and will therefore become more mobile as the tertiary fold is lost. The fourth 

tryptophan which occurs at residue 26 is situated in an a-helix region and will be 

relatively unaffected under the described experimental conditions and could perhaps 

explain why the tryptophan sigmoidal curve is shifted relative to the 31O-helix loop 

sigmoidal curve. 

The temperature-dependent ROA spectra are also able to provide 

information about the aliphatic side-groups. There appears to be large changes in the 

aliphatic side-group signatures in the range -1400 - 1520 cm l . Going from Z'C to 

20°C the features have collapsed into a small negative feature at the low

wavenumber end and all of the weak positive ROA at the high wavenumber end has 

disappeared. The ROA from the aliphatic side-groups is generated by coupling 

between CHz and CH] side-group deformations and vibrational coordinates of the 

backbone amide II mode and aromatic residues. When this coupling mechanism is 

quenched it suggests that the aliphatic side-groups are much more mobile. An 
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interesting conclusion that can be inferred from this is that in the molten globule 

there is sufficient space for the free movement of small symmetric aliphatic groups 

but not enough room for the larger and less symmetric aromatic groups to have a 

high degree of mobility (Ptitsyn, 1992). The coupling of the amide II to the 

vibrational coordinates of the side-groups has been found to be strongly dependent 

on hydrogen bonding (Krimm & Bandekar, 1986) which follows from the idea that 

the rate-limiting step in protein unfolding is the cooperative breaking of the hydrogen 

bond network (Kiefhaber et al., 1995). 

The p-sheet region also shows a change on going from 200C to 25°C, since 

the positive p-sheet band shifts from 1006 cm,l to 1030 cm,l. 

a-lactalbumin is also known to form a molten globule when the Ca2+ has 

been removed from the binding loop and although this situation will be discussed in 

detail in the next section it is relevant to introduce some recent experimental results 

for this type of molten globule (Wu et al., 1995). Wu et al. recently studied two 

variants of a-lactalbumin that are molten globules in the absence of Ca2+ and 

deduced that the a-helical domain of a-lactalbumin exhibited native-like molten 

globule properties while the p-sheet domain which contains the calcium binding loop 

is almost completely unstructured. They used UV CD to determine the presence of 

the molten globule. This is perhaps an over-simplistic view of the situation though 

since the ROA results directly show that the presence of the tertiary fold is very 

dependent on the temperature. The acid molten globule form at 20°C could well be 

classed as a bipartite structure but, due to the close resemblance of the 2°C ROA 

spectrum to that of the native protein implying the existence of a native-like 

backbone, the 2°C acid molten globule is definitely not consistent with the bipartite 

structural theory. 

A recent theory (Shakhnovich & Finkelstein, 1989a,b) concluded that the 

primary step in protein denaturation is the cooperative loss of the tight packing of the 

side-chains that stabilise the tertiary structure (Ptitsyn, 1992), with or without loss of 

the native-like tertiary fold. Ptitsyn has suggested the use of "native-like molten 

globule" and "disordered molten globule" to distinguish if the structure has a native-
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like tertiary fold. Using this terminology and from the fluorescence and near-UV CD 

results all of the samples shown in Figure 7.4 would have the molten globule status. 

The lower temperature samples such as the 2°C sample would be termed native-like 

molten globules, while the 35°C and 45°C samples would be classed as disordered 

molten globules. The 20°C sample because it retains some of the tertiary fold could 

be classed as a partially disordered molten globule. 

ROA has therefore shown that the secondary structure remains mostly intact 

in the acid molten globule state over the 2 - 35°C temperature range and decreases 

gradually as the temperature is raised. The tertiary fold on the other hand changes 

dramatically over the described temperature range. at 2°C the tertiary fold is almost 

complete and native-like whereas at 35°C it is almost completely disordered. The 

amount of secondary structure appeared to vary via a gradual non-cooperative 

process while the tertiary fold was dependent on a cooperative transition. The rigid 

loop structure in the tertiary fold therefore interconverts with disordered mobile 

structure in the loops that link the regions of rigid secondary structure. This transition 

is a continuous, order-disorder phase transition which could be of vital importance in 

explaining how proteins find their native-like tertiary folds. Although the initial 

interactions are short-range the continuous nature of the transition means that long

range interactions become effective in the critical region which becomes the 

dominating factor in the way that a system chooses the way that it evolves (Binney et 

al .• 1992). 

These ROA results agree with protein folding models that depend on molten 

globule intermediates (Christensen & Pain, 1994) in which the development of the 

tertiary fold depends on a significant amount of pre-existing native-like secondary 

structure. The important extra ingredient that ROA adds is that the development of 

the tertiary fold is dependent on a continuous phase transition. 
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Calcium-Free a-Lactalbumin 

When the Ca2+ is removed from the binding loop in a-lactalbumin and the 

sample dissolved in a low salt solution at neutral pH the resultant sample is said to be 

a molten globule (Kuwajima, 1989). Mter the acid molten globule study it was 

therefore natural to study the calcium-free (apo) a-lactalbumin form over a range of 

temperatures. As described in the experimental section the samples were dissolved in 

Tris buffer at pH 8.0. The backscattered Raman and ROA spectra of apo a

lactalbumin at 2°C. 25°e and 600 e are shown in Figure 7.9. In Figure 7.8 the ROA 

spectrum of the calcium-bound (halo) native a-lactalbumin in Tris buffer at pH 5.4 

and pH 8.0 are displayed so that we have a direct comparison (the apo a-lactalbumin 

was not sufficiently soluble at a lower pH). It can be observed that the a-lactalbumin 

ROA spectra at these different pH's are almost identical. 

The 2°C apo a-lactalbumin ROA spectrum shown in the top third of Figure 

7.9 is very similar to that of the halo form at pH 8.0 in Figure 7.8. The secondary 

structure of the apo form at 2°e is virtually unchanged compared to the holo fonn 

but perhaps of greater importance is that the tertiary structure appears to be very 

similar in both spectra. It is clear that the two negative ROA bands at 1223 and 1243 

cm-l
, and the positive band at 1340 Cm-l, which are loop signatures, appear with very 

similar shape and intensity in both spectra This indicates that the apo a-lactalbumin 

at 2°e has a completely native-like tertiary fold. The ea2+ is bound between residues 

74 to 90 and these results imply that the double-loop region remains rigid. It is not 

classed as a molten globule since the fluorescence and near-UV CD results were the 

same as for halo a-lactalbumin; namely a fluorescence peak at 334 nm and a 

negative near-UV CD intensity, which shows that apo a-lactalbumin is not a molten 

globule at 2°e . 
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Figure 7.8 Backscattered Raman and ROA of a-lactalbumin at pH 5.4 and pH 8.0 
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Figure 7.9 Backscattered Raman and ROA of apo a-lactalbumin at 2, 25 and 60°C 
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In the middle of Figure 7.9 the apo a-lactalbumin at 2SOe is displayed. This 

spectrum is obviously different from the 2°e spectrum, with the loop signatures 

undergoing change and there is an increased level of noise in the spectrum. The 

negative ROA bands at 1223 and 1243 cm-! are still present but they have lost their 

sharpness and are now much broader. The positive ROA band at 1340 cm-! has 

reduced in intensity which indicates that there is a reduction in the amount of 3w 

helix loop structure_ This change may occur in residues 76 to 82 where the calcium is 

bound and may well be indicating that on increasing the temperature from 2°e to 

25°e the apo a-lactalbumin has undergone a transition from a native-like state to a 

molten globule one. There is also an interesting comparison with lysozyme since on 

going from the crystal to aqueous solution the 31O-helix found in residues 79 to 84 

loses its well-defined structure. 

Dse shows the native to molten globule transition occurring at -20oe as 

shown in Figure 7.10 
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Figure 7.10 DSe of apo a-lactalbumin 
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Fluorescence measurements (Permyakov et aL, 1981; Kronman et a/ .• 1981; 

Murukami et al.. 1982; Ewbank & Creighton. 1993) on apo a-lactalbumin showed 

that on raising the temperature the observed intensity slowly increased and shifted 

towards the red and stabilized at a maximum of 346 nm at just below 25°C which is 

what is expected for the molten globule. The temperature-dependent fluorescence 

spectra were performed and are shown in Figure 7.11. 

Figure 7.11 Fluorescence of apo a-lactalbumin 
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As the temperature is raised to 35°C although the loop signatures continue 

to degrade they are still present as shown in Figure 7.12 which shows five ROA 

spectra of apo a-lactalbumin at different temperatures. This is in direct contrast to 

the acid molten globule at 35°C, which has almost completely lost its tertiary fold 

and is very similar to the ROA of unfolded lysozyme in the extended amide III 

region. 

There is a cooperative transition at -20°C to the molten globule state. 

Above 25°C the apo a-lactalbumin is in a native-like molten globule state with the 

tertiary fold relatively intact and a significant amount of secondary structure. As the 

temperature is increased to 35°C and 60°C, the secondary structure and tertiary fold 

are not drastically affected. This is opposed to the situation in the acid molten 

globule case where the secondary structure and tertiary fold had all but collapsed at 

50°C. ROA has therefore shown that apo molten globule a-lactalbumin is much 

more stable than the acid form. 
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Figure 7.12 Backscattered ROA of apo a-lactalbumin at 60,35,25,20 and 2°e 
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Attempts to characterise apo a-lactalbumin has led to much discussion 

(Ewbank et aI., 1995; Okazaki et al.. 1995) and in some cases conflicting 

conclusions. GroEL binds to the molten globule state of a-lactalbumin (Kuwajima. 

1989) and may therefore be used to detect the presence of a molten globule state. On 

removal of Ca2+ Okazaki et al. (1994) observed no signal in the near-UV CD spectra 

and therefore assumed that the tertiary structure was unfolded; but were then 

surprised that GroEL had not bound to what they thought was molten globule a

lactalbumin. A similar set of experiments were carried out by Hayer-Hartl et al. 

(1994) who also found that GroEL did not bind to their apo a-lactalbumin but due to 

their hypothesis that an eqUilibrium was in effect between the native and molten 

globule conformations were not in the least surprised. The actual binding constant of 

GroEL will depend on the salt concentration and will be restricted from binding in 

the apo a-lactalbumin due to the four native disulfide bonds. On reducing the four 

disulfides the GroEL was found to bind strongly. 

The GroEL binding experiments were performed at 25°C and the ROA 

results indicate a native-like molten globule at this temperature. At 25°C apo a

lactalbumin therefore has a native-like tertiary fold and it is probably this that 

prevents GroEL from binding, which agrees with the recent electrospray ionization 

mass spectrometry results of Robinson et al. (1994) who deduced that only a 

disordered molten globule would bind to GroEL and apo a-lactalbumin does not 

bind since it exists in a more ordered state at 25°C than the acid fonn and is therefore 

in agreement with ROA. 

Comparison of ROA Studies of Molten Globule a-Lactalbumin with other 

Spectroscopic Techniques 

In spite of the fact that NMR cannot provide a complete solution structure of 

any form of apo or holo a-lactalbumin (due to aggregation and dynamic fluctuations) 

it has provided infonnation that is in agreement with the recent ROA studies 
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(Alexandrescu et at.. 1993; Chyan et at.. 1993). The NMR studies which were 

performed above 35°C revealed that acid molten globule a-lactalbumin retains the 

majority of its secondary structure, particularly in the Band C a-helical region. 

NMR also revealed the lack of any native-like tertiary loop structure which agrees 

with ROA because at 35°C and especially at 45°C the ROA loop bands, and hence 

the tertiary fold, was almost completely gone. The NMR results on the acid molten 

globule above 35°C also revealed that the aromatic residues which in the native 

protein make up part of the hydrophobic core of the helical domain in the native 

protein are unordered. What was found though was that there was a new smaller 

aromatic cluster (Alexandrescu et at., 1993) which agrees with the ROA at 3S'C and 

45°C because at these temperatures the aromatic ROA bands although much weaker 

are still present. If NMR measurements were to be performed at 20°C perhaps more 

of a native-like clustering might be observed for the acid molten globule a

lactalbumin. Urea induced unfolding (Shimizu et at.. 1993) NMR studies also 

showed that the unfolding transitions as monitored by changes in the individual 

aromatic resonances did not coincide. implying that the unfolding of the acid molten 

globule state of a-lactalbumin is not a cooperative two-state process. This conclusion 

agrees with ROA results which found that the secondary structure changed gradually 

over temperature in the acid molten globule state while the loop structure changed 

cooperatively. NMR also concluded that the apo a-lactalbumin has a similar three 

dimensional conformation to the native form (Berliner et at.. 1987), although this is 

not based on complete 3-dimensional structures. This agrees with the ROA data 

which showed that apo a-lactalbumin had a native-like tertiary fold even at above 

room temperatures. The loss of Ca2+ does not lead to any significant change in the 

peptide backbone apart from perhaps the loss of some of the 3to-helix in the calcium 

binding loop. It is also reassuring that a recent vcn study also came to the same 

conclusions (Keiderling et al., 1994). 

The apo form of a-lactalbumin has also been studied (in DzO) via FTIR 

(Prestrelski et al., 1991b). From an examination of the amide I band structure it was 

concluded that on the removal of Ca2+, the Ca2+ binding loop was found to undergo 
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local unfolding. These FTm results which were carried out at 25°C concur with 

ROA results which indicated the possible loss of the 31O-helix within the binding 

loop above 25°C. 
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Ligand Binding: Lysozyme with Tri-N-Acetyl Glucosamine 

The backscattered Raman and ROA spectra of native lysozyme and 

lysozyme bound to the saccharide inhibitor NAG3 are shown in Figure 7.13. It is 

interesting to observe that the ROA spectra of the unbound and ligand bound form of 

the lysozyme are different. ROA is therefore able to monitor subtle conformational 

changes in the protein which could be useful because enzyme catalysis can involve 

similar changes. The ROA of NAGJ itself was also obtained (not shown) and 

it was found to have a weak ROA spectrum indicating that the changes in the ligand 

bound lysozyme ROA spectrum are due to conformational changes of the protein and 

are not intrinsic to NAG3 itself. Lysozyme is an excellent example for this study 

because not only is the crystal structure known for the native lysozyme (McKenzie & 

White, 1991) but that for the NAG3 bound form is also known (Blake et al .• 1967). 

In the crystal structure of the ligand bound form small changes in the lysozyme 

structure were indeed observed. 

The main difference in the ROA spectra on binding the NAG) is the large 

increase in the ROA band at 1340 cm-1 and a decrease in the underlying amide III 

couplet. The increase in the 1340 cm-1 band implies that there is an increase in rigid 

loop structure, probably that of 31O-helix. This idea fits with the decrease of the 

underlying amide III couplet which from the study of the unfolded lysozyme we 

know is due to mobile structure. 

These ROA observations are consistent with X-ray (Blake et al., 1981) and 

NMR (Bernard et aI., 1990; Kumagai et at., 1993; Lamb et al.. 1994) data where in 

the crystal the residues from 72 - 76 were observed to become more rigid and in 

solution the NMR showed that on binding the inhibitor it affected the loop residues 

from 70 -75. 
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There has also recently been a conventional Raman study where the 

monomer NAG was bound to lysozyme (Bertoluzza et a/., 1992). They found an 

increase in rigidity of the lysozyme with a 15% increase in a-helix accompanied by a 

corresponding decrease in random coil structure. This agrees with the ROA study in 

the aspect of increasing rigidity in the protein but conflicts with the type of structure 

that is increasing in rigidity. It is however not a direct comparison since in ROA 

studies the trimer NAGJ is used whereas in the conventional Raman 

study the monomer of NAG was bound (they perhaps see 31O-helix as a-helix). 

The ROA of the lysozyme bound to the NAGJ was also obtained at 2°C. 

It is intriguing that the positive tryptophan ROA band at 1555 cm·1 and the backbone 

skeletal stretch regions increase in intensity. This suggests that at low temperatures 

the saccharide bound lysozyme is becoming even more rigid (see next section). 

Temperature-Dependence of Native Lysozyme ROA 

Surprising results were obtained from studies of the temperature

dependence of the ROA spectrum of native lysozyme. Significant changes in the 

spectra were monitored over the 2 - 50°C temperature range. 

In Figure 7.14 and Figure 7.15 the backscattered Raman and ROA spectra 

are displayed at six different temperatures within the described temperature range, 

namely 2°C, BOC, 12°C, 15°C, 20°C and 5CfC. The trends observed in the 

temperature-dependent spectra will now be discussed. 
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Figure 7.14 Backscattered Raman and ROA of native lysozyme at 50,20 and 15°C 
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Figure 7.15 Backscattered Raman and ROA of native lysozyme at 12, 8 and 2°C 
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One of the largest changes that occurs is located in the amide m region. As 

was previously discussed in reduced lysozyme, the ROA spectrum was dominated by 

a large negative-positive amide III couplet which was broad and relatively 

unstructured. This is a consequence of the very fast timescale of Raman spectroscopy 

i.e. it is much faster than the conformational changes within the protein. Since this 

broad unstructured couplet is generated by the superposition of 'snapshot' amide III 

signals (due to the enormous amount of conformers present in the unfolded state) it 

can be proposed that the couplet which underlies many native protein spectra in this 

region could be due to parts of the structure with similar conformational 

heterogeneity and mobility as that of the unfolded protein. At low temperatures this 

underlying amide ill couplet appears to decrease rapidly in intensity; many of the 

other ROA bands show an accompanying increase in sharpness and intensity. This 

leads to the suggestion that disordered mobile structure is coalescing into rigid 

structure. It should also be said at this point that although the ROA spectra reveal 

structural changes the conventional Raman spectra are virtually the same over all the 

measured temperatures (if the temperature was raised high enough, which is not 

possible with the current instrument, the Raman spectra would be observed to change 

when the protein was denatured by heat). 

One of the most interesting bands is the 1340 cm-} positive band which is 

thought to be due to 31O-helix loop structure. On lowering the temperature from 20 to 

2°e this band increases by -40%. In Figure 7.16 there is an illustration of lysozyme 

in a particular orientation that is helpful in this situation. 
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Figure 7.16 Molscript drawing of lysozyme 

In the CI)'stal structure of lysozyme (Blake et aI., 1965) there are two 

stretches of 31O-helix, which are labelled as E and F in the Molscript diagram (i.e. 

residues 79 - 84 and 118 - 124). It is of relevance that in the solution structure 

determined by 2-dimensional NMR (Smith et aI., 1993), 31O-helix was not defined in 

the 79 - 84 region at the experimental temperature of 35°C (it was assumed by the 

authors that this was due to a lack of NOE's in this region). This conflict was partly 

resolved with new 15N NMR relaxation studies (Buck et aI., 1995) which revealed 

that residues 83 - 88 have low order parameters (especially residue 85) in solution 

even though the CI)'stal B-factors are of an expected value. This leads to the 

conclusion that as the temperature is lowered 'mobile' structure is coalescing into 

nascent 31O-helix. It is more than just a coincidence that the 1340 cm-! also increases 

by -40% when the trimer of N-acetylglucosamine is bound to lysozyme as is shown 

in Figure 7.13, as binding the saccharide inhibitor induces a much more rigid 

Structure. 

It would be disturbing if no other changes were observed in the spectra, but 
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both the a-helix (-890 - 960 em-I) and ,B-sheet (-1020 - 1060 cm l ) positive ROA 

regions increase by -50% on going to lower temperatures. The amide I band which is 

mainly a superposition of both a-helix and ,B-sheet almost doubles on going from 20 

to 2°C. This can also be reconciled from the ISN NMR data (Buck et aI., 1995) 

because one of the four stretches of a-helix (helix D) which spans residues 108 - 115 

is less ordered than the other regions of a-helix. It could be that as the temperature is 

lowered, this locks hydrogen bonds into place, allowing fully-defined a-helix to be 

created. A similar argument can be used for the ,B-sheet structure. 

There are also accompanying changes in the side-group ROA band structure 

involving the tryptophan positive-negative couplet, which has its positive part at 

1555 em l and the negative part at 1580 cm-I_ At lower temperatures this band 

sharpens and almost doubles in intensity. A similar change is seen when NAOJ is 

bound to lysozyme, although it is not so large there. There are six tryptophan 

residues in lysozyme (28, 62, 63, 108, 111 and 123) and the ROA will probe their 

local geometry relative to the peptide backbone via coupling of the vibrational 

coordinates of the residue with those of the connecting bonds. Due to the increase in 

sharpness and intensity of the band it suggests that several of the tryptophans are 

experiencing an increase in rigidity at lower temperatures. It could be relevant to this 

proposal that tryptophans 62 and 63 have indole hydrogens which are not hydrogen 

bonded in the crystal. Tryptophan 62 also has a very low solution order parameter 

from lSN NMR accompanied by a high B-factor in the crystal (Buck et al., 1995). It 

is also known that these two tryptophans along with tryptophan 108 are involved in 

the catalytic function of the protein and from the crystal structure of lysozyme-NAG3 

(Chetham et al., 1992) it was found that tryptophans 62 and 63 moved inwards by 

-0·5 to 1·0A. This will have the effect of closing the active site and allowing 

hydrogen bonded networks to form, confirmed by much lower B-factors. The 

tryptophans 62 and 63 are closely linked by the disulfide between cysteines 64 and 

80 to the mobile stretch of 3to-helix between residues 79 - 85. Reducing the 

temperature might therefore have a similar effect of stiffening the structure as was 

observed in the NAG3. 
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No discernible change in the wavelength or intensity of the tryptophan 

fluorescence over the corresponding temperature range was found as is shown in 

Figure 7.17. 
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It was also observed that there were no changes in the near-UV CD, 

indicating that the global environments of the tryptophans have not changed. It was 

reassuring though to observe a change in the far-UV CD, where an - 10% increase 

was observed for the negative a-helix band at 208 nm; there is also a small shift of 

this band of - 1 nm to lower wavelength. Again, these UV CD spectra were measured 

at the BBSRC service at Stirling University, with the far-UV CD being shown in 

Figure 7.18. 
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Figure 7.18 UV CD oflysozyme at 20 and 2°C 
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When DSC measurements on lysozyme were performed down to 2°C, it was 

worrying that there was no sign of any thermal transition. as shown in Figure 7.19. 
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If a first-order transition was assumed and the amide I and tryptophan ROA 

couplets were used in a traditional van't Hoff analysis by plotting In K (K is the 

associated eqUilibrium constant) versus 1fT a straight line plot is obtained. This 

analysis would predict an enthalpy change of AH .. 90 k cal mol- l at a transition of 

-12°C. An enthalpy change of this size would be easily detected by DSC, leading to 

the proposition that it cannot be a first order transition. 

These results imply that the changes that may be occurring are restricted to 

residues in the hydrophobic core of the protein (due to the lack of a change in the 

fluorescence and DSC). 

When the intensities of the a-helix, ,B-sheet, tryptophan and 3w-helix ROA 

bands are plotted versus temperature, sigmoidal curves are obtained as shown in 

Figure 7,20, 
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These obseIVations might be related to the glasslike transitions that are 

known to occur in some proteins. The temperatures of these transitions are however 

much lower than that described here: from X-ray B-factors. inelastic neutron 

scattering and Mossbauer spectroscopy these transitions have been found to occur at 

180 - 220K (Gregory, 1995). Although the temperatures of the two different types of 

transitions are quite different, it was obsexved from a recent X-ray study of hen egg

white lysozyme that there was a much smaller (-50%) number of ordered water 

molecules in the nearest hydration shell (Le. 3A. away from the protein) in the 

structure at 280K, compared to those at 295 or 250K (Kurinov & Harrison. 1995) 

which is actually close to the transition that has been identified in these ROA 

experiments. The temperature of glasslike transitions increases as the degree of 

hydration decreases and at a low hydration level of 0·12h (g water / g protein) the 

glass like transition of lysozyme has been obsexved from positron annihilation 

lifetime measurements to occur at 298K (Gregory, 1995). A major difference 

between these glasslike transitions and the ROA transitions. is that the former occur 

in the solid phase whereas ROA is measured in an aqueous solution. 

From the plots of the intensities versus temperature. ROA shows the 

transition to be cooperative. and since no latent heat is obsexved (from DSC) it might 

be a continuous phase transition of the order-disorder type. Residual mobility is 

therefore freezing into native polypeptide backbone structure. There could be 

cooperative hydrogen bonded networks that surround the backbone and side-groups 

and with this concept an analogy can be made with ferroelectric phase transitions 

(Lines & Glass, 1977). These ferroelectric phase transitions are of the order-disorder 

type in crystals and involve the quenching of cooperative proton tunneling (Kearley 

et al., 1994). Evidence for correlated proton tunneling in proteins comes from recent 

inelastic neutron scattering studies which studied crystalline amides (e.g. N

methylacetamide and polyglycine I) and monitored the vibrations of hydrogen bonds. 

These experiments showed that the proton is de localised in two equivalent positions. 

generating a symmetric double-minimum potential (Kearley et aI., 1994). Enzymatic 

reaction rates have also been shown to be dependent on hydrogen tunneling (Cha et 
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aI., 1989). It is known that interactions between protons and water molecules 

increase the effective proton mass which has the effect of suppressing the tunneling; 

however, if the correlated proton tunneling in proteins is confined to the hydrophobic 

core which is similar to the situation in crystals (i.e. no solvent water molecules) 

there is no problem with the suppression of the tunneling. This could explain why 

there is no tryptophan fluorescence or near-UV CD changes, although a transition is 

observed in ROA. 

These ROA observations support the current view that "proteins should be 

treated as a peculiar and interesting class of dielectric glass with regions of higher 

and lower quasi-degenerate conformational state densities and hence with lower and 

higher vitrification temperatures" (Gol'danskii et ai., 1989). It also raises the question 

if the physics of spin glasses can be used to understand biological systems (Stein, 

1992). 

There are however a few problems associated with this experiment which 

will now be discussed briefly. ROA requires the use of rather high protein 

concentrations (-70 mg/ml) and therefore there is always the worry that aggregation 

may be causing the ROA effects. This is especially true when the temperature is 

varied as here (and also in the molten globule a-lactalbumin). By monitoring the 

Rayleigh line and changing the temperature of the lysozyme there was no significant 

change over the 2 - 500C temperature range. If significant aggregation was occurring 

the Rayleigh scatter would increase dramatically. 

Another serious problem connected with the temperature dependent 

lysozyme study is the repeatability of the results. Sometimes the transition is 

observed and other times when all of the experimental parameters appear to be the 

same, nothing is observed. This initially was put down to unknown factors until 

exactly the same situation was found in the far-UV CD experiments where the 

transition again was not always observed. This raises the possibility that the 

transition might have some sort of metastable characteristics which is known to 

occur in some continuous transitions (Sewell, 1986). 
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Conclusion 

ROA has provided a fresh insight into the dynamic aspects of protein 

structure. Even with the extensive studies by both NMR and X-ray crystallography 

on both a-lactalbumin and lysozyme, ROA has still managed to reveal new aspects 

in particular about the molten globule states of a-lactalbumin and as to how the 

lysozyme structure can be made more rigid by binding an inhibitor or lowering the 

temperature. ROA has also highlighted the importance of tjJ, 'I/J propensities in 

unfolded proteins. 
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Appendix 

ROA Signature Maps 

To summarize and bring together a few of the ideas in the thesis tentative 

signature maps for both secondary structure and loops and turns will now be 

proposed. 
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Figure 8.1 ROA signature map for secondary structure 
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Figure 8.2 ROA signature map of loop and turn structure 
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Vibrational Raman Optical Activity of Lysozyme: 
Hydrogen-Deuterium Exchange, Unfolding and Ligand Binding 

Steven J. Ford, Alan Cooper, Lutz Hecht, Gary Wilson and Laurence D. Barron· 
Chemistry Department, The University, Glasgow, UK G12 BOO 

Measurements of the vibrational Raman optical activity (ROA) spectra of hen egg white lysozyme are reported 
which show that ROA is a useful new probe of protein secondary and tertiary structure and dynamics. ROA 
spectra can be measured just as easily in 0 2 0 as in H20 and a comparison of the two gives Information about 
the relative exchange rates of the amide hydrogens In the peptide backbone for the various types of secondary 
and tertiary structure in lysozyme. Unfolded lysozyme shows a large conservative ROA couplet in the amide III 
region which might facilitate the identification of signatures in the ROA spectra of native proteins from irregular 
structures with the same type of conformational heterogeneity as that of an unfolded protein. The ROA spectrum 
of lysozyme bound to a saccharide inhibitor shows evidence for an Increase In rigid loop content. 

Determination of the solution structure of proteins remains a 
central problem in protein science. Vibrational spectroscopy, 
both JR and Raman, has been widely used in such studies but 
provides only rather coarse conformational information.I-4 
However, the potential value of vibrational spectroscopy in 
this area has now been enhanced by adding the new dimen· 
sion of optical activity,5-' which confers an exquisite sensi· 
tivity to molecular conformation. The vibrational circular 
dichroism (VCO) approach, which measures a small differ· 
ence in absorbance of left- and right-circularly polarized IR 
radiation by chiral molecules. is now well established as a 
valuable probe of protein secondary structure.8- IO Until 
recently, however, lack of instrument sensi tivity has restricted 
application of the complementary technique of vibrational 
Raman optical activity (ROA), which measures a small differ· 
ence in the intensity of vibrational Raman scattering from 
chiral molecules in right· and left-circularly polarized inci· 
dent light, to more favourable samples. II However, thanks to 
new developments in instrumentation,ll ·ll ROA can now be 
~easured routinely on a large range of biological molecules 
In aqueous solution and appears to provide a completely new 
perspective on their solution structure.14

- I' Proteins show 
particularly rich ROA spectra which, in addition to signa· 
tures characteristic of secondary backbone and sidegroup 
conformation, also appear to contain signatures from loops 
and turns so that supersecondary structural elements such as 
helix- loo»-helix motifs might be discerned from a complete 
protein ROA spectrum.18•19 Although it is unlikely that 
ROA will provide complete structures like X-ray crystallog· 
raphy and multi-dimensional NMR, its simple application to 
aqueous solution samples with no restrictions on the size of 
the biopolymer (unlike multi-dimensional NMR) makes it 
attractive for studying many current problems in protein 
chemistry. 

The normal vibrational modes of proteins can be highly 
complex, with contributions from many skeletal and side 
group local vibrational coordinates, all of which can affect 
the intensity and frequency. However, the great virtue of 
ROA is its ability to cut through some of the inherent com. 
plexity of conventional vibrational spectra : only those few 
local vibrational coordinates within a complicated normal 
mo~e which sample the skeletal chirality most directly make 
slgmficant contributions to the associated ROA intensity. 
thereby generating characteristic ROA band patterns which 
are usually much simpler and more informative than the 
parent Raman band patterns. 

Unlike VCD, which is most cases has to rely on 0 20 solu· 
tions for clear signal identification, ROA measurements can 

be performed as easily in H20 as in 0 20 . A central purpose 
of the present work was to see how exchange of the mide 
hydrogen atoms for deuterium atoms in 0 20 can assist in 
the assignment of protein ROA bands. and to investigate how 
ROA might be used to monitor the accessibility of amide 
hydrogen atoms to deuterium exchange in different type of 
secondary and tertiary structure. 

Hen egg white lysozyme is an anti·bacterial enzyme with a 
P(I-4) glucoaminidase activity which allows it to catalyse 
hydrolysis of the walls of bacterial cells. It belongs to the 
c-type lysozyme family which encompasses all the mamma
lian Iysozymes. moth Iysozymes and some bird lysozymes. 
The molecule contains 129 amino acid residues and has a 
molecular weight of 14.3 kO. The structure as deduced from 
X·ray crystallography2o is shown schematically in Fig. I 
(drawn using the program MoIScript l

'). There arc four (I. 

helices which make up one domain encompassing the amino
and carboxy-terminal segments, and a triple·stranded anti
parallel /I-sheet that, together with a long loop, makes up 
much of a second domain. In addition there are two 310 
helices. one in each domain, and a short region of double
stranded anti parallel IJ-sheet linking the two domains. The 
structure is stabilized by four disulfide bridges (6 ..... 127, 
30 - lIS, 64 - 80 and 76 - 94). The locations of the second
ary elements. as taken from ref. 25. are listed in Table I. 

The aqueous solution structure of hen egg white lYsozyme 
has been determined using two·dimensional (20) 'H NMR 
spectroscopy.22.2l The secondary structure and main chain 
fold were found to be virtually identical to that in the crystal; 
however. this was not the case for the surface residues. 
Although lacking the tremendous structural detail provided 

F 

Fig. J Schemalic SITUcturc of hen e&l while Iysozymc'o 
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Table I Secondary structure clements in hen egg white lysozymeH 

structure 

2-helix 
31O"helix 
p-sheet 

residues 

4-15 fAI. 24-36 fBI. 88-99 ICI. 108-115 fDI 
79-84 (EI. 119-124 IFI 
I-~. 39-40 Idouble-stranded! 
42-46. 50-54. 57-60 uriple-Slrandedl 

by the recent NMR studies. it is worth mentioning that an 
early study Z4 which compared the conventional Raman 
spectra of hen egg white lysozyme in the crystal and in solu
tion also concluded that the main chain conformations were 
very similar. 

We chose hen egg white lysozyme for these studies because 
it is readily available. is well characterized by numerous 
X-ray, NMR and other studies,B and is sufficiently robust to 
withstand the procedures necessary to ensure complete 
hydrogen exchange. It also served as a useful model for the 
parallel ROA studies reported here of the effects of unfolding 
and ligand binding on the solution structure of proteins. 

Experimental 

The instrument used for the ROA measurements has been 
described previously.t2 II is based on backscattering. which is 
essential for aqueous solution samples such as proteins, and 
employs a single-grating spectrograph fitted wilh a back
thinned CCD camera as detector and a holographic notch 
filter to block the Rayleigh line. ROA is measured by syn
chronizing the spectral acquisition with an electra-optic 
modulator used to switch the polarization of the incident 
argon-ion laser beam between right and left circular at a suit
able rate. 

We used Sigma Grade I hen egg white lysozyme. All the 
H20 buffer solutions were prepared using Analar grade 
chemicals and distilled and deionized water. The 0 20 used 
for the deuteriated buffers was purchased from Fluorochem. 
The pH values quoted for the deuteriated solutions are 
uncorrected but can be converted to pO values by adding 
0.41.26 The protein solutions were prepared in small glass 
sample tubes and shaken with a small amount of phar
maceutical grade activated charcoal, subsequently removed 
by centrifugation, to remove traces of fluorescing impurities. 
Typical protein concentrations were 80 mg ml- I. The solu
tions were filtered through Millipore GV4 (0.22 ~m} filters 
into quartz micro fluorescence cells which were subsequently 
centrifuged. Residual fluorescence was allowed to 'burn 
down' by leaving the sample in the laser beam for several 
hours before acquiring the ROA spectra. 

Denatured (or, more precisely, unfolded} lysozyme was pre
pared by reducing all four disulfide bridges using the method 
of Creighton,Z7 modified at the purification stage to dialysis 
against six 3 I volumes of om mol l-t HCl. We used this 
method of denaturation because the other commonly-used 
methods, namely chemical denaturation and thermal 
denaturation, provide samples which arc unsuitable for ROA 
studies (chemically-denatured proteins have intense Raman 
bands from the denaturants and thermally-denatured pro
teins often show considerable light scatter owing to 
coagulation). Disulfide reduction is reversible so the free sulf
hydryl groups are usually carboxymethylated to prevent re
oxidation; however, we found that the resulting carbo
xymethylated protein was insufficiently soluble for ROA 
studies, so we left the sulfhydryl groups unblocked and main
tained a low pH to prevent re-oxidation as was done in 
recent NMR studies of denatured lysozyme.lI The number of 
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free sulfhydryl groups was checked using the Ellman assay2' 
and found to be between seven and eight per protein mol
ecule. The solution was lyophilized and tinally prepared for 
ROA measurements by dissolving in citrate buffer at pH 3.0. 

Partially deuteriated lysozyme samples were made up by 
dissolving the native protein in deutenated acetate buHer at 
4.0 and leaving the solutions for either seven or 15 days at 
room temperature. They were then refrigerated prior 10 prep
aration for ROA analysis. Completely deuleriated samples in 
which all the amide hydrogen atoms have been replaced by 
deuterium aloms can onl)' be prepared by denaturing Ihe 
protein reversibly in Ihe presence of 0 1 0 or a deuleriated 
buffer. We employed thermal denaturalion: the lysozyme ~'as 
dissolved in 0:0 and left in an oven at 60·C for five days. 
following which it was lyophilized and then prepared as a 
normal lysozyme sample by dissolving in deuteriated acetate 
buffer at pH 4.0. Tests on this completely deuteriated 
lysozyme showed that the enzymatic activity. as measured by 
the standard Sigma procedure of cell wall hydrolysis of 
Micrococcus i.l'sodf'iklicus, was fully retained. 

The preparation of the complex of lysozyme with the 
trimer of N-acetylglucosamine (NAG J ) for ligand binding 
studies simply involved mixing the protein in acetate bulTer 
with a two molar excess of NAG) (an excess of at least 1.3 
molar is required to ensure that the protein molecules arc 
fully bound under these conditionsz9). Since NAG J is slowly 
hydrolysed by hen egg white lysozyme, the ROA spectra were 
acquired within a few hours of preparing the complex (from 
the data in ref. 30, we deduced that the half-life of NAG 1 

under our experimental conditions is ca. 6 days). 
The R OA spectra are presented in the form of a circular 

intensity difference (in analogue-ta-digital converter counts) 
]" - ]L, where ]0 and ]L are the Raman-scattered intensities 
in right- and left-circularly polarized incident light. The con
ventional Raman intensities are presented as a corresponding 
circular intensity sum ]" + ]L. The experimental conditions 
were as follows: laser wavelength, 514.5 nm; laser power at 
the sample. 700 mW; spectral band width. 10 em- t ; record
ing time. ca. 10-20 h depending on the sample concentration. 

Results and Discussion 

General Features of the Native Lysozyme ROA Spectrum 

The backscattered Raman and ROA spectra of native 
lysozyme in acetate bulTer (H 20} at pH - 4.5 are shown in 
Fig. 2. The ROA spectrum is very similar to that obtained 
previously in unbuffered H20. 14•

31 Vibrations of the peptide 
backbone in proteins are usually associated with four main 
regions of the Ramlln spectrum :J.Jl the C. -C stretch region 
ca. 870-950 em- t, the C.-N stretch region ca. 1020-1150 
em- t, the amide III region ca. 1230-1310 em- t which is sup
posed to involve mainly the in-plane N-H deformation 
coupled with the C. - N stretch. and the amide I region ca. 
1645-1680 em-I which arises predominanlly from the C-O 
stretch. In fact Diem tl ai. 6•JJ have shown that, in small pep
tides, the amide III rellion involves much more miXing 
between the N-H and C -H deformations than previously 

• I 
supposed. and should be extended to at least 1340 em - , 
which is supported by a detailed ROA study of a series of 
alanyl peptide oligomers." This extended amide III region is 
particularly important for peptide and prolein ROA work 
because the coupling between N-H and C.-H deforma
tions is very sensitive to the geometry and LZenerates a rich 
and informative ROA band structure. Sidegroup vibrations, 
especially those involving tryptophan, tyrosine, phenylalanine 
and CH 2 and CH 3 groups, also generate characteristic 
Raman bands some of which show ROA signals. 
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Fig, 2 BackscatJered Raman (," + ,Ll and ROA (I" - IL) spectra of 
native lysozyme in acetate butTer at pH 4.5 

The backbone skeletal stretch region has been shown to 
contain ROA bands originating in a-helix ,8 and p-sheet '9 

vibrations. Here the positive ROA intensity in the range ca. 
880-960 cm -' with two distinct peaks at ca. 910 and 940 
cm -, can be assigned to :x-helix modes, as can the positive 
ROA band at ca. 1120 em -, and perhaps also the associated 
small negative ROA band at ca. 1095 cm - '. The positive 
ROA band at ca. 1020 cm - ' might originate in p-sheet 
modes, but at present we cannot rule out the possibility that 
aromatic sidegroups are involved. 

Unlike VCO in the amide I region, which is very sensitive 
to different types of protein secondary structure,8- ' 0 ROA in 
the amide I region is not particularly informative. Both 
a-helix and p-sheet appear to give amide I couplets, negative 
at low wavenumber and positive at high : this couplet is 
~sually conservative in /i-sheet proteins,'9 but has more 
Intensity at higher wavenumber in !X-helix proteins." The 
appearance of the amide I lysozyme ROA couplet in Fig. 2 is 
consistent with a superposition of a-helix and p-sheet cou
plets since the positive higher-wavenumber component is a 
hltle more intense than the negative lower-wavenumber com
ponent. However, the protein amide I Raman band is usually 
intense and quite strongly polarized which can lead to distor
tions in the associated ROA ; also the contributions from 
irregular structure in this region have not been fully disen
tangled (the ROA spectrum of unfolded lysozyme discussed 
below sheds some light on this). Hence further studies are 
necessary before these particular signatures can be applied 
with confidence. 

The most interesting region for protein ROA studies 
appears to be the extended amide HI. Although the overall 
appearance of the ROA spectrum here is similar in all pro
teins studied to date. namely a broad couplet negative at low 
wavenumber and positive at high. there is considerable varia
tion in the detailed structure which seems highly informative. 
The lysozyme ROA spectrum in Fig. 2 shows a strong sharp 
positive peak at ca. 1300 cm - '. with a negative shoulder at 
ca. 1270 cm - , which might be characteristic of !X-helix.'8 but 
there is no evidence of the sharp positive band at ca. 1313 
em - , shown by /i-sheet proteins, '9 presumably because the 
low /i-sheet content of lysozyme generates only small ROA 
intensity here which is swamped by the intense band at ca. 
1300 em - '. The strong sharp negative ROA band at ca. 1245 
em -, and the sharp positive ROA band at ca. 1340 cm - , do 
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not arise from a-helix or p-sheet vibrations. and we have pre
viously ascribed them to two types of protein loop structure : 
since insulin and bovine serum albumin, respectively. show 
particularly clear examples of the lower and higher wave
number bands, we have said that they are signatures of 
'insulin-type' loops and 'BSA-type' loops." The assignment 
of these two ROA bands to loop (or at least irregular) struc
tures is reinforced by the unfolding and deuteriation studies 
discussed later. 

Sidegroup bands can also be discerned in the lysozyme 
ROA spectrum (Fig, 2). Lysozyme contains live tryptophan 
residues which are responsible, among other things. for the 
strong positive ROA associated with the strong Raman band 
at ca, 1555 em - , and the weak negative ROA associated with 
the weaker Raman band at ca. 1580 em -', Although tryp
tophan modes are assigned to the Raman peaks at ca. 1336 
and 1355 cm - , which constitute a Fermi resonance 
doublet,H there are three piece of evidence which suggest 
that the ROA observed in this region originates mainly in 
extended amide III modes rather than in tryptophan 
modes.36 First. a very strong positive ca. 1340 em - ' ROA 
band appears in bovine serum albumin II which contains 
only two tryptophans but there are no ROA signals in any of 
the other regions where tryptophan signals appear: secondly. 
the deuterium exchange experiments (vide infra) show that 
when most of the tryptophan NH protonS should be 
exchanged a small positive ca. 1340 em - , ROA signal can 
still be seen: and thirdly, in the unfolded protein (vide infra) 
the tryptophan ROA signal at ca. 1555 cm - ' can still be 
clearly seen whereas the ca, 1340 cm - , ROA signal v nishes 
completely. The shoulder at ca. 1620 cm - , on the amide I 
Raman band originates in aromatic modesl2.H and is associ
ated with a small negative ROA signal. The strong Raman 
band at ca. 1451 cm - , with a shoulder at 1430 cm - , orig
inates in sidegroup CH2 and CH J deformations, with a con
tribution from tryptophan (mostly the NH bend of the indole 
ring) to the ca. 1430 em - ' shoulder,ll ,l' and is associated 
with an ROA couplet negative at low wavenumber and posi
tive at high. Little information has yet been extracted from 
sidegroup ROA features such as these, 

Hydrogen-Deuterium Exchange 

It has been recognized for some time that hydrogen
deuterium exchange methods can be of great value in the 
study of the dynamic aspects of protein structure.lI However, 
the full power of this approach was only unleashed after 20 
NMR techniques became available for measuring exchange 
rates for a large number of individual backbone and side
chain amide protons in a protein. For a native protein dis
solved in 0 20 this can provide information about the 
relative accessibility of different types of structure to the 
solvent: the rate of exchange is decreased by many orders of 
magnitude when the NH groups are involved in hydrogen 
bonds within secondary structures such as helices and sheets 
or in some tertiary interactions, whereas NH groups in 
surface loop and end chain Structures usually exchange 
rapidly. Lysozyme has been studied extensively in this 
way.J9,40 
Hydrogen~euterium exchange is also much used ~n vibra

tional speclroscopy as a valuable aid to band asstgnment. 
Because some NH groups exchange very rapidly and others 
very slowly, a comparison of the ROA spectrum of a prolein 
in H,O and 0 ,0 solutions can give information about 
dynamics as well as band assignment (indeed, band assign
ments can depend on exchange rates). The extended amide 
III region is particularly informative because replaceme~l of 
N-H by N-O removes the crucial N-H dcformallons 



2090 

from the normal modes in this wavenumber range leaving 
juSt C. - H deformations to dominate here with the N- 0 
deformations now contributing to normal modes in a lower 
wavenumber range. 

The top half of Fig. 3 shows the backscallered Raman and 
ROA spectra of lysozyme in deuteriated acetate buffer at 
pH = 4.0 acquired after leaving the sample at room tem
perature for 25 days. The detailed appearance of both spectra 
was very similar to those run after seven davs InO( shown). It 
can be seen immediately that the ROA b-a nds ascribed to 
irregular structures. namely the negative ca. 1245 cm -, and 
the positive ca. 1340 em -) extended amide III bands. have 
lost much (but not all) of their intensity. owing to loss of the 
N-H deformation coordinates. thereby reinforcing the 
assignments. but the a-helix features in the backbone skeletal 
stretch region persist (the same features persist in the highly 
a-helical protein bovine serum albumin on going from H20 
to 0,0 solution"). We can indeed confirm that a number of 
peptide backbone amide protons remain unexchanged after 
25 days for. as can be seen from the spectra shown in the 
bOllom half of Fig. 3, further significant changes in the ROA 
spectrum occur after subjecting the sample to the rigorous 
procedure, described in the experimental section above. 
which ensures complete H- O exchange. 

It is useful at this point to review the details of the deute
rium exchange behaviour of lysozyme provided by NMR 
studies.>··4o Pedersen er al.' • divided the amide groups of 
lysozyme into the following four categories depending on 
their rate of deuterium exchange following dissolution of the 

. -
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wavenumber/em - ' 
Fie· 3 Backscauered Raman and ROA spectra of lysozyme in deu
lerialed acetate buffer at pH 4.0 after 25 days (top half). and after 
complete exchange of Ihe amide protons (bouom half) 
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prolein in 0 , 0 at 22 ' C: categories I and" with greater than 
90°/0 exchange at pH 0: 4.2 after 12 hand 25 days. respec
tively. and categories III and IV with greater Ihan and less 
than 90~0 exchange. respectively. at pH '" 7.5 after 25 days. 

Our '25-day' sample would correspond approximately to 
exchange of category I and 11 amides. the positions of which 
are shown in Fig. " laccording 10 ref. 39). The ROA spectrum 
of the 25-day sample is consistent with these exchange datu 
which show that most of the non-helix and non-sheet struc
lure has exchanged. The residual intensit) seen in the ca. 
1340 cm -, posilive ROA band therefore pre umably orig
inates in the few unexchanged amides in the relevant loop 
sections. 

The largest changes between the completely undeutenated 
and the fully deuteriated lysozyme ROA spectra occur in the 
region ca. 1200- 1500 cm - ' . Apart from an overall shift of ca. 
25-30 cm - 1 10 lower wavenumber. it is striking how similar 
the ROA band pallern of the fully deutentlled protein is to 
that of small L-alanyl peptide oligomers in 0,0 In this 
region.34 Thus. as in the alanyl peptides. we can allribute the 
ROA couplet with a positive peak at ca. 1290 em - , nd n 
negative peak at ca. 1333 em - 1 to coupled orthogonal C,-H 
deformations generated by the local chiral environment of 
each a-carbon atom. and two pieces of evidence suggest that 
it originates at least in part in the fully deuteriated a-helix 
structures: first. a similar ROA couplet is shown by deuteri
ated a-helical poIY-L-lysine ;4' secondly. the ROA spectrum of 
unfolded lysozyme in 0,0 (vide i,,(ra) does not show this 
feature. However. both random coil POlY-L-lysine and POIY-L
glutamic acid in O,O show a similar feature·' so it is prob
ably not a unique signature of the deuteriated a-helix. The 
new band appearing in the Raman spectrum of the deuteri
ated protein at ca. 1386 em - '. associated with a large positive 
ROA. originates in the tryptophan N-H bending mode 
identified at ca. 1430 cm - 1 in the undeuteriatcd s mple (vide 
supra) which has shifted to lower wavenumber on replacing 
N-H by N-D. This band is weaker in the 25.day sample 
than in the fully deuteriated sample because some tryp
tophans arc less exposed than others to the solvent. as quan
tified from NMR measurements of tryptophan exchange 
rates·z (in fact the ca. 1386 em -, Raman band has actually 
been used to follow the kinetics of tryptophan exchange4l). 
The small ROA couplet, negative at ca. 1425 em - I and posi
tive at ca. 1470 em - '. in the undeuteriated protein has grown 
to dominate the ROA spectrum of the completely deuteriated 
protein: as in the alanyl peptides. l4 we can auribute the high
wavenumber component to amide II ' modes which have 
shifted down from the amide " region at ca. 1570 em - , on 
deuteriation so that the associa ted in-plane N- 0 deforma
tion now mixes with the sidegroup CH, and CH l deforma
tions. 

". 

Fig. 4 Positions 01 anlide hydrogens in lysozyme which would be 
fully exchanged with deuterium after 12 h (black dOls. category I) and 
25 days (crosses. category II)" 
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The ROA couplet in the amide I region has shifted by ca. 9 
cm - 1 to lower wavenumber in the fully deuteriated protein 
compared with the 25-day and undeuteriated samples. which 
supports the suggestion that it arises largely from :x-helix and 
P-sheet structures Ithis shift of the amide 1 on deuteriation is 
due to a small contribution of the N-H in·plane bend to the 
normal mode '). 

ROA of Unfolded Ly50z~'me 

The backscattered Raman and ROA spectra of unfolded 
lysozyme (prepared by reducing all four disulfide bridges as 
described above) in citrate buffer at pH = 3 is shown in the 
top half of Fig. 5. Some differences are apparent in the con
ventional Raman spectrum compared with that of the native 
protein in Fig. :! : these were studied in delail in the early days 
of conventional prOlein Raman spectroscopy and were aurib· 
uted to changes in the environment of the sidegroups 
together with loss of secondary structure in the peptide back
bone, although all that could be said about the latter was 
that it adopted a 'random coil' conformation ... ·•5 

The ROA spectrum of unfolded lysozyme has several inter
esting features. It is immediately apparent that much of the 
ROA structure has disappeared, with the spectrum now being 
dominated by a large, featureless conservative couplet in the 
amide III region. A small amide I couplet with more intensity 
in the higher wavenumber component remains, but is shifted 
along with its parent Raman band to higher wavenumber by 
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Fie, S Backscattered Raman and ROA spectra of unfolded 
lysozyme in citrate buffer flop half) and deuteriated citrate buffer 
(bottom half! at pH 3.0 
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('Q. 10 cm - 1 in accord with the amide I assi"nment of 
. random coil' in conventional Raman spectro cop)' of pro
teins.3.44.45 This residual amide 1 couplet presumably anses 
from the local chiral environmen ts of the carbonyl oscill tors. 
A few weak sidegroup features can still be discerned : In pur
ticular. the positive ROA in the ca. 1550 cm - 1 tryptophan 
band is still clear althou!lh reduced in intensity : and the 
negative ROA in the ca. 1620 cm - I aromatic band is now 
clearly resolved from the negative part of the shifted amide I 
co uplet. 

The most important aspect of the unfolded lysozyme ROA 
spect rum is the insight it provides into the ROA loop signa
tures in the extended amide 111 region. This region no\\' 
shows a large unstructured couplet with the negative low 
wavenumber component peaking at ca. 1:235 cm - ' and the 
positive high wavenumber component at ca. 1300 em - I 
which. on account of the very shorr timescale of Raman scat
tering (ca . 10- .3 s), presumably originates in a superpo ition 
of the separate ROA spectra of each of the enormous number 
of distinct conformers present in the unfolded state. There is 
no trace of the positive 'BSA-type' ROA loop signature 
shown by the native protein at ca. 1340 em - ', which (urther 
reinforces its association with tertiary structure. The e 
observations suggest that stretches of loop and end-chain 
structure in native lysozyme which have the s me high degree 
of conformational heterogeneity and associated flexibility as 
that of the unfolded protein arc responsible for the bro d 
ROA couplet which can be seen to underlie the amide III 
region in the ROA spectrum of native Iy ozyme shown in 
Fig. 2. The negative ca. 1245 em - . ROA band in native 
lysozyme appears to be separate from this underlying couplet 
(it is sharper and peaks at slightly higher wavenumber th n 
the negative ca. 1235 cm - . band in unfolded lysozyme) which 
suggests that this feature , together with the positive ca. 1340 
cm - . band, originate in distinct type of loop and end-chain 
structure which is relatively rigid and homogeneous. It is 
worth mentioning that in the conventional Raman spectr of 
proteins the amide 111 band from ' random coil' structure i 
assigned to the ca. 1240- 1245 cm - I region.l .•• - . 6 

The bottom half of Fig. 5 shows the backscattered Raman 
and ROA spectra of unfolded lysozyme in deutcriated citrate 
buffer. The large conservative amide 111 couplet shown by 
unfolded lysozyme in HlO has disappeared in OlO, which i 
consistent with its assignment to flexible conformationally 
heterogeneous structures. The small negative ROA bands at 
ca. 1210 and 1250 cm - . and thc larger positive band at ca. 
1300 em - I can be assigned to local C. - H deformations 
from the exchanged unfolded backbone structure : it is 
notable that these features are similar to those cen in the 
25-day partially exchanged lysozyme ROA spectra (Fig. 3) 
where most of the loop and end-chain structure, but little of 
the :x-helix and p-sheet, has exchanged. Above 1530 em - . the 
ROA spectra of unfolded lysozyme in HlO and OlO are very 
similar, as expected for the aromatic sidegroup and amide J 
vibrations which contribute here. 

Ligand Binding 

It is interesting to sec if ROA can monitor the subtle confor
mational changes that might take place, both in the protein 
and the ligand, during complex formation in biologically rele
vant situations such as enzyme catalysis. Lysozyme is a good 
sample for such studies because the X-ray crystal .structure is, 
of course, well known, including that of the protem bound to 
saccharide inhibitors where small changes in the protein con
formation arc observed." N-Acetyl glucosamme and its oli
gomers are typical inhibitors for lysozyme, and for the 
present studies the trimcr NAG 3 was used. 
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Fig. 6 Backscattered Raman and ROA speclra of lysozyme bound 
to NAG, in acctale buffer at pH 4.S 

The backscattered Raman and ROA spectra of lysozyme 
bound to NAG, are shown in Fig. 6. We have also measured 
the Raman and ROA spectra of NAG) by itself (not shown) 
and. except for a reduction of the positive ROA band at ca. 
1150 em-I. find little change in the ROA spectrum of the 
lysozyme-NAG) complex when the NAG) ROA spectrum is 
subtracted. Overall the ROA spectrum of the complex is 
similar to that of lysozyme itself. except that the detailed 
structure of the spectrum is better resolved which suggests 
that the protein has become more rigid. There is. however. 
one highly significant difference : a large increase in the inten
sity of the ca. 1340 em - I positive ROA band and possibly a 
small decrease in that of the underlying amide III couplet 
which. from the discussion above. suggests an increase in 
rigid homogeneous loop content at the expense of flexible 
heterogeneous loop content. This idea is reinforced by the 
fact that the X-ray structure of lysozyme with NAG ) bound 
shows a change between loop residues 72 and 76 associated 
with an increase in rigidity:s and by the general consensus 
from recent NMR studies' 9 - 51 that NAG oligomer binding 
affects the loop residues 70 to 75 (among other things l. 

In a recent conventional Raman study of structural modifi
cations to lysozyme on binding of the NAG monomer it was 
concluded that there is an increase in rigidity with the per
centage of a-helix increasing by 15% and that of random coil 
decreasing by the same amount. 52 The present ROA study 
concurs that an increase in rigidity takes place. but suggests il 
is rigid loop content that increases rather than :I-helix: 
however. since binding of the NAG trimer rather than the 
monomer was studied here, the comparison is not direct. 

Concluding Remarks 

The results presented here show Ihat ROA measurements 
provide a useful complement to X-ray crystallography and 
20 NMR in the study of protein structure. It is gratifying 
that the conclusions from ROA studies of hydrogen
deuterium exchange are in broad agreemenl with those from 
NMR studies. except of course that ROA provides signatures 
of the different types of gross structural units whereas NMR 
probes the interactions of individual residues. Our finding 
that ROA appears to be able to monitor loop structure and 
its changes on ligand binding. together with its apparent 
ability to discriminate between conformationally hetero-

J. CHEM. SOC. FARADAY TRANS .. I99S. VOL. 91 

geneous (flexible) and homogeneous (rigid) elements. is par
ticularly Interesting. It might soon be possible to specify the 
detailed geometry of these loop structures from ab Inlrlo com
putations of the ROA spectra of model polypeptides in a 
range of conformations. 53 

The present study. in conjunction with parallel ROA 
studies of the effeci of temperature on lysozyme. H and of 
metal binding in :I-lactalbumin together with partial 
unfolding in its molten globule state.H suggests that ROA 
holds much promise as a new probe of the tertiary structure 
and dynamics of proteins in aqueous solution. 

We thank the Engineering and Physical Sciences Research 
Council for research grants and for a Research Studentship 
for G.W .. the Deutsche Forschungsgemeinschaft for a 
Research Fellowship for L.H . (Habilitandenstipendium II 
Cl-He 1588/3- 1 + 3-2). the Wellcome Trust for a Prize Stu
dentship for SJ.F., and Dr. S. E. Radford for helpful dis
cussions. 
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This paper reports the first vibrational Raman optical activity (ROA) spectrum of a 
glycoprotein . The sample, orosomucoid (a,-acid glycoprotein) , shows ROA bands 
characteristic of a high tJ -sheet content together with new bands which could be specific 
for the carbohydrate and its association with the protein . Our results suggest that ROA 
spectra of intact glycoproteins may contain information about both protein and carbohydrate 
conformation and the mutual influence on each other 's stability and conformation . 

Keywords: Raman optical activity; glycoprotein conformation; vibrational optical activity 

Raman optical actIVIty (ROA), which refers to the 
measurement of vibrational optical activity by means of 
a small difference in the intensity of Raman scattering 
from chiral molecules in right and left circularly polarized 
incident light I, is proving to be an incisive new probe 
o~ biopolymer conformations in aqueous solution 2

-
4

. 

Smce both carbohydrates and proteins are excellent 
samples for ROA studies, it is natural to enquire 
whether ROA can provide new information on glyco
proteins, especially in view of the fact tha t intact 
glycoproteins are hard to study using conventional 
physical methods such as X-ray crystallography, two
dimensional nuclear magnetic resonance and electronic 
circular dichroism (CD). In this paper, we present and 
briefly discuss the first ROA spectrum of a glycoprotein. 

We chose to study orosomucoid (aI-acid glycoprotein) 
because it is readily available and has a high carbohydrate 
content (-40%). Orosomucoid has a molecular weight 
of -41 000 and is built from a single chain of 181 amino 
acid residues with five hetero-oligosaccharides attached 
by N-glycosidic bonds to asparagine residues5. Our 
sample, from human blood serum, was supplied by Sigma 
(Cohn fraction VI, 99%), and was run on the ROA 
instrument described previously6. '. Figure J shows the 
Raman and ROA spectra obtained at a concentration of 
40 mg ml - I (I mM) in 200 mM acetate buffer at pH 5.4. 

Although a little noisy, it is immediately apparent 
that the ROA spectrum does indeed contain useful 
information. First, the sharpness of several of the protein 
~<?A bands suggests that the biopolymer is unusually 
ngld. Second, we can see from the broad positive band 
at - 1060 cm -I, the st rong sharp positive band at 
- 1313 cm - I and the negative-posi tive couplet with a 

• To whom correspondence should be addressed 
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crossover at -1660 cm - I that the protein has a 
high p-sheet content4

: this contrasts with a recent 
study of orosomucoid which suggested that there 
might be only a small excess of p-sheci over a-helix 
structures8. There is also a strong sharp negative ROA 
band at -1245 cm - I, which also appears in insulin, 
ribonuclease A and lysozyme, where we have suggested 
that it might originate in a particular type of 'loop with 

orosomueoid Raman 

+ 

wave numbers/em - I 

700 850 1000 JJ 50 1300 14 50 1800 1750 

Figure I The backscattered Raman (1" + ILl and ROA (I" _ IL) spectra 
or human blood serum orosomucoid in 200 mM acetate buITer (pH 5.4~ 
Experimcmal conditions: laser wavelength - 5 14.5 nm:_ ~aser power 
at the sample- 600mW: speclral band width - IOcm : recordmg 
time- 20h 
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local order'3. However, in addition, there are two striking 
ROA features which do not appear in any ofthe previous 
proteins studied to date and which could be specific for 
the carbohydrate and its association with the protein. 

The first of these new features is a large couplet, 
negative and sharp at lower wavenumber and positive 
at high wavenumber, centred at -1120cm- l . Early 
infra-red studies9 of a glycopeptide of orosomucoid 
identified contributions from the carbohydrate in the 
range - 1000-1200 cm -I. Our previous disaccharide 
ROA studies 10 indicate that this couplet might originate 
in C-O-C stretch vibrations of the glycosidic link. 
Furthermore, the polysaccharide laminarin displays large 
ROA signals in this range' which might be associated 
with its helical secondary structure. 

The second new feature is a large sharp positive ROA 
band at - 1360 cm - I. We have previously identified 
negative ROA bands in this region as originating in fJ-turn 
vibrations4

, and, since it is thought that carbohydrates 
are often attached at p-turns ll , we might speculate that 
this positive ROA band is associated with fJ-turns at the 
points of attachment. 

Although insufficient data are available from this first 
preliminary glycoprotein ROA study to make definitive 
conclusions, it nonetheless appears that the ROA spectra 
of intact glycoproteins contain information about both 
the protein and the carbohvdrate conformations and the 
mutual influence on each other's conformation and 
stability. An important aspect of future studies will be 
the use of linkage-specific endoglycosidase enzymes to 
cleave the glycans from the polypeptide so that a 
comparison can be made of the ROA spectrum of the 
complete glycoprotein with those of the separate 
carbohydrate and protein parts. 

Recently, Urbanova et al. used the complementary 
technique of vibrational circular dichroism (VCD) to 
study a glycoprotein, glucoamylase l2• Their results 
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provide another example of the potential value of 
measurement of vibrational optical activity in this area. 
They found that the conventional electronic CD analysis 
of the protein secondary structure was quantitatively in 
error due to interference by sugar residues. The VCD 
analysis was thought to be more reliable because it avoids 
such interference; however, unlike ROA, it provides no 
information on the carbohydrate conformation. 

Acknowledgements 

The authors are grateful to the Science and Engineering 
Research Council and the Wellcome Trust for research 
grants, and to the Deutsche Forschungsgemeinschaft for 
a Research Fellowship for L. H. (Habilitandenstipendium 
II CI-He 1588/3-1 & 3-2). 

References 

Barron. L.D. 'Molecular Lijlhl Scallerinll and Oplical Activity'. 
Cambridge University Press. Cambrid~e. 1982 

2 Barron. L.D. and Hecht. l. in 'Advances in Spectroscopy. 
Vol. 21: Biomolecular Spectroscopy Part B' (Ed. RJ.H. Clark and 
R.E. Hester' Wiley. Ch,ch.,.t ... 1993. p 235 

3 Wen. Z.O .. Hecht. L. and Barron. L.D. J. Am. Chnn. Soc. 1994. 
\16.443 

4 Wen. Z.O .. Hecht. L. and Barron. L.D. PrOl~in Sci. 1994.3. 43S 
S Schmid. K .. Kaufmann. H .. hemur •• S .. !lauer. F .. Emur ... J .. 

MOlovama. T. el al. 8iocil~mis'rv 1973.12. 2711 
6 Hechi. L .• Barron. L.D .. Garlluro. A.R .. Wen. Z.O. and Hug. W. 

J. Ramall S~ctrosc. 1992. lJ, 401 
7 Bell. A. F .. Hecht. L. and Barron. L.D. J. Raman Sprctrou. 1993. 

24,633 
8 Karpenko. V .• Sinkorova. l. and Kodicek. M. C"II. C:rch. Ch~m. 

(olllmull. 1992.57.1>41 
9 Marshall. W.E. and Poralh. J. J. Bini. Chrm. 1965.140.209 

10 Bell. A.F .. Hecht. L. and Barron. L.D. J. Am. Ch~m. Soc. 19'14. 
116. SISS 

II BeRlima. JJ. B/O.tC/~lIcr Rt'p. 1986.6. 709 
12 UrbanovlI, M .. Pancoska. P. and Keiderhng. T.A. BlOch", .. 

BwpIJ.l's. AClu 1993. 1203. 290 



Journal of Molecular Structure 349 (1995) 397-400 

Journal of 
MOLECULAR 
STRUCTURE 

Vibrational Raman optical activity of 
Biopolymers 

L D. Barron, L Hecht, S. J. Ford, A. F. Bell and G. Wilson 

Chemistry Department, The University, Glasgow G12 8QQ, United Kingdom 

Vibrational Raman optical activity measurements can now provide a wealth of 
new information about the structure and conformation of biopolymers in aqueous 
solution. Typical results are exemplified here for proteins by bovine serum 
albumin in H 2 0 and D2 0 solution, and for polysaccharides by laminarin. 

1.INTRODUCnON 

Raman optical activity (ROA) measures a small difference in the Intensity of 
vibrational Raman scattering from chiral molecules in right and left circularly 
polarized incident light. 1,2 Recent advances in instrumentation based on 
back scattering , holographic notch filters and CCD detection have enhanced the 
sensitivity to the level necessary to provide ROA spectra of biological molecules 
in aqueous solution. ROA is an incisive new probe of biopolymer solution 
conformation: 3

-
6 this is because only those few local vibrational coordinates 

within a complicated normal mode which sample the skeletal chirality most 
directly make significant contributions to the associated ROA intensity, thereby 
generating characteristic band patterns which are usually much simpler than the 
parent Raman band patterns and which carry information about absolute 
configuration and conformation. 

Z, PEPTIDES AND PROTEINS 

Vibrations of the peptide backbone are associated with four main regions of 
-I h the Raman spectrum: the backbone CCt-C stretch region at .. 870-950 cm , t e 

:lackbone Ca:-N stretch region at .. 1020-1150 cm- I , the extended amide III region 
it ... 1230-1350 cm-t, and the amide I region at .. 1645-1680 cm- I . Signals usually 
ippear in all four regions in most protein ROA spectra,3,4 which show 
iimilarities with the ROA spectra of alanyl peptide oligomers. S In addition to 
:lear Signatures from extended secondary structures such as ex-helix and ~-sheet, 
:here appear to be prominent signatures from loops and turns3 ,4 which have 
~reat potential value in the study of tertiary structure and dynamics of proteins. 
lO22-2860/95/S09.50 C 1995 Elsevier Science B.V. All rights reserved 
ISDI 0022-2860(95)08793-1 
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Figure 1. Backscattered Raman (JR + IL) and ROA (JR - IL) spectra of bovine 
serum albumin in hydrated and deuterated buffer (pH = 5.4>. 
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Figure 2. Backscattered Raman and ROA spectra of D-laminaribiose In H20, and 
of laminarin in tris buffer (pH = 7.S), 
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Comparison of ROA spectra in H20 and D2 0 solution are very useful. The 
extended amide III region is particularly informative because replacement of N-H 
by N-D removes the crucial N-H deformations leaving just C",-H deformations 
to dominate the normal modes here so that the ROA is now generated mostly by 
the local chiral environment of the a-carbon.S Bovine serum albumin (BSA) 
provides a good example (Figure 1>' BSA is highly a-helical with the remaining 
structure made up of loops. many of which are double and rigid on account of 
the large number of adjacent disulphide bridges. Most of the NH protons in the 
a-helix structures would not have exchanged when the ROA was measured. The 
most striking change is the disappearance of the strong positive ROA band at ..... 
1340 cm -1 and of the negative ROA band at ... 1245 cm -1 which confirms their 
assignment to loop structures.3 The backbone ROA features outside of the amide 
III region in H 2 0 which persist in 0 2 0 solution can be assigned to a-helix 
vibrations: in particular the positively-biased amide I couplet and the positive 
backbone skeletal stretch bands at ... 1125 and 900 cm-1

• The positive ROA band 
at ... 400 cm -1 might originate in a-helix carbonyl deformations. 

3. CARBOHYDRATES AND POLYSACCHARIDES 

ROA spectra of carbohydrates in aqueous solution give information about the 
a- or ~-anomer, the pattern of OH substituents. the conformation of exocyciic 
CH 20H groups. and the nature of the glycosidic link.6 There also appears to be 
information about extended secondary structure in polysaccharides. 

Figure 2 shows the ROA spectrum of laminarin. a ~(t-3) linked polysaccharide 
of O-glucose. together with that of the corresponding ~ (1-3) disaccharide 
O-laminaribiose. The two ROA spectra are similar below ... 1050 cm -1. But in the 
region between ... 1050 and 1150 cm -I, where CO stretches involving the 
glycosidic oxygen contribute to the normal modes. the signs of the ROA signals 
are reversed on going from the dimer to the polymer which we believe is due to 
the formation of triple helical structures. The large differences above 1200 cm-

I 

might reflect the pattern of hydrogen bonding between CH 2 0H groups along the 
helix. 
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·Corresptmding alliitor 

" 
Proteins in aqueous solution are now accessible to Raman optical activity 
(ROA) measurements, which provide an incisive new probe of secondary 
and tertiary structure illustrated here by a study of bovine a-lactalbumin. 
The room-temperature ROA spectrum of native bovine a-lactalbumin is 
similar to that of native hen egg-white lysozyme except for features 
attributable to differences in the loop regions: in particular, a positive ROA 
band at -1338 em-I assigned to conformationally homogeneous loop 
structure, possibly with local order corresponding to 3,o-helix, has more 
than double the intensity in a-lactalbumin compared with lysozyme. This 
is consistent with the two proteins having similar secondary structure but 
different local details in the tertiary fold. ROA measurements on 
a-lactalbumin at pH 2.0 over a range of temperatures have provided a new 
perspective on the molten globule state. Thus at 35°C ROA reveals the 
presence of some secondary structure but an almost complete loss of the 
tertiary loop structure; whereas at 2°C the ROA spectrum is almost 
identical with that of the native protein, which is strong evidence that 
virtually all of the secondary structure and the tertiary backbone fold 
persist, albeit within a looser framework associated with increased solvent 
exposure and change of environment of many of the side-chains as 
evidenced by an increase in noise and bandwidth of some of the ROA 
signals together with aromatic fluorescence and near-UV circular 
dichroism signals characteristic of the molten globule state. Our sample of 
acid ex-lactalbumin at 2°C therefore appears to be an archetypal example 
of Ptitsyn's "native-like" molten globule, having a fixed native-like tertiary 
fold but with loss of tight packing of the side-chains; whereas at 35°C it 
is a "disordered" molten globule. At 200 e the acid molten globule appears 
to retain highly native-like secondary structure but with most of the 
tertiary fold already lost. A calcium-free sample of ex-lactalbumin at neutral 
pH displayed a broad cooperative transition between native and molten 
globule states at -15°C, with the latter state showing similar but 
somewhat degraded tertiary loop ROA signatures to the native protein. In 
both the acid and apo molten globule states the ROA signatures of the 
secondary structure and the tertiary loops showed a gradual change with 
temperature. 

r, 1995 Academic Press Limited 

Keywords: Raman optical activity; a-lactalbumin; lysozyme; calcium 
binding; molten globule state 

Abbreviations used: veo, vibrational circular 
dichroism; ROA, Raman optical activity; 
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infrared spectroscopy. 

Introduction 

Vibrational optical activity has greatly enhanc~d 
the potential value of vibrational spectroscopy In 
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tl~e study of chiral molecules in general and 
blOpolymers in particular. since the obser\"ables 
have a unique sensiti\"itv to moleculilr conformation 
(Nafie cl nl.. 199-1).' The "ibriltional circular 
dichroism (VeD> approach. which measures a smilll 
dltterence in the absorbance of left and right 
Circularly polarized infrared radiiltion bv chirill 
molecules. is no\\' well established as a "aluable 
probe of protein secondilry structure CKeiderling & 
Pancoska, 1993; Pilncoska d nl., 199-1). until recenth: 
lilc~ of instrument sensiti"ity has restricted appll
cah<?n of the complementary technique of "i
bratlonal Raman optical activity (ROA). which 
measures a small difference in the intensitv of 
R~ma~ scattering from chiral molecules in right and 
lett Circularly polarized incident "isible light 
(Barron, 1982; Diem, 1993; Barron & Hecht, 1994; 
Nafie & ehe, 1994), to more favourable samples. 
However, thanks to new developments in instru
mentation <Hecht ct al., 1992; Hecht & Barron, 1994; 
Hug, 1994), ROA can now be measured routinelv on 
a lar~e range of biological molecules in aqueous 
solut!on, and provides a new perspective on their 
solution structure (Wen, 1992; Barron & Hecht, 1993; 
~arron et aI., 1994, 1995). Proteins show particularly 
nch ROA spectra which, in addition to signatures 
characteristic of secondary backbone and side
group conformation, contain signatures that mav be 
characteristic of loops and turns (Wen et aI., 199~a,b) 
so that the tertiarv fold and its loss under various 
conditions can be'studied. This, coupled with the 
fact that ROA measurements can be performed just 
as easily in H~O and ~H~O with no restriction on 
the size of the protein, makes ROA attractive 
for t~ckling many current problems in protein 
chemistry. 

The protein '2-lactalbumin is present in the milk 
of most mammals where it combines with 
galactotransferase to switch its catalvtic function 
from the production of N-acetvllilctosamine to the 
production of lactose. Its structure and function, 
especially in relation to Ivsozvme, have attracted 
much interest and discussion (McKenzie & White, 
1991; Sugai & Ikeguchi, 19(4). In particular, 
although the X-ray crvstal structures of Ivsozvme 
and '2-lactalbumin are very similar onier tech
~iques appear to indicate 'significa~t differences 
In the aqueous solution structures. Furthermore, 
'2-lactalbumin has some interesting characteristics 
not possessed bv most Ivsozvmes, such as its abilitv 
to bind calcium and tei support a molten globule 
state. Unfortunately. multidimensional NMR which 
can usually prO\:ide more detailed info~ation 
about the solution structure of smaller proteins than 
any other technique, has not yet produced a 
complete solution structure of native '2-lactalbumin 
on account of poor signal quality due to aggregation 
and dynamic fluctuations (AIt'xandrescu ('I aI., 
1992), Other spectroscopic techniques have been 
applied intensively to the problem, but some of the 
results are ambivalent. ROA studies presented here 
shed. new light on the relationship between the 
solution structures of lysozyme and '2-lactalbumin. 

Raman Optical Activity of :x-Lactalbumin 

There is considerable current interest in stable 
non-nati\'e states of proteins thnt are intermediate 
between the nntive folded stnte and the denatured 
state (Dobson, 199-1). The best known of these is the 
"molten globule" stilte adopted by :x-lactalbumin 
both at low pH and on remo\'al of calcium at neutral 
pH, and by a number of other globular proteins 
when the native structure is disrupted in a relatively 
mild \\'a~: which is usunlly taken to have a compact 
globularity with native-like secondary structure 
but unfolded tertiary structure (Kuwajima, 191'9). 
However, we show here that ROA measurements 
O\'er a range of temperatures provides compelling 
e\'idence for the existence of some native-like 
tertian' folds, which it has been suggested might 
sometimes be present in molten globules in addition 
to the secondary structure elements (PtitsYn, 1992). 

In a pre\'io~s paper, we presented' an ROA 
study of hen egg-white lysozyme under various 
conditions, which proVided new insights into the 
details of protein structure and dynamics in 
aqueous solution contained in an ROA spectrum 
(Ford ct al., 1995). This work provides a springboard 
for the ROA study of :x-lactalbumin presented here. 

Results and Discussion 

Structure of a-lactalbumin 

We first briefly review the main fentures of the 
structure of :x-iactalbumin in order to facilitate 
discussion of its ROA spectra. The bovine form of 
'2-lactalbumin studied here has a molecular mass of 
14.2 kDa and contains 123 amino acid residues. The 
struchlres of baboon and human :x-lactalbumin have 
both been determined from X-ray crystallography 
(Acharva ct aI., 1989, 1991) and are very similar to 
that of ·Ivsozvme. Unfortunately the X-ray structure 
of bovine ''2-lactalbumin itself has not been 
determined, but NMR studies (Alexandrescu ct aI., 
1992) indicate that its solution structure is similar 
to that of the human protein, which in tum has 
a crvstal structure similnr to that of baboon 
:x-lactalbumin (Acharya ct aI., 1991). The structure 
of baboon :x-Inctalbumin is shown schematically in 
Figure 1. There are four '2-helices, which make up 
one domain encompassing the amino and carboxy
terminal segments, and a small amount of double
stranded ~-sheet that, together with a long loop, 
makes up much of a second domain. There ~re, 111 

addition, four stretches of 3111-helix, three 111 the 
'2-helix domain and one in the second domain. The 
structure is stabilized bv four disulphide bridges 
(6-120,28-111,61-77 and 73-91). The locations of 
the secondary structure elements, as taken from 
McKenzie & White (1991), are give in T.lble 1. The 
disulphide bridges between residues 61 and 77, and 
73 and 91 generate a double loop that is of special 
interest. The overall length of this region and of the 
two components of the double loop are the same as 
in the equivalent region of lysozyme; however, th,: 
second loop in :x-lactalbumin encompasses the Ca
binding site, whereas hen egg-white lysozyme has 
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Figure 1. A schematic repre!'cntMion of the crystal 
structure of baboon ::I.-lactalbumin (from Acharva c/ aI., 
1989). The Figure was drawn using the program 
MOLSCRIPT (Krauiis, 1991). 

little affinity for binding metal ions. NMR studies 
(Alexandrescu ci aI., 1992) have shown that the 
environments of the aromatic residues in bovine 
and human :x-lactalbumin are similar, and that the 
solution and crystal structures of the human protein 
are . alike as evidenced by the simila rity in the 
enVIronments of the aromatic residues in the two 
states. Also, an early s tudy that compared the 
conventional Raman spectrum of bovine et-Iactalbu
min in the crystal and in solution concluded that 
the backbone conformations were very similar (Yu, 
1974). 

General features of the ex-lactalbumin RDA 
spectrum: compari son with lysozyme 

The backscattered Raman and ROA spectra of 
bovine :x-lactalbumin in acetate buffer at pH 5.4 are 
shown in the top third of Figure 2. The middle third 
shows those of hen egg-white lysozyme in the same 
buffer for comparison. Vibrations of the p eptide 
backbone in proteins are usually associated with 
four main regions of the Raman spectrum (Tu, 
1986): the C'-C stretch region - 870 to 950 cm- l

, the 
C-N stretch region - 1020 to 1150 cm-1, the amide 
~ll region --: 1230 to 1310 cm- l

, which is supposed to 
Involve ~alJ1 ly the in-phase combination of largely 
the N-H m-plane deformation with the C'-N stretch, 
and the amide I region -1630 to 1700 cm- l which 
arises predominantly from the C=O stretch . In 
fact, Diem et al. (992) have shown that, in small 
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peptides, the amide III region involves much mOTe 
mixing between thl' N-H and C'-H defurmation 
than pre\'iousl~' suppo ed, and should be ex tended 
to at lea t 13-W cm- l

, which i!. supported bv a 
detailed ROA stud y of a scri c. of al ,myl peptide 
oligomers (Ford ('I nl., 199-n. This extended nmide III 
region is particularly important for protein ROA 
,,"ork because the coupling between N-H and C'-H 
deformntion is vcry sensitiw to the geometry nnd 
genera te a rich and informativ ROA band 
structure. Side-group vibrations, especially those 
il1\'olving tryptophnn, tyrosine, phenylalanine and 
CH~ and CH, group , al 0 generate characteristic 
Raman bnnds (Tu, 1986) some of which show ROA 
signal s. Bands in the amide II region - 1510 to 
1570 cm- I (Diem, 1993), which originate in the 
out-of-phase combination of largely the N-H 
in-plane deformation with a small amoun t of C' -N 
stretch, are not usually observed in the conventional 
Ranum spectra of proteins, but nre prominent in the 
infrared and give rise to u eful VCD spectra (Gupta 
& Keiderling, 1992); however, <IS di cus d below, 
the amide II might be import<lnt in protein ROA 
studies. 

The backbone skeletal stretch region ha been 
shown to contain ROA bands originating in :x-helix 
(Wen el nl ., ]994a) and p-sheet (Wen cl al., 1 94b). 
The ROA spectrum of et-Iacta lbumin is very similar 
to that of lysozyme in this region, showing positi ve 
intensity in the range - 880 to 960 cm- l

, which can 
be assigned to ~-helix modes (and perhaps a lso 
the posi tive ROA band at -855 cm- I

, which is 
not shmvn by lysozyme), and n po itive band at 
- 1006 cm-1, which might originate in p- heet 
modes although contributions from nromatic side
groups cannot be ruled out. A second ::I.-helix ROA 
band structure appears in both proteins as a couplet 
with a small negative (often labile) component at 
-1095 cm- l and a larger positive component at 
_ 1120 cm- I . Small differences between the ROA 
spectra of the two proteins in thi s region might be 
attributed to differences in the details of the 
secondarv structure such as different leng th of 
::I.-helical segments and the larger amount of p-sheet 
in lysozyme. Despi te these small differenc~s the 
general similarity of the overall ROA fingerpnnts of 
the two proteins in the backbone skeletal stretch 
region suggests that they haw similar econdary 
structure b-helix and p-sheet) content in aqu OUS 

solution. 
Unlike VCD in the amide I region , which is very 

sensitive to different types of protein structure 
(Keiderling & Pancoska, 1993; Pancoska cI nl:, 1994), 
ROA in the amide I region is not partlcula~ly 
informative. Both :x-helix and p-sheet appear to gIVe 

Table 1. Secondary structure elements in baboon 'X-lactalbumin 
(McKenzie & White, 1991) 
Structure Residues 
:x-Helix 5-1l (A), 23-3-1 (8), 116-99 (C), ] 05- ] 09 (OJ 
3,,"Helix 12-16 (E), 17-21 (F), 76-82 (G), ]01-1().j (H), 11 5-1]9 (I) 

~-Shect 40-43, 47-50 
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Figure 2. The backscattered Raman (JR + IL) and ROA 
(JR - IL) spectra of bovine :x-lactalbumin (top), and of 
hen egg-white lysozyme (middle), both in acetate buffer 
at pH 5.4; and of bovine :x-lactalbumin in Tris buffer 
at pH B.O (bottom). All were measured at room 
temperature (- 20°C). An approximate division of the 
ROA spectrum into distinct regions is indicated, together 
with positions of important ROA bands in the extended 
amide III region. 

Raman Optical Activity of 7.-Lsctalbumin 

amide I couplets, negative at low wavenumber 
and positive at high: this couplet is usuaIlv 
conservative in p-sheet proteins, but has more 
intensity at higher wavenumber in a-helix proteins. 
Apart from a small couplet overlapping the 
low-freq uency end (vide ill/ra), the appearance of 
the amide I ROA couplet in a-lactalbumin is very 
similar to that in lysozyme, being consistent ' .... ith a 
superposition of :x-helix and p-sheet couplets and 
also contributions from loops and turns (Ford ci al., 
1995). So the amide I ROA is also consistent with a 
similar secondary structure content in the two 
proteins. 

The most interesting region for protein ROA 
studies is the extended amide III. Although the 
overall appearance of the ROA spectrum here is 
similar in most proteins studied to date, namely a 
broad couplet negative at low wavenumber and 
positive at high, there is considerable structure that 
can be highly informative. Both (X-lactalbumin and 
lysozyme show a similar strong sharp positive 
peak at - 1296 em-I with a negative shoulder at 
- 1265 cm- l assigned to a-helix vibrations (Wen 
et al ., 1994a), which again supports a similar :x-helix 
content in the two proteins, but there is no evidence 
of the sharp positive band at -1313 cm- l shown by 
p-sheet proteins (Wen e/ al ., 1994b) presumably 
because the low p-sheet content of both generates 
only small ROA intensity here, which is swamped 
by the other intense bands in the vicinity. However, 
there are also Significant differences between the 
ROA spectra of a-lactalbumin and lysozyme in the 
extended amide III region that might shed light on 
the differences in solution structure between the 
two proteins. As suggested previously (Ford et al ., 
1995), the sharp negative ROA band shown by 
lysozyme at - 1240 cm-l (recorded at -1245 em-I 
on the earlier instrument) and also a sharp positive 
ROA band at -1338 em-I (recorded earlier at 
- 1340 em-I), the latter appearing prominently in 
the ROA spectrum of bovine serum albumin, might 
originate in two distinct types of loop (or at least 
irregular) structure that are rigid and .r.elatively 
homogeneous. The same - 1338 cm-l posItive ROA 
band appears in (X-lactalbumin but, strikingly. it is 
more than twice as intense than in lysozyme, which 
suggests that (X-lactalbumin contains two to three 
times as much of the corresponding type of rigid 
loop structure. Furthermore, the negative ROA band 
at -1240 cm- l in lysozyme is replaced in a-lactalbu
min by two bands, one peaking at _1243.cm-

1 
and 

the other at -1223 em-I, which suggests dl.ff.erences 
of local detail in other loop regions. In addltJon, Our 
previous work on lysozyme (Ford e/ nl ., 1995) 
reported that an unfolded form produced by 
reducing all the disulphide bonds showed a)arge 
unstructured couplet negative at - 1235 em and 
positive at -1300 em-I, and we suggested ~hat a 
similar couplet, which often underlies the amIde III 
region with varying intensity in the ROA spectra ?f 
native proteins including those of a-lactalbumm 
and lysozyme, might originate in loop and 
end-chain structure with the same type of con form-
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ational heterogeneity (and associated flexibility) as 
that of an unfolded protein. 

It is. intriguing that when lysozyme is bound to 
the . ~mer of N-acetylglucosamine (NAG3) the 
posItive -1338 cm- I ROA band shows an approxi
m.ately twofold increase in intensity, although it 
still falls a little short of that in a-lactalbumin 
(Ford et aI., 1995). X-rav data (Acharva et al., 1989) 
show that, although boOth proteins possess equival
en: double loop regions (defined by disulphide 
brIdges 64-80 and 76-94 in lvsozvme and 61-77 
and 73-91 in :x-lactalbumin), some of the tempera
ture .factors here are very large in lysozyme, 
especIally between residues 70 and 75, which is 
almost exactly where X-ray studies have detected 
some movement in lysozyme after binding with 
NAG3 (Blake et aI., 1981); but all are small in the 
equivalent region between residues 67 and 72 in 
ex.-Ia~t~lbumin, which indicates that this protein is 
sIgmficantly more rigid than lysozyme here. One 
complication is that residues 79 to 84 do not have a 
well-defined conformation in the solution structure 
of lysozyme as determined by two-dimensional 
NMR, yet this region is not characterized by high 
X-ray temperature factors and is well defined as 
31o-helix in the crystal (Smith et al., 1993). Hence the 
c~an~es in the ROA spectrum of lysozyme after 
?mdmg of NAG3 might be monitoring an increase 
In th~ rigidity of sections of this double-loop region, 
pOSSIbly between residues 70 and 75 or between 79 
a~d 84. These studies suggest that some of the 
dIfferences in solution Structure and behaviour 
between lysozyme and ex-lactalbumin spring from 
the. greater rigidity of the latter in the double-loop 
region. 

Since ex-lactalbumin contains just over twice 
as .much .3Io-helix (26 residues) as lysozyme (12 
reSIdues) m the crystal, it is tempting to suggest that 
t~e. -1338 em-I positive ROA band Originates in 
rIgid loop Structure with local order corresponding 
to the cj>,1jJ angles of 3lo-helix. As mentioned above, 
~alf of this 31o-helix (residues 79 to 84) in lysozyme 
IS un~efined in solution according to NMR, so the 
doublIng of this band on binding to NAG] might 
correspond to this region coalescing into the nascent 
31(r·helix. Unfortunately, no parallel NMR study on 
th~ lysozyme-NAG3 complex is available to check 
thiS Idea due to difficulties with the corresponding 
NOE measurements on the complex (Lumb et aI., 
1994). Similarly, no parallel NMR study is available 
on ex-lactalbumin in solution so we do not know 
if any of the 26 residues defined as 31o-helix in 
the crystal lose this well-defined conformation in 
solution: if our mooted assignment of the 
-1.338 ~-I ROA band is correct, then since only six 
reSidues m lysozyme survive as 3ur-helix in solution, 
t~e observation of over twice, but certainly not four 
times, the intensity in this band in ex-lactalbumin 
could suggest that a number of the 26 residues 
defined as 3lo-helix in the crystal might lose this 
conformation in solution. However, it is unlikely 
that these would be in the equivalent region to 
lysozyme, namely residues 76 to 82, since this forms 
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part of the calcium binding loop and so is expected 
to be espeCially rigid. 

Side-group bands can also be identified in the 
ex-lactalbumin ROA spectrum. This protein contains 
four tryptophan residues that are responsible, 
among other things, for the strong positive ROA 
associated with the strong Raman band at 
-1555 cm-I and the weak negative ROA associated 
with the weaker Raman band at -1580 cm-I • The 
strong Raman band at -1451 em-I with a shoulder 
at - 1420 cm-I originates in side-group CH2 and 
CH3 deformations, with a contribution from 
tryptophan (mostly the NH bend of the indole ring) 
to the -1420 cm-l shoulder (Harada & Takeuchi, 
1986), and is associated with an ROA couplet large 
and negative at low wavenumber with a small broad 
positive component extending beyond the high 
wavenumber limit of the parent Raman band. 
Although no significant conventional Raman band 
intensity is seen at wavenumbers associated with 
the small broad positive ROA component, it is 
known that the frequencies of the amide II peptide 
backbone vibration and of certain aromatic residue 
vibrations occur in this region (they become very 
strong in surface-enhanced Raman spectra: Hu 
et aI., 1995), so the observed ROA band structure 
arises from coupling of side-group CH2 and CH] 
deformations with these backbone and side-group 
modes. Side-group ROA features similar to all of 
these are observed in lysozyme (Ford et al., 1995); 
however, there are some small but significant 
differences. One feature present in the ROA 
spectrum of ex-lactalbumin but not of lysozyme is a 
small sharp couplet, positive at low wavenumber 
and negative at high, with the crossover point at 
-1615 em-I near a shoulder on the low-wavenum
ber side of the amide I Raman band that is assigned 
to aromatic modes, including tryptophan (Lord & 
Yu, 1970; Harada & Takeuchi, 1986). Another 
difference is that the ROA structure associated with 
the CH2 and CH3 deformations Raman band is 
shifted by -15 cm- l to lower wavenumber in 
lysozyme. Hence the ROA data suggest that some 
differences exist in the conformations of a number 
of the aromatic and aliphatic side-groups in the two 
proteins. 

Native-like and disordered acid molten 
globule states 

Figure 3 shows the backscattered Raman and 
ROA spectra of a-lactalbumin in glycine buffer at 
pH 2.0, under which conditions it is said to ~dopt 
the molten globule state (Kuwajima, 1989; Ptltsyn, 
1992), measured at temperatures of 2°C, 200e and 
35°C. 

Looking first at the ROA spectrum at 35°C.shown 
at the bottom of Figure 3, we can recogmze the 
hallmarks expected for a molten globule. Thus 
evidence that some (but not all) of the secondary 
structure persists is provided by the similarity of 
the signatures in the backbone skele~al stret~h 
region to those in the spectrum of the native protem 
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Figure 3. The backscattered Raman and ROA spectra of 
bovine :x-lactalbumin in glycine buffer at pH 2.0 
measured at 2°e (top), 200 e (middle) and 35°e (bottom). 

shown in Figure 2 but with reduced intensity and 
loss of certain detail; while the replacement of the 
ROA band structure in the extended amide III 
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region by a conservative couplet \·"ith a sharp 
negative peak at - 1230 cm- I and a slightly broader 
positive peak at -1300 cm-I

, very similar to that 
shown bv unfolded (reduced) lvsozvme (Ford c/ nl., 
1995), suggests that most of the tertiary fold is lost 
with the loop structure now having a high degree 
of conformational heterogeneity and associated 
mobilit~( The amide 1 ROA couplet shows a 
narrowing and is shifted by - 8 cm- I to higher 
wavenumber much like in unfolded lysozyme, 
which we can also associate with the increase in 
conformational heterogeneity (and loss of some 
secondary structure). The fluorescence 0"",,· = 
295 nm) of this sample, taken at 35°C, showed the 
expected red shift of the maximum from - 334 nm 
in the native protein at pH 8.0 to 346 nm with a 
small increase in intensity (e.g. Lala & Kaul, 1992); 
and the near-UV CD at 35°C showed the expected 
loss of the negative intensity seen in the native 
protein (Kuwajima, 1989). Such changes in fluor
escence and near-UV CD are usually ascribed to 
changes in the environments and conformations of 
some of the aromatic residues. Thus the fluor
escence red shift reflects a change of the tryptophan 
residues to a more polar environment associated 
with increased exposure to water, while the 
increase in intensity suggests the removal of 
tertiary interactions that quench the fluorescence in 
the native state (Hayer-Hartl et nl., 1994). The loss of 
the near-UV CD is usually ascribed to a time-aver
aged symmetrization of the environments of the 
aromatic groups due to slowly fluctuating tertiary 
structure (Dolgikh e/ n/. , 1981). 

Turning next to the 2°C ROA spectrum shown at 
the top of Figure 3, it is strikil}g just how similar this 
is to that of the native protein in Figure 2. The 
secondary structure signatures in the backbone 
skeletal stretch and amide I regions, together with 
the (X-helix amide III couplet negative at -1265 and 
positive at -1296 cm-I

, are so close in intensity and 
detail to those of the native protein that we are led 
to the conclusion that the secondary structure 
content is highly native-like. The presence of the full 
complement of amide III loop signatures (negative 
at -1223 and 1243 cm-I and positive at -1338 cm- I ) 

with full intensity further suggests that the native 
tertiary fold is present. Nonetheless, at 2°C this acid 
sample of (X-lactalbumin still exhibits the same 
red-shifted fluorescence and loss of near-UV CD as 
the 35°C sample, showing that the environments of 
the aromatic residues remain like those of a molten 
globule; and the broadening and increase in noise 
of the amide III loop signatures does suggest a 
loosening of the tertiary fold. 

The ROA spectrum of the 20°C sample shown in 
the middle of Figure 3 reveals that the secondary 
structure content is still highly native-like (from the 
backbone skeletal stretch and amide I regions) but 
that interesting changes have taken place in the 
tertiary fold (from the extended amide 1I1 region) . 
Thus, relative to the native protein (Figure 2), the 
positive -1338 cm- I band has lost most (but not a11) 
of its intenSity; whereas the couplet positive at 
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- 1296 cm- I and negative at - 1265 cm-l assigned to 
(X-helix is standing out very clearl)~ In place of the 
negative -1223 cm- l and 1243 cm- I bands assigned 
to rigid loop structure, there is a strong sharp 
negative band at -1230 cm- I just like in the 35°C 
spectrum. These amide III features suggest that the 
acid sample of (X-lactalbumin at 20°C contains an 
amount of well-defined (X-helix structure similar to 
that of the 2°C sample and of the native protein, in 
harmony with the backbone skeletal stretch and 
amide I features, but that much of the tertiary loop 
structure, and hence the tertiarv fold, is lost. 

Following the theory of Shakhnovich & Finkel
stein (1989a,b), that the primary step in protein 
denaturation is a cooperative loss of the tight 
packing of side-chains that stabilizes the tertiary 
structure at atomic resolution, Ptitsvn (1992) has 
suggested the terminology "native-like molten 
globule" and "disordered molten globule" depend
ing on whether or not it has a native-like tertiary 
fold, molten globule status now resting primarily on 
the cooperative loss of much 'of the tight side-chain 
packing rather than on the absence of the basic 
tertiary fold (but with retention of a compact 
core with pronounced secondary structure, which 
distinguishes the molten globule from the de
natured protein). From the fluorescence and 
near-UV CD characteristics and the evidence for 
pronounced secondary structure we would accord 
molten globule status to our sample of acid 
(X-lactalbumin at all three temperatures studied, 
with the 2°C and 35°C samples classified as 
native-like and disordered, respectively, from the 
ROA evidence for the retention and loss of the native 
tertiary fold. Since. ROA reveals that a little of the 
tertiary fold remains in the 20°C sample we might 
classify it as a partially disordered molten globule. 

These insights prompt a closer inspection of the 
ROA side-group signatures. Remarkably, the posi
tive-negative tryptophan couplet at -1555 and 
1580 em-I and the small sharp aromatic couplet 
centred at -1615 cm- l (which might also originate 
in tryptophan vibrations) in both the 2°C and 20°C 
samples are very similar to those in the native 
protein in Figure 2, but they have collapsed 
significantly at 35°C. This seems to conflict with the 
fluorescence and near-UV CD observations, which 
show that the environments of the aromatic residues 
in both samples are those of the molten globule 
rather than the native protein. However, this 
apparent contradiction can be resolved by realizing 
that fluorescence and near-UV CD are sensitive to 
non-bonded interactions of the aromatic chro
mophores with the other residues, nearby parts. of 
the peptide backbone and solvent molecules makmg 
up their environments, whereas ROA probes the 
local geometry of the aromatic residues relative to 
the peptide backbone via coupling of vibrational 
coordinates of the residues with those of the 
connecting covalent bonds. The ROA data therefore 
suggest that the tryptophan residues in the 2°C and 
20°C acid molten globules retain a local rigidity 
similar to these residues in the native protein, even 
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though the global environments have changed. This 
conclusion accords with fluorescence polarization 
measurements of rotational relaxation times, which 
show that, at 20°C, the tryptophan residues in acid 
molten globule (X-lactalbumin are, if anything, even 
more restricted than in the native state CDolgikh 
ct al., 1981). 

Although the aromatic Side-group ROA signa
tures remain well defined in the 2°C and 20°C 
acid molten globule samples, there appear to be 
significant changes relative to the native protein in 
the aliphatic side-group ROA signatures in the 
range -1400 to 1520 cm- I , which have collapsed 
into a small negative feature on the low-wavenum
ber side with no hint of the weak positive 
higher-wavenumber components. This suggests that 
the coupling between the CH2 and CH; defor
mations of the side-groups with vibrational coordi
nates of the backbone amide II mode and of 
aromatic residue modes are suppressed, which 
implies increased conformational mobility of the 
aliphatic side-groups. This accords with the idea 
that "there is sufficient space inside the molten 
globule state for the free movements of small and 
symmetriC aliphatic groups, but not enough for the 
movement of larger and less symmetric aromatic 
groups" (Ptitsyn, 1992). It could be significant 
that the coupling of the amide II to vibrational 
coordinates of side-groups is very sensitive to 
hydrogen bonding (Krimm & Bandekar, 1986) in 
view of the recent suggestion that the cooperative 
breaking of the hydrogen bond network is the 
rate-limiting step in protein unfolding (Kiefhaber 
et aI., 1995). 

Recently, Wu et al. (1995) concluded from a study 
of two variants of (X-lactalbumin that are molten 
globules in the absence of calcium, even at neutral 
pH, that the molten globule properties (more 
specifically, native-like molten globule properties) 
of (X-lactalbumin are confined to its (X-helical 
domain, while the p-sheet domain (which contains 
the calcium binding loop) is largely unstructured. 
Molten globule status was inferred from UV CD 
measurements, while the existence or otherwise of 
a native-like backbone topology was inferred 
indirectly from the probability of formation of 
specific disulphide pairings. However, this con
clusion might be over-simplified, because our direct 
observations of ROA loop signatures suggests that 
the presence or otherwise of elements of the tertiary 
fold in the molten globule state can be very sensitive 
to temperature (for given conditions of pH and 
salt concentration). Thus while the ROA spectrum 
of the acid molten globule sample at 20°C could 
be consistent with a bipartite structure, that of 
the same sample at 2°C strongly suggests that the 
native-like backbone topology encompasses the 
entire polypeptide chain. 

Calcium-free states 

As well as under acid conditions, (X-lactalbumin is 
also said to adopt a molten globule state on removal 
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Figure 4. The backscattered Raman and ROA spectra of 
calcium-free (apo) a-lactalbumin in Tris buffer at pH B.O 
measured at 2°C (top), 25°C (middle) and 60°C (bottom). 

of calcium under conditions of low salt concen
tration at neutral pH (Kuwajima, 1989). We there
fore studied calcium-free (apo) ex-lactalbumin in Tris 
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buffer at pH 8.0 over a range of temperatures to see 
what new insights ROA might provide into its 
structure. The backscattered Raman and ROA 
spectra taken at 2°e, 25°C and 60°C are shown in 
Figure 4. For comparison with the calcium-bound 
(holo) native form the ROA spectrum of the native 
protein was measured again in Tris buffer at pH 8.0 
and is shown at the bottom of Figure 2. 

The appearance of the 2°C apo ROA spectrum at 
the top of Figure 4 is very similar to that of the room 
temperature holo ROA spectrum (Figure 2), which 
strongly suggests that the overall structure of the 
apo form at 2°C is virtually unchanged from that of 
the holo form. In particular, all the loop Signatures 
(the negative ROA bands at -1223 and 1243 cm-1 

and the strong positive -1338 cm-1 ROA band) 
persist with similar intensity: since the calcium
binding loop is known to be one of the loops (that 
between residues 74 to 90) within the rigid 
double-loop region discussed above (Acharya et al., 
1989), our results indicate that the complete tertiary 
fold of holo ex-lactalbumin, including the calcium 
binding loop, persists at this temperature even 
when no calcium (or any other metal ion) is present. 
However, unlike the acid sample at 2°C, our sample 
of apo ex-lactalbumin is not a molten globule at 2°C 
as evidenced by the same - 334 nm fluorescence 
peak and negative near UV CD intensity shown by 
the native holo protein. 

On raising the temperature, the fluorescence 
band intensity of apo ex-lactalbumin gradually 
increased and shifted towards the red, becoming 
stabilized at the maximum of '" 346 nm expected for 
the molten globule state from previous studies (e.g. 
Permyakov et al., 1981; Kronman et al., 1981; 
Murukami et al., 1982; Ewbank & Creighton, 1993) 
just below 2SoC and above with a concomitant fall 
in the near UV CD intensity. On adding CaCh to the 
red-shifted sample, the fluorescence maximum and 
associated intensity reverted to that of the calcium
bound protein. More detailed studies of the 
temperature-dependence of the fluorescence and 
UV CD spectra of apo ex-lactalbumin, together with 
differential scanning calorimetry measurements, are 
in hand and will be reported elsewhere; but it 
appears that our sample of apo ex-lactalbumin 
undergoes a broad cooperative two-state transition 
centred at -15°e, being essentially 100% native 
below '" SoC and 100% molten globule above 
_25°C. 

The ROA spectrum at 25°C shown in the middle 
of Figure 4 still displays the loop signatures in the 
extended amide III region characteristic of the 
native tertiary fold, but all are significantly broader 
with more noise fluctuations than in the 2°C 
spectrum. It is interesting that the intensity of the 
positive -1338 cm-1 ROA band has fallen a little 
relative to that in the 2°C sample (and also relative 
to the native holo protein): the loss of well-defined 
31O-helix in residues 79 to 84 in lysozyme on going 
from the crystal to aqueous solution (vide supra) 
prompts the tentative notion that this intensity drop 
is monitoring a loss of 311rhelix in the equivalent 
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residues 76 to 82 within the calcium binding site on 
going from the native to the molten globule state of 
apo ex-lactalbumin. On raising the temperature 
further, these loop signatures continued to slowly 
degrade, but are still clearly perceptible in an ROA 
spectrum taken at 35°C (not shown). Even at 60°C 
the ROA spectrum, shown at the bottom of Fig
ure 4, still contains hints of loop structure in the 
extended amide III region, being clearly different 
from that of the acid molten globule at 35°C (Fig
ure 3), which shows ROA very similar to that of 
unfolded lysozyme in this region. 

These observations reveal that apo ex-lactalbumin 
(under our conditions of protein and buffer 
concentration) supports a native state at low 
temperature that undergoes a cooperative transition 
at _15°C to a native-like molten globule state in 
which the tertiary fold initially remains largely 
intact and is lost only slowly with increasing 
temperature. Furthermore, unlike the acid molten 
globule, where the ROA in the backbone skeletal 
stretch region starts to collapse quite rapidly above 
room temperature, that of apo a-lactalbumin 
remains well defined, even at 60°C, suggesting that 
Significant secondary structure persists at elevated 
temperatures. ROA therefore appears to show that 
the overall native-like structure, both secondary and 
tertiary loop, is significantly more stable in the apo 
molten globule than in the acid molten globule. 

The conformation of apo ex-lactalbumin has 
recently been the focus of much interest and 
controversy in the ongoing discussion of the nature 
of the molten globule state (Ewbank et al., 1995; 
Okazaki et al., 1995). Thus Okazaki et al. (1994), 
believing that ex-lactalbumin "assumes a molten 
globule state simply by removing Ca2

+ at neutral 
pH" in which "the tertiary s~ctur~ is unfolded as 
indicated by the absence of a slgnal m the near-UV 
CD spectra" express~d SUTJ?rise that there is ~o 
interaction between thIs specIes and the chaperomn 
GroEL. Hayer-Hartl et al. (1994), on the other hand, 
who performed a similar study, were not perplexed 
by this observation, since they ~ere ~md~r the 
impression that "apo ex-lactalbumm eXIsts m an 
equilibrium between native a~? molten globule 
conformations that depends cntically on the salts 
present" and "this molten g.lobul~ stat~ is tightly 
cross-linked by the four native dlsulphlde bonds, 
and we attrihute the poor binding to GroEL to these 
constraints." However, both groups were happy 
with their observations that disulphide-reduced 
forms bind strongly with GroEL, which they 
attributed to the greatly increased flexibility due to 
loss of cross-linking. 

Our ROA observations show that apo ex-lactalbu
min is a native-like molten globule at - 25°C, the 
temperature at which the above GroEL binding 
studies were carried out, and it is the presence of 
the native-like tertiary fold, rather than cross-link
ing by the disulphide bonds, which probably 
explains why it does not bind ~o GroEL (recal~ that, 
according to the ROA observatIons presented m the 
previous section, the acid molten globule form of 
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ex-lactalbumin shows a complete loss of the tertiary 
fold above - 25°C despite the disulphide bonds 
remaining intact). It is reassuring that Robinson 
et al. (1994), from studies of the hydrogen exchange 
kinetics of a reduced form of ex-lactalbumin bound 
to GroEL using electrospray ionization mass 
spectrometry, which showed that only disordered 
molten globules are recognized by GroEL, also 
concluded that apo ex-lactalbumin does not bind 
because it represents a more ordered molten 
globule state. 

Comparison with other spectroscopic studies 

Although NMR has not been able to provide a 
complete solution structure of ex-lactalbumin, it has 
nonetheless been applied to certain aspects of the 
problem and it is gratifying that the conclusions 
from ROA and NMR are generally consistent. Thus 
the conclusion from NMR (Alexandrescu et al., 
1993; Chyan, et al., 1993), that much of the native 
secondary structure, particularly that centred on the 
Band C helices, persists in the acid molten globule 
state of ex-lactalbumin is consistent with the ROA 
observations; and the failure of NMR to detect any 
significant residual native-like tertiary loop struc
ture can be accommodated by the fact that the NMR 
was measured above 35°C where ROA shows an 
almost total loss of the native-like tertiary fold. 
NMR also showed no evidence in the acid molten 
globule for an ordered structure for either of the 
two major clusters of aromatic residues that in the 
native structure make up part of the hydrophobic 
core of the helical domain of the native protein, but 
a new smaller aromatic cluster was detected 
(Alexandrescu et al. 1993): this is consistent with the 
35°C ROA spectrum (Figure 2) in which the 
aromatic side-group ROA bands, while still dis
cernible, are weaker and more diffuse than in the 
native protein; however, since these aromatic ROA 
bands are strong and sharp in the 20°C spectrum 
where the secondary structure signatures look 
highly native-like, a native-like clustering might be 
observed if the NMR studies were repeated at lower 
temperature. Furthermore, from studies of urea
induced unfolding, where it was found that the 
unfolding transitions as monitored by changes in 
individual aromatic resonances do not coincide, 
NMR has shown that unfolding of the acid molten 
globule state of ex-lactalbumin is not a cooperative 
two-state process (Shimizu et al., 1993), which 
accords with the ROA observations of gradual 
changes with temperature in the signatures of both 
secondary structure and tertiary loops within the 
acid molten globule state. Also, since the ROA 
spectra of apo ex-lactalbumin show clear evidence of 
native-like tertiary folds, even above room tempera
ture, it is likely that loss of calcium does not lead to 
any significant change in the peptide backbone 
conformation (apart from a possible loss of 311)"helix 
in the calcium binding loop in the molten globule 
state) and so agrees with the conclusion from NMR 
studies (Berliner et al., 1987) that the two forms are 
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"not drasticallv different in their three dimensional 
conformations;'. A recent VCD study has reached a 
similar conclusion (Keiderling ct al.: 1994). 

Using conventional FTIR measurements of amide 
I band structure in ~H~O solution, Prestrelskii ct al. 
(1991) concluded that removal of Ca~· from halo 
:>:-lactalbumin results in a local unfolding of the Ca~
binding loop. Despite reservations about possible 
ambiguities in the interpretation arising from the 
different hydrogen-deuterium exchange rates pro
ducing only partial exchange of backbone amide 
groups, and from the recent suggestion (Krimm & 
Reisdorf, 1994) that the suppression of collective 
modes on introducing irregularities into helices 
makes it dangerous to interpret component amide I 
peaks in tem1S of individual "standard" secondary 
structure contributions, this conclusion could be 
consistent with the ROA studies, which indicate a 
loss of 31O"helix possibly within the calcium binding 
loop at the "ambient temperature" (presumably 
above - 25°C) at which the' FTIR measurements 
were carried out. 

Studies based on a comparison of the amide I 
VCD band shapes of lysozyme and (X-lactalbumin in 
2H20 (Urbanova et al., 1991) and in H20 (Keiderling 
et al., 1994) have suggested that the secondary 
structures of ~-lactalbumin and lysozyme in 
aqueous solution are much less similar than in 
the crystal. This contrasts with the conclusion from 
the present ROA study that ~-Iactalbumin and 
lysozyme have quite similar secondary structures 
in aqueous solution, any differences originating 
mainly in local details of the tertiary fold with 
IX-lactalbumin having greater rigidity in the region 
of the calcium binding loop. The interpretation of 
these VCD. results is the subject of ongoing 
investigations (Keiderling et ai., 1994). 

Conventional electronic CD studies have had 
mixed fortunes in the study of ~-Iactalbumin. For 
example, whereas electronic CD has not cast much 
light on whether or not significant differences exist 
between the solution structures of ~-Iactalbumin 
and lysozyme (McKenzie & White, 1991), it has 
proved valuable in studies of the molten globule 
state since, as mentioned above, the far-UV CD 
shows the presence of significant secondary 
structure whereas the absence of near-UV CD 
shows that the environments of the aromatic 
residues are symmetrized (Kuwajima, 1989; Ptitsyn, 
1992; Sugai & Ikeguchi, 1994; Fink, 1995). However, 
the ROA observations on acid and apo molten 
globule states of ~-lactalbumin described above 
suggest that the ~ommonly held b~lief. that the 
absence of a signal m the near-UV CD mdlcates that 
the tertiary structure is unfolded (Okazaki ct al., 
1994) can be misleading in some situations. It is 
safer to accept that the presence of near-UV CD 
from aromatic residues "provides a specific and 
sensitive fingerprint of their native tertiary packing" 
(Christensen & Pain, 1994) without going on to 
conclude that loss of near-UV CD automatically 
implies a concomitant loss of ~he tertiary fold. T~e 
detailed mechanisms by whIch near-UV CD IS 
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induced in aromatic chromophores in protein 
side-chains are still not fully understood (Woody, 
1994) so it remains unclear exactly how the loss of 
the near-UV CD comes about in tile molten globule 
state, especially in a highly ordered molten globule 
such as acid ~-lactalbumin at low temperature 
where ROA has shown the tertiary fold to be highly 
native-like and the tryptophan residues rigid. 

Concluding Remarks 

On account of its abilitv to monitor both 
secondary structure, and tertiary loop structure, 
and to distinguish between conformationally homo
geneous (rigid) and heterogeneous (flexible) el
ements of the latter, ROA has provided a fresh 
perspective on the solution structure of IX-lactalbu
min and has helped to resolve some of the 
controversy generated by ambivalent results from 
other spectroscopic techniques. 

Of particular significance is the ability of ROA 
together with complementary UV CD and fluor
escence studies to distinguish between "native
like" molten globules and those with varying 
degrees of disorder in their tertiary fold and how 
this changes with temperature, together with its 
ability to recognize loss of rigidity in aliphatiC and 
aromatic (tryptophan) side-group conformations 
separately. In addition to acid and apo IX-lactalbu
min discussed here and the variants studied by Wu 
et al. (1995), two other examples of molten globules 
containing native-like tertiary backbone structure 
have been recognized recently. Thus Redfield et al. 
(1994) found from heteronuc1ear NMR studies on 
interleukin-4 that "despite thtf CD and fluorescence 
changes, the structure at low pH is highly 
native-like, and that a substantial global loss of 
tertiary structure has not occurred". In another 
NMR study, Feng et al. (1994) found that 
apocytochrome b562 has a topology similar to the 
holoprotein but with extensive solvation of the 
side-groups in the large binding pocket. 

Our results therefore reinforce the emerging 
consensus view that non-native states of globular 
proteins encompass a broad range of conformations 
and degrees of folding and compactness having no 
single, unique conformation but rather a whole 
plethora of structures that range from being very 
similar to the native state to being substantially 
expanded and significantly unfolded (Fink, 1995). A 
similar view has been expressed by Dobson (1994). 
Thus, although removal of Ca2

• destabilizes the 
native structure of ~-lactalbumin, it appears to 
remain essentially intact at low temperature and 
neutral pH. Increase in temperature leads to a 
broad cooperative transition involving change in 
aromatic residue (tryptophan) environments, whilst 
maintaining much of the backbone secondary 
structure and tertiary fold. Reduction in pH, which 
prevents Ca2

+ binding by protonation of the bind
ing site ligands to give a net positively charged 
polypeptide, leads to a different sampling of 
conformational sub-space. At low temperature, in 
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acid, conformations congregate in regions resem
bling the native tertiary fold but with tryptophan 
residues still exposed to solvent water. With 
increase in temperature the polypeptide progress
ively explores ever greater regions of conformational 
space with no global cooperative changes involved. 

The ROA evidence that molten globule states of 
~-lactalbumin under certain conditions appear to 
support a virtually intact native fold adds weight to 
the view that they are important intermediates in 
protein folding pathways because the remaining 
search for the fullv folded state need be over onlv 
a dramatically red~ced area of conformational space 
(Dobson, 1995). 

We are aware of possible problems associated 
with the rather high protein concentrations used 
that are necessary to achieve a good ROA 
signal-to-noise ratio with the current instrumenta
tion. This might cause concern that aggregation, to 
which partially folded states of proteins are prone, 
is partially responsible for the stabilization of the 
tertiary loop structure seen in apo and low pH 
a.-lactalbumin under various conditions. Until 
further developments in instrumentation make it 
possible to measure protein ROA spectra at much 
lower concentrations, we can only point out that the 
observed ROA loop signatures from the same 
sample can range from fully defined to completely 
collapsed over certain temperature ranges, and that 
in the usual temperature realm of NMR studies 
( - 35°C) the deductions from ROA are fully 
consistent with those from NMR. 

There remains the question of the precise nature 
of the rigid loop structures responsible for the ROA 
bands seen in the extended amide III regions and 
that have featured so prominently in this study. The 
strong possibility that the positive -1338 cm- l band 
originates in 31O-helix, which is consistent with all of 
our ROA observations to date on other polypeptides 
and proteins, and its utility in monitoring local 
31O-helix unfolding, is highly topical in view of the 
potential importance of 3w-helix recently recog
nized in protein packing (Uu & Day, 1994) and in 
the folding pathway of helical peptides (Millhauser, 
1995). However, the origin of the negative band at 
.... 1240 cm-l in lysozyme and of the negative bands 
at .... 1223 and - 1243 cm-l in a.-lactalbumin remain 
obscure (except that they certainly do not originate 
in ~-helix or p-sheet). For the moment we shall leave 
these assignments open and hope that studies of 
other proteins together with results from ab initio 
computations of the ROA spectra of model 
polypeptide fragments over a range .of conf~r
mations (Polavarapu & Deng, 1994) wIll provIde 
further insight into the detailed local geometries of 
these and other loops revealed by ROA. 

Materials an~ Methods 

Materials 

Protein solutions for ROA studies were prepared using 
the following bufiers: 0.1 M sodium acetate, pH 5.4 (for 
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native lysozyme and :x-lactalbumin comparison); 0.1 M 
Tris. pH 8.0 (for calcium-free and native :x-lactalbumin 
comparison); and 0.1 M glycine, pH 2.0 (for :x-lactalbumin 
in the acid molten globule state) using Analar grade 
reagents and distilled, deionized water throughout. 
Protein concentrations were determined by measuring 
UV absorbance of diluted aliquots assuming an extinction 
coefficient (for :x-lactalbumin) E2,"-.,m = 2.01 ml mg- I cm- I 

(Gill & von Hippel. 1989). Protein solutions (typically 
.... 70 mg/mD were prepared in small glass sample tubes. 
mixed with a little activated charcoal (pharmaceutical 
grade) to remove traces of fluorescing impurities, and 
centrifuged. Solutions were subsequently filtered through 
Miiiipore GV4 (0.22 Ilm) filters directly into quartz 
microfluorescence cells, which were then again cen
trifuged gently (to clear any remaining dust particles) 
prior to mounting in the ROA instrument. Residual visible 
fluorescence from traces of impurities, which can give 
large background levels in Raman spectra, was allowed 
to "burn down" by leaving the sample to equilibrate in 
the laser beam for several hours before acquiring ROA 
data. This procedure, which is standard in the Raman 
spectroscopy of proteins (Carey, 1982), did not appear to 
harm our samples because their Raman spectra remained 
unchanged (denaturation is readily detected in Raman 
spectra). Our confidence in the integrity of the proteins 
following exposure to the laser beam during the ROA 
measurements was reinforced by finding that the 
lysozyme sample retained its full enzymatic activity 
(as measured by the standard Sigma procedure based 
on cell wall hydrolysis of Micrococcus Iysodeikticus), and 
that the fluorescence characteristics of both the calcium
bound and calcium-free samples of (X-lactalbumin were 
unchanged. 

Hen egg-white lysozyme and type I bovine :x-lactalbu
min (reported to contain 1 to 2 mol Ca/mol protein) were 
obtained from Sigma Chemical Co. and used without 
further purification. Type III bovine (X-lactalbumin 
(Sigma), which is partially calcium-depleted, was further 
treated as follows to remove residual Ca2

+ and other metal 
cations. Approximately 100 mg of type III (X-lactalbumin 
was dissolved in 5 ml of 20 mM EDTA/ammonia solution 
(pH 8.2), and stirred for about one hour at room 
temperature. This was then dialysed against 5 x 200 ml 
volumes of EDTA/ammonia, followed by extensive 
dialysis against deionized water (7 x 3)) before freeze 
drving. 

Tryptophan fluorescence measurements on diluted 
protein samples (0.05 to 0.1 mg/m)) were performed over 
a 0 to 35°C temperature range in 1 cm path-length 
quartz cuvettes, i .... < = 295 nm, using a SPEX FluorMax 
spectrofluorimeter. The UV CD measurements were 
performed on a Jasco J-600 spectropolarimeter using 
cells of path-length 0.02 em ({ar-UV, concentrations 
-0.6 mg/mD and 0.05 em or 0.5 cm Cnear-UV, concen
trations -6 mg/ml or 0.6 mg/ml). 

ROA spectroscopy 

The instrument used for the ROA measurements was an 
upgraded version of one described previously (Hecht 
ct nl., 1992). It utilizes backscattering, which is essential 
for aqueous solution samples of biopolymers, and 
employs a single-grating spectrograph fitted with a 
backthinned CCD camera as detector and a holographic 
notch filter to block the Rayleigh line. The most important 
change has been the use of a new stigmatic spectrograph 
based on a novel transmission diffraction grating, which 
has provided an approximately fivefold increase in the 
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speed of RCA measurements with improved resolution 
(Hecht &: Barron, 1994). ROA is measured by synchroniz
ing the spectral acquisition with an electro-optic 
modulator used to switch the polarization of the incident 
argon ion laser beam between right and left circular at a 
suitable rate. The ROA spectra are presented in the form 
of a circular intensitl difference (in analogue-to-digital 
converter counts) ] - ]L, where ]R and [L are the 
Raman-scattered intensities in right and left circularly 
polarized incident light. The conventional Raman 
intensities are presented as a corresponding circular 
intensity sum]R + IL. The experimental conditions were as 
follows: laser wavelength 514.5 nm; laser power at the 
sample -700 mW; spectral bandwidth 10 cm-I; recording 
time about ten hours. 

For ROA measurements at other than room tempera
ture (- 20°C), air was blown over the sample cell using 
an FTS systems model TC-84 Air Jet Crystal Cooler, 
which can supply dry air over the range -85 to +100°C. 

Small discrepancies (up to -5 em-I) in the quoted 
wavenumbers for some of the same ROA bands between 
this and earlier protein ROA papers Originate in different 
calibration protocols used with different spectrographs 
and also in uncertainties in some of the ROA peak 
pOSitions due to noise fluctuations. 
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Vibrational Raman optical activity of a-helical and unordered 
poly(L-lysine) 

Gary Wilson, Lutz Hecht and Laurence D. Barron* 
Chemistry Department, The University, Glasgow, UK GI2 8QQ 

Measurements of the vibrational Raman optical activity (ROA) spectra of poIY(L-lysine) in H 20 and 0 20 solutions, under 
conditions said to generate model /X-helical and unordered conformations, are reported. These provide new insights into the 
conformational elements actually present. In addition to several signatures characteristic of /X-helix, the /X-helical state (pH 11.0, 
2°C) of a sample with M w = 26 000 shows a strong sharp positive ROA band at ca. 1340 cm - I, previously assigned to rigid loop 
structure with local order possibly that of 3Io-helix, which suggests that the /X-helical sections are connected by segments of the 
corresponding loop. On increasing Nt .. to 268000 this loop signature grows to dominate the ROA spectrum with a concomitant 
decrease in the /X-helix bands. The unordered state (pH 3.0, 20 °C) shows clear signatures of several distinct conformational 
elements, including /X-helix, p-strand and, possibly, left -handed helix. Under conditions which tend to disrupt secondary structure 
(5 mol 1- I NaCI solution heated to 50 °C) the ROA spectrum of the unordered state shows a decrease in the intensity of the 
signature of the putative left-handed helix and an increase in bands assigned to /X-helix. 

Determination of the solution structure of polypeptides and 
proteins remains a central problem in biophysical chemistry. 
The potential value of vibrational spectroscopy, both IR and 
Raman,l- 3 in this area has been enhanced by adding the new 
dimension of optical activity,4- 6 which confers considerably 
more sensitivity to molecular conformation. The vibrational 
circular dichroism (VCO) approach, which measures a small 
difference in absorbance of left and right circularly polarized 
IR radiation by chiral molecules, is now well established as a 
valuable probe of peptide and protein secondary structure.7 

Lack of sufficient instrument sensitivity has, until recently, 
restricted application of the complementary technique of 
vibrational ROA, which measures a small difference in the 
intensity of vibrational Raman scattering from chiral mol
ecules in right and' left circularly polarized incident light, to 
more favourable samples.s However, thanks to new develop
ments in instrumentation,9- 11 ROA can now be measured 
routinely on a large range of biological molecules in aqueous 
solution and provides a fresh perspective on their solution 
structure. 12- 16 Polypeptides and proteins show particularly 
rich ROA spectra which, in addition to signatures character
istic of secondary backbone and sidegroup conformation, also 
appear to contain signatures from loops and turns. I 7-10 Pre
liminary ROA spectra of polY(L-lysine) in supposedly a-helical 
and unordered conformations have been published previously 
and appear to contain new information about the details of 
the solution conformation.12.17 In view of the importance of 
these states of poly(L-lysine) as models for some central fea
tures of polypeptide and protein conformation, and of the 
interest and controversy which still surrounds the precise 
nature of the unordered state and how it might differ from II 
true random coil,ll we present here a more detailed study 
based on ROA data of higher quality obtained using more 
recent instrumentation. 

The normal vibrational modes of polypeptides and proteins 
can be highly complex, with contributi?ns from many skeletal 
and sidegroup local vibrational coordmates all of whIch can 
affect the intensity and frequency.l The main advantage of 
ROA relative to conventional Raman spectroscopy here is its 
ability to cut through some of the inherent. complexity of. t~e 
conventional vibrational spectrum of the bIopolymer. ThIS IS 
because only those few local vibrational coordinates within a 

complicated normal mode, which sample the skeletal chirality 
most directly, make significant contributions to the associated 
ROA intensity, thereby generating characteristic ROA band 
patterns which are usually much simpler and more informa
tive than the parent Raman band patterns. Furthermore, 
unlike VCO which usually has to rely on 0 20 solutions for 
clear signal identification, ROA spectra can be measured just 
as easily in H10 and 0 20 and a comparison of the two can 
be highly informative. 16.19 

Polypeptides which adopt /X-helix, p-sheet and unordered 
conformations under certain conditions of temperature and 
pH have long been used as models for spectroscopic identifi
cation of corresponding secondary structure elements in pro
teins : thus POlY(L-lysine) supports a.n unordered state at low 
pH, an /X-helix state at high pH and low temperature, and a 
p-sheet state at high pH and high temperature.22

•
13 Raman 

spectra have been reported for all three conformations in 
aqueous solution.24- 16 Unfortunately, experimental diffi
culties prevented us from obtaining the ROA spectrum of the 
p-sheet state, but high-quality ROA spectra of /X-helical and 
unordered polY(L-lysine) were measured which will be dis
cussed together with the ROA spectrum of L-Iysine. 

Experimental 

Samples of polY(L-lysine) (hydrobromide, Nt .. = 26000 and 
268000 by viscosity) and L-Iysine were obtained from Sigma, 
together with the 0 20 . The L-lysine was dissolved in filtered 
deionised H 20 to a concentration of 2 moll - I. A solution of 
poly(L-lysine) with a concentration of 100 mg ml - 1 was pre
pared in a O. I mol I - I glycine buffer at room temperature at 
pH 3.0, under which conditions an unordered conformation is 
expected. 31•13 A corresponding solution in 5 mol I - I NaCI 
was obtained by combining solutions of NaCI and the poly
peptide in the same buffer at appropriate concentrations. 
Some difficulty was experienced in preparing a solution of /X
helical poIY(L-lysine) at the required pH 11.0 at 100 mg ml - I. 
The procedure finally adopted was to add dropwise to a 
weighed sample of polY(L-lysine) the appropriate number of 
moles, plus a 10% excess, of NaOH necessary to deprotonate 
all of the amide nitrogens at ca. O°C in an ice bath. On 
warming the sample, it was found to form a gel (presumably 
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due to crosslinking of the ~-helical structure), so cold dry air 
was blown over the sample cell in order to create an environ
ment of ca. 2°C during the recording of the ROA spectra. The 
0 20 solutions were prepared in a similar fashion. Unfor
tunately the p-sheet form of polY(L-lysinej obtained by heating 
the high pH sample exists as a gel with large random birefrin
gence which renders it unsuitable for ROA measurements. 

The solutions were filtered through Millipore GV4 (0.22 
~m) filters into quartz microfluorescence cells, which were 
subsequently centrifuged and left to equilibrate for at least one 
day at the temperature of the measurement. Residual fluores
cence was allowed to 'burn down' by leaving the sample in 
the laser beam for several hours before acquiring the ROA 
spectra. 

The instrument used for the ROA measurements is a devel
opment of our original backscattering ROA instrument.9 This 
was based on a single-grating astigmatic spectrograph fitted 
with a back thinned CCO detector with a holographic notch 
filter to block the Rayleigh line, ROA being measured using 
the incident circular polarization (ICPj strategy6 by synchron
izing the spectral acquisition with an electro-optic modulator 
used to switch the polarization of the incident argon ion laser 
beam between right and left circular at a suitable rate. This 
instrument has recently been upgraded'o with the intro
duction of a stigmatic Kaiser Holospec VPT spectrograph 
which employs a novel transmission diffraction grating per
mitting light collection at much lower F-numbers which pro
vides an approximately fivefold increase in speed compared 
with the spectrograph previously employed. The ROA spectra 
are presented in the form of a circular intensity difference (in 
analogue-to-digital converter counts) [R _ [L, where [R and [L 

are the backscattered Raman intensities in right- and left
circularly polarized incident light. The conventional Raman 
spectra are presented as a corresponding circular intensity 
sum IR + IL. The experimental conditions were as follows: 
laser wavelength, 514.5 nm; laser power at the sample, ca. 600 
mW; spectral resolution ca. 12 cm-'; recording time, ca. 3 h 
for the amino acid and 10 h for the polypeptides. 

For ROA measurements at other than room temperature 
(ca. 20°C) air was blown over the sample cell using an FTS 
Systems Model TC-84 Air Jet Crystal Cooler which can 
supply dry air over the range - 85 to + 100 °c. 

Results and Discussion 

L-Lysine 

It is important to know whether intrinsic sidegroup ROA 
makes significant contributions to the polypeptide ROA 
spectra: the relatively long sidechains of the constituent amino 
acids could take up interesting chiral conformations with large 
associated ROA. So we first show and briefly discuss, with 
emphasis on the CH l modes, the Raman and ROA spectra 
(Fig. 1) of the amino acid L-Iysine, since these have not been 
published previously. 

A detailed experimental and ab initio theoretical study of 
L-alanine has been published,'7.28 followed by more refined ab 
initio studies,6.29 together with an experimental study of some 
other simple amino acids.30 There are many similarities 
between the ROA spectrum of L-Iysine and those of L-alanine 
and some of the other simple amino acids in H20 in the range 
ca. 700-1200 cm - J which can be attributed to normal modes 
involving vibrational coordinates of the -CH(NH3 +)(C02H) 
group. Most of the differences can be attri~uted to C-C 
stretch with CH l rock (at the lower end of thiS wavenumber 
range) and CH l twist (at the higher end) coordinates of the 
-(CHl)4- groups.31.3l 
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The negative ROA band structure shown by L-Iysine in 
H 20 in the range ca. 1250-1340 cm- J is not shown by 
alanine, but prominent negative ROA bands appear in this 
range in L-serine where they were attributed to CHl twist and 
wag coordinates, together with COH bends.30 It is likely that 
CH 2 twisting and wagging also contribute to these negative 
ROA bands in L-Iysine, with significant contributions from 
NH deformations suggested by the changes observed In the 
ROA in this region in 0 20 solution. 

The large positive band at ca. 1363 em - J and the large 
negative band at ca. 1405 cm -, shown by L-Iysine in H20 are 
similar to features in the ROA spectra of L-alanine, L-serine 
and L-threonine which have been attributed to C. - H defor
mations and to the symmetric CO2 - stretch, respectively, so 
the same assignments can be made for L-Iysine. The positive 
ROA band at ca. 1445 cm -, can be assigned to the CH 2 scis
sors deformation.31.32 The very similar appearance of the 
ROA spectrum of L-Iysine in 0 20 in this region reinforces our 
assignments of these three ROA bands. 

General features of polypeptide vibrations 

Vibrations of the backbone in polypeptides and proteins are 
usually associated with four main regions of the Raman spec
trum :3.5.26.33 the C. -C stretch region ca. 870-950 em -', the 
C.-N stretch region ca. 1020-1150 cm-', the amide III 
region ca. 1230-1310 em -, which is supposed to involve 
mainly the in-phase combination of largely the N-H in-plane 
deformation coupled with the C.-N stretch, and the amide I 
region ca. 1630-1700 cm - I which arises predominantly from 
the C-O stretch. In fact, Oiem and co_workers5.34 have 
shown that, in small peptides, the amide III region involves 
much more mixing between the N-Hand C. - H deforma
tions than previously supposed, and should be extended to at 
least 1340 em -'. This is supported by a detailed ROA study 
of a series of alanyl peptide oligomers. 35 This extended amide 
III region is particularly important for polypeptide and 
protein ROA work because the coupling between N-H and 
C. - H deformations is very sensitive to the geometry and gen
erates a rich and informative ROA baqd structure containing 
signatures from loops and turns in addition to secondary 
structure. Sidegroup vibrations, especially those involving 
tryptophan, tyrosine, phenylalanine and CH2 and CH3 
groups, also generate characteristic Raman bands some of 
which show ROA signals. Bands in the amide II region ca. 
1510-1570 em-', which originate in the out-of-phase com
bination of largely the N-H in-plane deformation with a 
small amount of C.-N stretch, are not usually observed in 
the conventional Raman spectra of peptides and proteins, but 
are prominent in the IR.5 However. the amide II region 
becomes important in Raman and ROA studies in 0 20 solu
tion. 

cr-Helical POIY(L-lysine) 

The conventional Raman spectra of the M ... 26000 sample 
of a-helical POlY(L-lysine) in H 20 and 0 20 shown in Fig. 2 
are virtually identical to those in the literature (for samples 
with higher molecular weight).24.H From the absence of sig. 
nificant Raman intensity in the ca. 1200-1260 em -, region in 
the H20 sample, which appears here in the spectra of the 
random coil and p-sheet forms,24 together with other differ. 
ences, we can be confident that our sample-cooling procedure 
was effective in maintaining the a-helical structure and pre
venting crosslin king. The ROA spectra (Fig. 2) look very dif
ferent to those of L-lysine (Fig. 1), which suggests that most of 
the ROA intensity originates in vibrations of the peptide 
backbone rather than sidegroups (or that the L-Iysine side-
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group conformations are very different from that of the amino 
acid). 

Associated with the Raman band at ca. 943 em -, in H20, 
previously assigned to bac~bone and sidechain skeletal C.-C 
stretch modes of the ex-heltx structure,3.26 is a large positive 
ROA band peaking at ca. 931 em -, which has previously 
been noted as characteristic of highly ex-helical proteins such 
as bovine serum albumin and insulin,' 7 but not of p-sheet 
proteins.18 The negative ROA band at ca. 1000 em - " which 
is not so prominent in ex-helical proteins, might also be associ
ated with ex-helix modes or, since L-Iysine shows negative 
ROA intensity here, with the sidegroups (or perhaps both 
helix and sidegroups). It is also possible that the positive ROA 
band at ca. 1046 em-' might be associated with the side
groups, since again it does not appear to be characteristic of 
highly ex-helical proteins. However, the ROA couplet cent.red 
at ca. 1103 em -', negative at low wavenumber and positive at 
high, appears to be a characteristic ex-helix signature since it is 
prominent in ex-helical proteins.l7 Although the overall ROA 
band pattern of ex-helical poIY(L-lysine) in 0 20 in the range 
ca. 900-1170 em -, is generally similar to that in H20, which 
is expected for backbone skeletal stretch modes, the ROA 
band intensities are much weaker. Some of the changes in 
relative intensity and wavenumber on deuteriation can be 
attributed to increased involvement of N-O relative to 
N-H deformations in the normal modes at lower wavenum
ber' but this does not appear to account for such a large drop 
in the ROA intensities the reasons for which remain obscure. 

The general appearance of the ROA band structure in the 
extended amide III region in H20, namely negative intensity 

at lower wavenumber and positive at higher. is observed in 
most other polypeptides and all proteins studied to date. 
However, there can be considerable differences in the detailed 
structure which can be highly informative with regard to sec
ondary structure, together with loops and turns.' ~-20 The 
sharp positive ROA peak at ca. 1300 em - '. together \vith a 
smaller negative peak at ca. 1265 cm - I. is also shown by ex
helical proteins'6.l7.19.20 and appears to be a characteristic 
signature of ex-helix. The strong sharp positive ROA band at 
ca. 1340 em - I is particularly interesting since a similar band 
appears at this wavenumber in the ROA spectrum of bovine 
serum albumin (BSA) which has been ascribed to rigid loop 
structure with a particular type of local order. H - 17 As in 
BSA. this band vanishes in the 0,0 solution, which confirms 
its assignment to amide III-type coupled N-H and C.-H 
deformations rather than CH, deformations from the lysine 
sidec.hains. Overall the general appearance of the ROA in the 
extended amide III region in the 0 20 solution looks similar 
to that of fully deuteriated lysozyme,'9 being characteristic of 
the complete loss of the N-H deformations from the corre
sponding normal modes everywhere in the structure which are 
now dominated by local C.-H deformations.'··H ROA 
therefore provides convincing evidence that poIY(L-lysine) in 
its supposed standard ex-helical conformation (as evidenced by 
the appearance of the conventional Raman spectrum) in fact 
consists of stretches of ex-helix connected by rigid loop sections 
with the same type of local order as many of the loops in BSA. 
(In our earlier preliminary study, we could not be sure that 
this BSA-type loop structure was primarily associated with 
the standard ex-helical material because the appearance of the 
conventional Raman spectrum was much more unordered-like 
than ex-helix-like. 17) 

Evidence is accumulating that the local order associated 
with the loop structure responsible for the ca. 1340 cm - I posi
tive ROA band corresponds to that of 3,o-helix,lo sections of 
which are known to often occur at the ends of stretches of 
ex-helix.J6 This idea is supported by conventional FTIR 
studies of ex-helical POIY(L-lysinc)J7 in deuteriated aqueous 
solution which reported a strong band at 1638 em - ', signifi
cantly lower than that characteristic of ex-helical structure in 
proteins but close to the wavenumber later assigned to 3'0-
helix in proteins. J8 Furthermore, additional FTIR amide I 
components close to this wavenumber were detected when the 
molecular weight (from viscosity) was increased from ca. 3300 
to 24000, the latter being close to that employed here, which 
were suggested to arise 'from helical structures of slightly dif
ferent hydrogen-bonding characteristics, possibly due to dis
ruption of the hydrogen bonding in regions of the chain which 
become folded or twisted as the chain becomes longer'. 
Indeed, we found that the ROA spectrum of an ex-helical 
sample of poIY(L-lysine) of molecular weight ca. 4000 (not 
shown) displayed significantly less intensity in the band at ca. 
1340 em-', assigned to 3w helicalloops, and appeared to be 
a superposition of the ROA spectra of ex-helical and unordered 
samples. Conversely, an ex-helical sample of molecular weight 
ca. 268000 shows significantly more intensity in the ca. 1340 
em - , ROA band (vide infra). 

It is a little surprising that the strong sharp Raman band at 
ca. 1444 em - , in POIY(L-lysine), which originates in the side
group CHl scissors deformation, shows virtually no ROA, in 
view of the fact that L-Iysine itself shows large ROA in this 
mode. However, a couplet centred at ca. 1443 em - I, negative 
at low wavenumber and positive at high, appears in the ROA 
spectrum of the polypeptide in 0,0 and can be assigned to 
coupling of the CH2 scissors deformation with the amide II 
mode, which has shifted to lower wavenumber and now over
laps with the CH 2 scissors deformation band. Although . the 
amide II it.self usually shows little ROA in polypeptides and 
proteins, the shifted band in 0,0, called the amide II', almost 
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Fig. 2 Backscattered Raman and ROA spectra of a-helical poly(l
lysine) (Mw '" 26000) in NaOH solution at pH 11.0 (top halO and in 
NaOO solution at pO 11.0 (bottom half) both at ca. 2·C 

invariably shows significant ROA band structure due to coup
ling of the associated N-0 deformations with sidegroup CH 2 

or CH 3 deformations,, 9.H 

Unlike VCO in the amide I region, which is very sensitive 
to different types of polypeptide and protein secondary struc
ture,' ROA in the amide I region is not particularly informa
tive. Both a-helix and P-shect proteins show amide J couplets, 
negative at low wavenumber and positive at high :16-18 this 

. couplet is usually conservative in P-shect proteins, but has 
more intensity in the positive band at higher wavenumber in 
a-helix proteins with a crossover point ca. 10 em - I lower.18 It 
is reassuring t.~~!..!.he larg~_ positively biased amide I ROA 
couplet with a crossover point at ca. 1642 em -I shown by 
a-helical poly(L-lysine) is similar to that seen in a-helical pro
teins. In 0 20 solution, the amide I Raman band peak has 
shifted by ca. 16 em - I to lower wavenumber due to the loss of 
the small contribution of the N-H in-plane bend to the 
normal mode on deuteriation.2 An ROA couplet similar to 
that in H20 still appears, but with greatly reduced intensity as 
in the backbone skeletal stretch region. (In highly a-helical 
proteins such as BSA the positively biased amide I couplet 
persists in 0 20 with similar intensity to that in H 20 because 
most of the a-helical structure remains unexchanged. 15.16) 

Unordered poly(L-lysine) 

Again the conventional Raman spectra of the Mw = 26000 
sample of unordered POIY(L-lysine) in H20 and 0 20 shown in 

1506 J. Chern. Soc., Faraday Trans., 1996, Vol. 92 

"'; 
"-

l Z. 7x l0 7 

ROA 
t 

.... 
, 

0 
"- I 

11 l.6XIO' 

] 3.0xt0 7 

1 1.2x I0 · 

700 900 1100 t300 1500 1700 
wOIvenumhcr/cm-1 

Fig. 3 Backscattered Raman and ROA spectra of unordered poly(l
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Fig. 3 are virtually identical to those in the literature.2 •. 15 The 
ROA spectra in H 20 are very similar to those obtained pre
viously;2.1' but are of better quality. It is interesting that the 
general appearance of these ROA spectra is quite different 
from those of unfolded proteins: in H 20 the latter arc usually 
dominated by a broad relatively unstructured conservative 
couplet in the extended amide m region with little ROA band 
structure elsewhere ;16.19 whereas unordered POly(L-lysine) 
shows significant ROA structure throughout the spectrum 
with a positively biased, highly structured, amide III couplet. 
As discussed below, these observations concur with current 
thinking on the unordered state of homopolypeptides recent 
studies of which,ll including VCO,l9-.1 have provided 
support for the original proposal by Tiffany and Krimm42 

that they actually contain locally ordered stretches of left
handed helix with 2.5-3 residues per tum, possibly similar to 
that of POlY(L-proline) II. However, in addition, the ROA data 
indicate that the stretches of left-handed helix are interspersed 
with several other well defined structures. 

Thus. in place of the ROA couplet in a-helical POlY(L-lysine) 
with positive and negative peaks at ca. 931 and 1000 em- I 
which appears to be a characteristic a-helix signature (at least 
the positive peak at lower wavenumber), unordered POIY(L
lysine) shows a very similar ROA couplet in this region, but 
with opposite sign which might originate in backbone skeletal 
stretch modes of left-handed helical structures. Since there is 
no sign of any positive ROA band at ca. 1340 em - I we con
clude that the regions connecting the putative stretches of left-



handed helix in random coil polY(L-lysine) do not have the 
local order characteristic of 31 o-helix. as they appear to do in 
the ll-helical polypeptide. 

It is intriguing that a strong sharp positive ROA band is 
present at ca. 1314 cm -I which is characteristic of p-sheet 
proteins,16.18 indicating that there is a significant amount of 
p-strand structure present; however. since there is no negative 
ROA in the range ca. 1340-1380 cm -I characteristic of 
p-turns in proteins,16.1S we can also suggest that the ends of 
the strands are not connected by tight turns. The absence of 
p-turns is not unexpected since glycine and proline residues 
are usually required to generate the tight turn structures con
necting the ends of adjacent p-strands in proteins. l6 The pres
ence of p-strands is supported by the broad structured 
positive backbone skeletal stretch ROA band in the range ca. 
1000-1060 em-I, since this region is known to contain con
ventional Raman bands characteristic of p-sheet,l and a 
similar band appears here in the ROA spectra of some p-sheet 
proteins. 16.11 

Although ll-helical poly(L-lysine) shows virtually no ROA 
associated with the CH2 scissors deformation Raman band at 
ca. 1444 em - I, in the unordered polypeptide there is a hint of 
a broad negative band here with a broad positive partner at 
ca. 1550 em - I, suggesting coupling between the CH 2 defor
mations and the amide II: this feature becomes more pro
nounced at high salt concentration (vide infra). 

The negative component of the amide I ROA couplet 
shown by the ll-helical form has almost disappeared but the 
positive component remains relatively unchanged. This is not 
the same as the amide I ROA observed in unfolded (reduced) 
lysozyme where a small ROA couplet remains but is shifted 
along with its parent Raman band to higher wavenumber by 
ca. 10 em - I, in accord with the amide I assignment of 
'random coil' in the conventional Raman spectroscopy of pro
teins.l 

It is interesting that a sharp amide III ROA couplet, with a 
weaker negative component at ca. 1265 em-I and a stronger 
positive component at ca. 1300 em - I, is clearly present on the 
low wavenumber side of the strong positive p-strand ROA 
band at ca. 1314 em - I, since this signature also appears in the 
high-pH sample of POlY(L-lysine) where it has been assigned to 
ll-helix vibrations (vide supra). If this assignment is correct, 
then sections of ll-helix are also present in the low-pH sample 
of polY(L-lysine). At first sight it might be thought that this is 
incompatible with the suggested presence of left-handed helix, 
because an amide III couplet at similar wavenumber but 
opposite sign might have been expected, which would have 
tended to cancel that from the a-helix. However, interchain 
hydrogen bonds are absent from the polY(L-proline) II 
helix,l6.l9 and it has been suggested that interchain hydrogen 
bonds are also absent from residues taking up this conforma
tion in proteins (the conformation being stabilized by hydro
gen bonds to either water or sidechains).21.4l Interchain 
hydrogen bonding of N-H groups has a significant influence 
on the contribution of N-H deformation coordinates to 
normal modes in the extended amide III region, so we would 
not expect left-handed helix to show simple mirror-image ver
sions of the ll-helix ROA signatures here. However. since 
N-H deformations contribute much less to normal modes in 
the backbone skeletal stretch region, the absence of the ROA 
couplet. negative at lower wavenumber and positive at higher, 
centred at ca. 1103 em - I in a-helical polY(L-lysine) might well 
be due to cancellation by a similar ROA couplet of opposite 
sign from the left-handed helix (in fact a small couplet of 
opposite sign can be seen here which might be the residual 
left-handed helix couplet). 

It is perplexing that the ROA spectrum of unordered 
poly(L-lysine) in D20 in the backbone skeletal stretch region, 
and also on the low wavenumber side of the extended amide 
III region. shows little relation to the corresponding ROA 

spectrum in H20. in view of the fact that the a-helical samples 
in D20 and H20 showed quite similar. albeit much weaker, 
ROA band patterns in this region (vide supra). This might be 
due to the presence of several distinct conformational ele
ments. some of the ROA signatures of which give more 
prominent ROA signals when the backbone N-H groups are 
fully deuteriated: one possible example is the large couplet 
centred at ca. 1130 em-I. positive on the low wavenumber 
side and negative on the high, which is an approximate mirror 
image of that seen here in a-helical poIY(L-lysine) in 0 20 (Fig. 
2). This suggests it is the corresponding signature of left
handed helix, appearing much more strongly than in H20. On 
the high wavenumber side of the extended amide III region, 
unordered polY(L-lysine) in 0 20 shows an ROA couplet 
centred at ca. 1331 em-I. positive at low wavenumber and 
negative at high, which resembles that shown by ll-helical 
poly(L-lysine) in 0 20 (Fig. 2) and probably originates in local 
C. - H deformations. Another ROA couplet centred at ca. 
1454 em - I. negative on the low wavenumber side and positive 
on the high, appears in the CH 2 scissors deformation region: 
it is striking that this couplet is shifted by ca. 20 em - I to 
higher wavenumber, relative to a similar one in a-helical 
POIY(L-lysine) in 0 20, which is presumably due to a depen
dence of the associated coupling of the amide U' and CH2 
scissors deformation on the conformation. The unordered 
polypeptide in 0 20 shows very similar ROA in the amide I 
region as in H20. 

It is known that concentrated salt solutions can encourage 
loss of order in polypeptides,44 and since Paterlini el aU' 
reported the disappearance of most of the amide I VCO 
shown by unordered polY(L-lysine) in 5 mol 1- I NaCI we mea
sured the ROA of polY(L-lysine) at low pH in 5 mol 1- I NaCI 
to see if an equivalent result was obtained (however, it should 
be noted that the molecular weight of their sample was 
525000 whereas ours was only 26 (00). The corresponding 
Raman and ROA spectra measured at ca. 20·C are shown in 
the top half of Fig. 4. Unlike the resulting VCO spectrum, the 
ROA spectrum is still highly structured, which implies that 
considerable ordered structure remains in the polypeptide: in 
particular, the negative ROA band at ca. 916 cm -I in the 
unordered sample (Fig. 3) ascribed to left-handed helical struc
ture is much weaker and most of the ROA features in the 
backbone skeletal stretch, amide III and amide I regions 
ascribed to a-helix from the high pH sample (Fig. 2) have 
increased; whereas the sharp positive peak at ca. 1314 em-I, 
assigned to p-strand, is unchanged. Notice, in particular, that 
a negative-positive ROA couplet centred at ca. 1103 em - I. 

characteristic of a-helix, has now appeared (with the negative 
and positive peaks shifted slightly apart). This supports the 
suggestion above that the absence of this feature in the 
unordered sample is due to cancellation by a similar signal of 
opposite sign from the left-handed helix. Furthermore, the 
broad couplet, negative at ca. 1448 em-I and positive at ca. 
1554 em - I, which is just perceptible in the unordered sample 
(Fig. 3) but is not apparent in the a-helical sample, ascribed to 
coupling between sidegroup CH 2 deformations and the back
bone amide II, is now much more pronounced. As can be seen 
from the ROA spectrum in the bottom half of Fig. 4, on 
heating the sample to ca. 50·C this trend towards increased 
intensity of «-helix ROA signatures at the expense of those of 
left-handed helix is reinforced. Hence. ROA shows that both 
left-handed helix, right-handed a-helix and p-strand structures 
are represented in unordered polY(L-lysine), with the left
handed helix giving way to right-handed a-helix under desta
bilizing conditions. This conclusion brings to mind the study 
by Drake et Ql.4~ of the temperature dependence of the elec
tronic UV CO of polY(L-lysine) solutions over the range -100 
to +80·C. This suggested that conformers containing left
handed helical structure become dominant at low tern
perature;21 however, unlike the present ROA study, these UV 
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CD studies were unable to provide much insight into the 
nature of the high-temperature statc. 

Higher-molecular-weight poly(r.-Iysine) 

111 view of the possibility that the predominance of particular 
conformational features might depend on the chain length of 
individual polymers, we measured the ROA of a-helical and 
unordered poly(L-lysine) using a sample with M., = 268000, 
this being roughly the highest value for which ROA measure
ments are possible (on account of lower solubility, increased 
tendency to gel formation etc.). The resulting spectra are 
shown in Fig. 5. 

The ROA spectrum of the supposedly a-helical form of the 
higher-molecular-weight poly(L-lysine), shown in the top half 
of Fig. 5, displays some remarkable changes relative to that of 
the lower molecular weight sample in Fig. 2. The positive ca. 
1340 ern - I band, assigned to loop structure with local order 
corresponding to 3w helix, has grown to ca. 1.5 times its pre
vious intensity, with the intensities of the amide I and amide 
III a-helix bands, together with that of the a-helix couplet 
centred at ca. 1103 ern - I, falling to ca. half their previous 
values, suggesting an increase in the amount of rigid 3w 
helical loop structure at the expense of a-helix. Additionally, 
the sharp positive a-helix ROA band at ca. 931 ern - I has been 
replaced by broad weak ROA intensity peaking at ca. 838 
em-' ·which might be associated with ROA intrinsic to 310-

helix, and the negative and positive ROA bands at ca. 1000 
and 1046 em - I have disappeared. This large increase in 310" 
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helix content on increasing the average molecular weight from 
24 ()()() to 268000 might be a measure of the greater tangling 
from the many more sharp turns which the more regular 
a-helix cannot support. 

The ROA spectrum of the unordered higher molecular 
weiRht sample of polY(L-lysine}, shown in the bottom half of 
Fig. 5, displays a general reinforcement and sharpening of the 
features seen in that of the lower-molecular-weight sample in 
Fig. 3. One difference, however, is a large increase in the nega
tive band at ca. 1075 ern -I, which now makes up a prominent 
couplet with the positive band peaking at ca. 1048 ern - I. A 
similar couplet appears in the ROA spectrum of the lower
molecular-weight unordered sample at high salt concentration 
shown in Fig. 4. This feature could be associated with the 
right-handed twist characteristic of the strands in IJ-shcet 
which is equivalent to a left-handed helical conformation of 
the peptide backbone,46 for a similar couplet appears in pro
teins such as ribonuclease A 13, which contain highly twisted 
double-stranded P-shcet but not in proteins such as concanav
alin A 16 which contain relatively fiat multi-stranded IJ-shcet in 
a p-barrel. 

Concluding remarks 
On account of its ability to monitor both extended secondary 
structure and locally ordered loop structure, ROA has pro
vided a fresh perspective on the supposedly ex-helical and 
random coil slates ofpolY(L-lysine} in aqueous solution. 



The most interesting new aspect of the 2-helical state. 
revealed by ROA. is the presence of rigid loop structure 
similar to that found in BSA. and which might have the same 
local order as 3 ",-helix. This was repon;d in earlier pre
Iiminar ROA work :'- however. here. we have confirmed its 
presence under more carefullv controlled conditions. Our 
work reinforces recent electron paramagnetic resonance 
studies on small C" disubslltuted peptides in aqueous solu
tion. where significant amounts of 3".-helix were found to 
coexist with 2-helix"--'" and has implications for the contin
ued use of polyll-Iysinel as a standard model for 2-helix signa
tures in electronic UV CD. which is challenged by mixtures of 
2- and 3IQ-heli~. The IlIrge increase in 3lo-helix content. 
detected on increasing the average molecular weight from 
26000 to 268000. suggests that 2-helix converts into 3lo-helix 
to enable the backbone to negotiate the many more sharp 
bends expected in the longer polypeptide chaill. These obsen
ations. together with recent protein ROA data. provide new 
input into current discussions on the role of 3lo-helix in 
protein packing and in local unfolding in proteins.' I 

ROA has revealed that the so-called unordered state of 
polYIL-lysinel actually contains several well defined conforma
tions. including those corresponding to 2-helix. fJ-strand and. 
possibly. left-handed helix. perhaps with some others as yet 
unidentified: but no 310-helical or fJ-turn structure. It certain
ly has nothing like the conformational heterogeneity and 
associated mobility of an unfolded protein. It is possible that 
true • random coil' structure is supported only by unfolded 
proteins. where exposure of all of the residues in the hetero
polypeptide to solvent water molecules leads to rapid sam
pling of a large range of backbone 1/1.1/1 angles (but with some 
ranges of angles favoured over othersl which is characterized 
by a broad relatively unstructured amide III ROA 
couplet.,··19 Perhaps hornopolypeptides are not able to 
support this type of dynamic disorder? 

The close similarity of a number of features in the ROA 
spectrum of unordered polyIL-lysine) with those found in pro
teins containing highly twisted li-sheet'- prompts the sugges
tion that the putative left-handed helix is perhaps more akin 
to that of right-twisted fJ-strand"· than to that of polyll
proline 11). 

This qualitative analysis of the ROA spectra of different 
states of poIY(L-lysine) has been somewhat overwhelmed by 
the enormous wealth of detailed information they contain 
about the distinct conformational features present. The exis
tence of several independent ROA signatures of certain types 
of structure suggests that it should ultimately be possible to 
specify with reasonable precision the actual compositions. 
However. the ROA spectra of each distinct conformer cannot 
be measured separately since it does not appear to be possible 
to prepare pure samples containing each in isolation. so this 
type of quantitative analysis will probably have to wait until 
the ROA spectra of model peptide conformations can be cal
culated reliably using ab ini/io methods. l9 
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