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Abstract

Analysis of the secondary structures of the stahg@aoteins myoglobin, hemoglobin,
lysozyme andx-chymotrypsin by CD spectroscopy resulted in excelhgreement of
estimated fractional composition with that obsenmsdx-ray crystallography. CD
spectroscopy was found to be very accurate fomeasing a-helix and random coil
content, but considerably less so for estimatifgheet. Conversely, FTIR
spectroscopic analysis of the same proteins prowdae more accurate f@-sheet
estimation than eithax-helix or random coil. Overall, CD spectroscopy i@snd to
be superior to FTIR spectroscopy for the quantiéatnalysis of protein secondary
structure, however, the two techniques are highiygimentary for protein structural
studies. Both CD and FTIR methods were found touseful for protein stability
studies, where CD is suited to analysimfelix stability through CEk, protein melts,
and FTIR is capable of investigating protein aggtemn phenomenon (together with

2D correlation spectroscopy) afiesheet stability.

The anhydrobiotic AavLEA1 nematode protein was alseted to be a
natively unfolded protein with an extended tertiagnformation. From FTIR melt
experiments this protein was shown to resist teatpeg-induced aggregation and to
act synergistically with the trehalose disaccharideretarding the aggregation of
cytochrome c. AavLEA1 was also shown to be capabfgoducing protein fibrils by
adopting a completely helical structure in the pneg of high concentrations of TFE.
Additionally, titration with C&" resulted in an increase of ordered secondarytateic

and demonstrated AavLEAL1’s ability to sequesteiooat

A second nematode anhydrobiotic protein (P. suplDwas found to be
structurally very similar to the human DJ-1 homokgd exist as an/pB-mixed (3-
sandwich protein. Stability studies revealed thatsép DJ-1 showed considerable
temperature stability, both in terms of its helionthins and its resistance to
aggregation. The structure of P. sup DJ-1 was fotmde unaffected by high
concentrations of $D,, as was its temperature stability, leading todteclusion that
this protein functions as a molecular chaperonelieve oxidative and/or heat stress,
similar to current opinions on the functionalitytbé human homolog.[1]



The Rabll-FIP3 homo-dimer predicted coiled coiltgro fragment was
confirmed by CD spectroscopy and TFE titration. Bee Rab11-FIP2 homo-dimer,
mutation of the valine residue 456 and the leucasgdue 457 to glycine residues was
found to destabilise the mutant relative to thedwylpe. As such, these residues are
concluded to be of central importance in the forambf the coiled-coil cap that

protects the hydrophobic core from the agueousrenrient.

References:

1 Shendelman S, Jonason A, Martinat C, Leete T,i8keh A. DJ-1 is a redox-
dependent molecular chaperone that inhibits alghaedein aggregate formation.
Plos Biology 2(11):1764-1773, 2004.



Chapter | Introduction

Chapter |

| ntr oduction

As a compliment to the discovery of new anhydrabigenes in nematodes it was
desirable to develop a spectroscopic suite througith structural analysis of the
proteins encoded by these genes could be perforBethuse there was a need to
examine the solution behaviour of protein structtine spectroscopic techniques of
circular dichroism (CD) and Fourier-transform im&d (FTIR) analyses were chosen
as the most powerful methods available. In genetél, and FTIR spectroscopic
protein structural analysis can be divided intosthonethods designed to study the
secondary structures of proteins and those capaiblievestigating their tertiary
structures. The spectrometer to be used for equh @y analysis must be optimised
for that particular spectroscopic technique andrefore, it was decided to initially
focus on designing a system capable of investigatire secondary structures of
proteins. Therefore, far-UV CD and mid-IR FTIR spemeters were selected as the

primary tools for analysing protein secondary strces content.

The study of protein structure by either CD or FHEpectroscopy is a more
global and less specific approach than the morelwed and exhaustive methods of
nuclear magnetic resonance (NMR) or x-ray crystgdphy spectroscopy. While
both the latter techniques are capable of furngshine precise molecular coordinates
of a protein molecule (and, hence, a detailed gesmn of both its secondary and
tertiary structure), they nonetheless possess ditiaits that are important to the
investigation of protein molecules. For exampleithee technique is capable of
studying a protein’s secondary structure as a dymapstem that responds to changes
in its physical environment, but instead treatghatein as a static rigid structure. This
is acceptable when only the absolute structurepsbtein is required, but disqualifies
both NMR and x-ray crystallography techniques frioeing able to examine proteins
for structural variation. Because both CD and FT#hniques can be rapidly
performed on proteins in solution, they are ideat &tudying their structural
behaviour over a range of varying physiologicaldibans - a property that is of great

interest to the biological characterisation of piag in general.
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The stringency of each spectroscopic techniqueeterthining the conditions
that the protein sample must fulfil, coupled witke tdifficulty for the biologist to
achieve these conditions without compromising thatgin’s structure, represents a
considerable barrier to structural investigatidfst x-ray crystallography the biggest
challenge is to crystallise the protein and in @irtd that contain significant random
coil content this is very often impossible. Anadysif proteins by NMR requires very
large amounts of protein in high concentrationmany cases it is difficult for the
protein biologist to generate the amount of proteiquired and in such instances,
analysis by NMR cannot be achieved. Where proteirthesis is difficult CD is of
particular use, since the sensitivity of the CDhteque is such that it requires only
approximately 0.04 mg of protein to obtain its Gi2strum. CD analysis is somewhat
restricted, however, in that it requires the protegample to be free from
contaminating detergents and other artefacts aseélective in terms of what buffer
solutions may be used. Where such restrictionsgoteanalysis of a particular protein
by CD, it is likely that the same protein sampleyrba analysed by FTIR — although
FTIR analysis requires considerably more protem.pkactical terms, therefore,
protein CD and FTIR are highly complimentary tecjugs.

Biofluorescence is a phenomenon that can be useshdasure distances
between chromophores via the fluorescent resonamezgy transfer technique
(FRET) on a scale that is applicable to proteinenoles. In the case of the AavLEA1
protein, time-resolved biofluorescence was usedutther investigate its solution-
phase protein structure, using a pulsed laser Bghtce. Similar to CD and FTIR,
FRET is a dynamic technique and it is most effectivhen used to investigate the
binding of proteins to other molecules, insofareagrgy transfer might occur upon
protein-ligand association, but will be absent weheo interaction is present. FRET
may also be used to investigate the associatignadéin domains with one another as
a function of the folding or unfolding of a proteor with the occurrence of a

structural transition.

Preparation of protein samples capable of beindysaeé by CD, FTIR or
FRET within this work, involved considerable effant the development of protein
expression, purification and site-directed muta{i8BDM) systems. Protein expression
requires the identification of a specific proteieng from within the organism’s

genome and the engineering of this gene into aowgtasmid. The plasmid is then
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transformed into ar. coli cell and the cell's mechanisms are used to exphess
protein from the introduced gene. Purification gafig relies on a modification of

the protein in question at the genetic level, st it contains an additional amino-
acid sequence tag. An example of this is the inikcddn of a His-tag region, which is
composed of repeated histidine residues, at oneo€ige resulting fusion protein.
The His-tag can then be used to purify the protgnaffinity chromatography.

Investigation of the structural consequences oérialy single residues within a
protein’s primary sequence may be achieved usingl.SDonsidering that some
genetic diseases are the result of a single paitaton within a gene, it is important

to compare the structural profile of the native andated protein in such cases.

Upon installation of the CD, FTIR and FRET instrurtagion the immediate
task of validating each technique was necessgpyawade confidence in the accuracy
of each system. For the CD and FTIR systems a camepsive analysis of a number
of standard commercial proteins was performed. Tulkided a quantitative analysis
of each protein’s secondary structure by both CERIR methods and the results of
these tests could be compared with the known drgdtacture of each protein.
Protein FTIR melt experiments were also perfornmdehich standard protein in order
to examine the protein unfolding process and twanedisional correlation
spectroscopy was used to investigate the sequehdhiso process. The FRET
experiment was validated using fluorescently-lazelBSA, whereby FRET was

detected by both steady-state and time-resolvethksoence spectroscopy.

An investigation of the secondary structure of #mdydrobiotic AavLEAL
nematode protein from the nemato8iehelenchus avenae, which is up-regulated in
response to desiccation, was performed using CD ERHR spectroscopy. A
subsequent examination of the possible functiomhéavLEA1l was carried out by
monitoring its structural variation in responseatwariety of physiological changes
and the results of these tests were consideredancontext of current models
describing the possible roles of similar anhydrabiproteins. To this end the tertiary
structure of AavLEA1 was also examined using th&FRechnique by introducing a
single cysteine residue at a specific locationSIM and labelling this cysteine with
one of two different fluorophores. The occurrenterergy transfer between the lone
tryptophan residue within AavLEAl and the site-sfieslly incorporated

fluorophore was used to determine their distanaatagnd from this the degree of
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extendedness or compactness of the protein backivaserevealed. The role that
AavLEA1l might play in stabilising the secondaryustures of other proteins was
investigated by FTIR melt experiments and the fdssynergistic functioning with
the disaccharide trehalose was considered inelysrd.

A DJ-1 homolog was discovered as a second anhyatiobprotein that
became up-regulated in response to desiccationhefpanagolaimus superbus
nematode. Deleterious mutations within an homolgsgbuman DJ-1 have been
associated with the genetic condition of early-or3&kinson’s disease. One of the
primary functions of the DJ-1 family of proteinsts combat oxidative stress within
cells by acting as a molecular chaperone to presie structures of complex protein
molecules. The x-ray crystal structure of the huarl protein has been solved and,
in an effort to understand possible structural &mtttional similarity of the novel
nematode DJ-1, its secondary structure was exanbyédth CD and FTIR methods.

The Rabll-FIP proteins are a group of Rabll infi@gcproteins that
complex with the Rab11 protein, via a Rab bindiegndin possessed by all Rab11-
FIP’s, to create a protein complex that functionsthe trafficking of vesicles to
different regions of the cell. The Rab11-FIP2 amdbRL-FIP3 proteins are understood
to first self-associate and form homo-dimers betbey interact with Rab11 proteins
to generate the functional complex. X-ray crystéphy has shown that the self-
association of the Rab11-FIP2 protein is by wayadfoiled-coil interaction. As a
confirmation to the nature of Rab11-FIP3 homo-difeemation, the structure of the
predicted coiled-coil homo-dimer protein fragmentasw examined using CD
spectroscopy. For the Rabl11-FIP2 protein, for whiah coiled-coil interaction has
been observed, the importance of the coiled-cap*avas examined by performing
SDM on residues in this region and then analydiegstructures and stabilities of the

resulting mutants by both CD and FTIR spectroscopy.
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Chapter I

Far-UV Circular Dichroism and Fluorescent

Resonance Energy Transfer Spectroscopy

[I.1 The Use of Polarised Light in Spectroscopy

[1.1.1 The Polarisation of Light

Plane polarised light differs from normal non-pdad light in that the electric
vectors of all photons, which describe both thesphand the polarity of the light, are
confined to a singlexy-plane, whereas for non-polarised light a photoglactric
vector may have a random direction. For circuladyarised light the electric vector
rotates uniformly about the direction of propagataf the light by 2t during each
cycle and, when observed opposite to the direabiohght propagation, rotation is
either clockwise or anticlockwise for right or leftircularly polarised light,
respectively. Therefore, the electric vector ofcaiarly polarised light traces out
either a right- or left-handed helix, dependingvdmether it is right or left circularly
polarised. Figure II.1 illustrates a vector repréaBon of the polarisation character of
both plane polarised and circularly polarised ligi@ircular dichroism (CD)
spectroscopy involves stimulating molecules to wgdeslectronic transitions from

lower to higher energy levels using circularly paed light.

_____ 1[][11.

Figure II.1. lllustration of the polarisation of light. a, b andc illustrate plane polarised, rig
circularly polarised and left circularly polarisdiht, respectively. The solid arrows show
instantaneous spatial direction of the electricaeavhile the dashed arrows depilae propagatic
direction of the light. The variation in the potgrof the electric vector is shown to the righteafct
illustration.
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I1.1.2 Optical Retardation and the Generation of Crcularly Polarised Light
Figure 1.2 shows that plane polarised light candeeomposed into left and right
circularly polarised components that are in-phasd af equal magnitude. When
incident at 48to the optic axis of an optically active crystédme polarised light can
be resolved into two orthogonal components: theaexdlinary wave and the ordinary
wave. The extraordinary wave lies in the same pls¢he original plane polarised
light, the so-called optic axis, whereas the ondingave lies in a perpendicular plane.
A retardation plate affects plane polarised lightselectively retarding the ordinary
wave and the degree to which the ordinary waveetarded depends upon the
thickness of the retardation plate. Passing plaakariged light through a\/2
retardation plate causes a complete offset in thesgs of the extraordinary and
ordinary waves, with the result that the emergitan@ polarised beam has its optic
axis rotated by an angle of V0f, however, plane polarised light is passed tgioa
A4 retardation plate the extraordinary and ordinaayes are offset so that the zero
of one wave corresponds with the peak of the offiee. result is that plane polarised
light passing through &4 retardation plate exits as circularly polariigtt.

In arriving at a classical expression for left aight circularly polarised light,
one starts by considering the extraordinary andharg waves ag- andy-polarised
electric vectorsk, andEy, which propagate along the z direction and arerde=d by

the equations

E, =iE, co{va(t —%H (1.1)

E, =jE, co{va(t —%H (11.2)

wherei andj are unit vectors along theandy axes, respectively, is the radiation

and

frequencyit is time,n is the refractive index of the medium ands the velocity of
light in vacuo. To simulate the condition for thedative phases of the extraordinary
and ordinary waves for circularly polarised light phase difference ofv2 is
introduced to thg-polarised electric vector, leading to

E, = +jE, sin{Zﬂv(t —EH (11.3)

c
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The vector addition of Equations 1I.1 and 11.3 givhie required expressions for left

and right circularly polarised lighE* andE", respectively, where

< -effonEefn]] o

< -effon 2wl

11.1.3 Optical Rotatory Dispersion

Plane polarised light exiting an optically activarisparent medium has an optic axis
that is non-parallel to the original plane poladidght. This ability of an optically
active medium to rotate the plane of plane poldrisght depends on it having an
unequal refractive index for left and right ciralyapolarised light, i.en # ng, where

n refers to the refractive index. This phenomenorgasared over a range of
wavelengths, is referred to as optical rotatorypelision (ORD) and ORD is
commonly used to study the optical activities oftenals by characterising them in
terms of the angle through which they rotate thecogxis of plane polarised light.
The optical activity of a material is quantified ity specific rotation,d], as

_a _a
[o T (11.6)

wherea is the observed rotation in degrekeis the pathlength in decimetrasis the
material density in grams per cubic centimetre (§cm is the fraction per weight of
the optically active substance abtis the concentration in géinFresnel’s equation
for a in radians per unit pathlength, as measured isdnge units ak, is given by

g =) _AnR)” (11.7)

The occurrence of a concentration parameter inatmu 1.6 allows an

expression for the molar rotatioM], to be defined as

M,a _ 100
(1oab’) Ib

[M]=M, [a]x1072 = (11.8)
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whereM; is the molecular weight of the optically activeteral, | is the pathlength in
cm andb is the concentration in mol’L The molar rotation is then expressed in units
of degree square centimetres per decimole (degdenol?). Figure I1.2 illustrates
the resolution of the plane polarised resultanttate vector into its left and right
circularly polarised components. Figure Hi.8hows the rotation of the plane of

resultant plane polarised light by an anglevhen circularly polarised light is passed

through a transparent dextrorotatory medium.

Resultant

o

Figure 11.2. lllustration of ORD for a dextrorotato ry medium. a Before enterin
the dextrorotatory medium the electric vectors athbright and left circularl
polarised light combine to produce a plane poldrisssultant parallel to the opti
axis, as defined by the dotted vertical libeAfter passing through the dextrorotat
medium both right and left circularly polarisedHigcombine to produce a ple
polarised resultant, which is now oriented at agl@a from the optical axis.

[1.1.4 Circular Dichroism and Elliptically Polarise d Light

Since CD stimulates the upward transitions of ebest from lower to higher energy
levels, an absorption process must be involved aoehrdingly, circular dichroism is
defined as the absorption differential of left wexgight circularly polarised light,

where dichroism refers to the differential absamptiof light polarised in two

directions as a function of frequency.

An important correlation exists between an opticafictive material’s
refractive index and its absorption extinction ¢woednt for circularly polarised light,
such that performing a Kronig-Kramers transfornmatan the ORD spectrum of an
optically active material returns its absorptionedpum and vice versa. The
absorption indice& andkg, for left and right circularly polarised light,ggectively,
are related to the refractive indicas and ng such that, at wavelengths where an
optically active material is transparenthitngr thenk >kr at wavelengths where the
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material absorbs. Therefore, optically active malerthat are non-transparent in
certain wavelength regions necessarily exhibit @Bcgra. Optical rotation over such

non-transparent regions is known as anomalous ORD.

Figure 1.3 illustrates the combined effects of madous ORD and CD on
circularly polarised light as it exits a dextrooiy absorbing material. Due to the
greater absorption of left over right circularlylgsed light, the resultant electric
vector is no longer composed of equal amounts fofaled right circularly polarised
components and this inequality gives rise to a ltasu that is no longer plane
polarised, but instead is elliptically polarisefihe anglen between the major axis of
the ellipse and the plane of the incident polaribght is the effect of anomalous
ORD, whereas the anglgis the material’s ellipticity, which is defined #g tangent
of the ratio of the major and minor axes of thge# described by the resultant of the

exiting elliptically polarised light, as follows

tany = % (1.9)
where E. and Er are the magnitudes of the left and right circylapolarised
components of the elliptically polarised light. Theajor and minor ellipse axes
correspond to the sum and difference in the angegof the two circularly polarised
components on emerging from the material, respelgtiFor the purpose of clarity,
the magnitude of the elliptically polarising effeftCD has been greatly exaggerated

with respect to the anomalous ORD effect in Figug

The amplitude of the electric vector over a unithfength decreases as the

light passes through the absorbing material acogrtti
E=E, exp(_inkj (11.10)

Since both i — kg) and ¢ are always very small, approximating gaas ¢ and

considering only the first two terms in the expararof Equation 11.10 is reasonable,
with the result that from Equations 1.9 and IL.t@ following analogous expression
arises for the ellipticity, in terms of the absawptindices,k. andkg, as to that of

Fresnel's equation 1.7 for optical rotatioo, which is expressed in terms of the

refractive indicesn, andng;
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=t TRIT (I1.11)

Figure 11.3. lllustration of the combined effects d ORD and CD on the polarisatior
of plane polarised light after passing through a derorotatory optically active
absorbing medium. The vertical dotted line indicates the iopt axis of resultant plai
polarised light before entering the medium andm@oORD.a is the angle by which tl
optical axis is rotated when exiting the mediunsuténg from ORD. The two dott
circles represent the elliptically polarised compainleft and right circularly polaris
electric vectors exiting the medium over a complegele. The ellipse represents
electric vector resultant of the left and rightcalarly polarised light exiting the medi
over a complete cycle. The magnitudes of all electectors are proportional to 1
lengths of the arrows.

Also, because the intensity of light,is proportional to the square of the amplitude of

the electric vector, the following equation canvwoéten;

A= IoglO[II—OJ = Iogl{exp(%ﬂ (1.12)

Combining Equations I.11 and 11.12 gives

AA= 30x102y (I.13)

10
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where/is in degrees. As for the case of optical actjatynaterial’s CD is quantified

in terms of its molar ellipticity, 4, as defined by the equation

[6] = My 100 (11.14)
(toab’) b

where [ has the same units as the molar rotatidfi, pf deg cni dmol*. The CD

extinction coefficientAe, is defined as the difference in the left and trigincularly

polarised extinction coefficients and is given by

AA

™ (1.15)

Ne=¢g —&x =
Therefore, the relationship between molar ellipgiegindAe can be expressed as

[9] = 2208\¢ (1.16)

[1.1.5 The Relationship Between Absorption, CD and®RD Spectra
The relationship between the absorption, CD and QiRBctra of a dextrorotatory
molecule is shown in Figure 1l.4. Because the CBctpim represents the differential
between the absorption of left versus right cirdulaolarised light, CD bands of an
optically active molecule will, therefore, be lesdgense than the corresponding
absorption bands. To a reasonably good approxim#t® anomalous ORD spectrum
results from taking the second derivative of the Gpectrum with respect to
frequency. More precisely, the ORD and CD speaeaelated by a Kronig-Kramers
transformation, but by using the relation betwempersion and absorption, a simple
semi-empirical conversion between ORD and CD caarbeed at and is given as

[Al = [M]e =[M], = 4028¢ (11.17)

and

Av =092V, ~V.i) (11.18)

whereAv is the CD bandwidth at half-maximum intensity angx andvn,, are the

maximum and minimum of the anomalous ORD.

11
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+
!
Ag .
0 - ' (A

\ 4

Wavelength

Figure I1.4. Absorption, CD and ORD spectra for a #ngle electronic transition of &
dextrorotatory optically active molecule. The solid, dashed and dotted lines represel
absorption, CD and ORD simulated spectra, respgtilie .« is the extinction coefficie
differential characterising the CD spectramd Av is the CD bandwidth at half maximi
intensity. In moving from higher to lower wavelehgthe ORD spectrum describe
minimum followed by a maximum and, as such, displayegative Cotton effect.

11.1.6 The Stimulation of Chiral Electronic Transitions by Circularly Polarised
Light

An optically active electronic transition involves helical displacement of charge,
which can be understood in terms of the superposdf a linear charge displacement
component and a circular charge displacement coergoihis description of a chiral
transition makes sense in that photons may ongract with electrons to stimulate
transitions from lower to higher electronic enelgyels if the path of the electron in
travelling from the lower to the higher energy leeeincides with the path of the
photon, which is the case for both left and rigintudarly polarised light, since the
electric vectors of both left and right circulagglarised light in fact describe a helix
in three dimensional space when the propagatidiglof is taken into account. Since
a circular motion of charge gives rise to a magnetoment, a chiral electronic
transition has both an electronic and a magnetansttion dipole moment,
corresponding to the linear and circular chargeldement, respectively, with both
described by electric vectors that run either palradr antiparallel to each other,
according to whether the electron traverses a rghieft handed helical path,

respectively.

12
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The first selection rule for an optically actidearonic transition is that there
must exist non-zero electronic and magnetic tremmsidipole moments. The electric
and magnetic dipole intensitieB, and D, respectively, determine the strength of
absorption of circularly polarised light, which amflected in the probability of the
electronic transition and are given by the squdrthe electric and magnetic dipole

transition moments:

D, =(W|a|¥,)? (1.19)
and

D, = (W |21,|¥))? (1.20)

whereiz, and i, are the electric and magnetic dipole moment opesand¥. and
W, are the ground and excited state wavefunctiospeively.Deis generally much

larger tharD, and, therefore, is mostly responsible for the giigmn intensity.

I1.1.7 The Rotational Strength

The absorption intensity and, hence, the area®iab band for an optically active
electronic transition of a chiral material is quaet by means of a parameter known
as the rotational strengtR, in a similar manner to which the electric dipsteength,

or oscillator strength, of a non-chiral transitidatermines its absorption band area.

The rotational strength has the unitsi@mg and is experimentally defined as

hc As -39 As

R=ff — |dr = 2295x 10 | — [dA (I.21)

32 NA A A

and theoretically defined as the imaginary pathefscalar product of the electric and

magnetic dipole transition moments:
R=Im{(W,|2,|¥,) 0w, i,|w))} (1.22)

where Im indicates that the imaginary part is to thken, sincej . is purely

imaginary. Alternatively, Equation 11.21 can be tign as

R= u u. cosp (1.23)

13
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where (& and iy, are the magnitudes of the electric and magnetitsttian dipole

moments ang is the angle between them.

[1.2 The Circular Dichroism of Peptides and Proteirs

Protein CD consists of both vibrational and elenttdCD. Biologists have selected
electronic CD, referred to as ECD or, more comma@uég CD, over vibrational CD

(VCD) as the method most suited to the study otgine and their structures and,
therefore, ECD spectra comprise the majority of lttexature relating to the chiral

properties of proteins. Protein CD is divided itboee distinct wavelength regions,
according to what aspect of the protein is undeestigation: far-UV CD involves

spectroscopic investigations at wavelengths bel6® 2m, near-UV CD is between
250 and 300 nm and near-UV-visible CD is betweed &@d 700 nm. Near-UV CD

is less commonly employed for protein investigagioralthough it does find

application when information about a protein’sigest structure is sought.

The chromophores for far- and near-UV CD proteiecsmscopy are the
amide groups of the peptide backbone and the armomasidue side-chains,
respectively. The peptide group has approximatelyeafold larger extinction
coefficient than an aromatic amino-acid side-chaithe far-UV wavelength region
and, therefore, is the dominant chromophore givieg to far-UVv CD spectra. Near-
UV-visible protein CD can be used for secondarydtiral investigations of proteins
containing chromophoric prosthetic groups. For examiron-sulfur proteins, heme
proteins and flavo proteins all display CD bandsovab 300 nm, where the

chromophores are the prosthetic groups.

[1.2.1 Protein Far-UV CD

The most widely used application of electronic Gi@roscopy to proteins is
far-UV CD and this is used to characterise a pnotei terms of its secondary
structure. Before interpreting a protein’s far-U\D Gpectrum, the spectral intensity
must be normalised with respect to protein conegintn and this is achieved by
expressing the spectral intensity in terms of melapticity [ €], in accordance with

Equation 11.14, as

14
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[6] :(J_Ox;acxl) (11.24)

where @is the spectral intensity in millidegreesijs the concentration of the protein
sample in moles/L anldis the optical pathlength in cm. The units éf §re, therefore,
degrees cfper decimole. Sometimes, the additional step pfessing the CD of a
protein in terms of its mean residue molar ellipfi€dvrw is performed, whereby

e

(e = (o, 1) (11.25)

where ¢ is the mean residue molar concentration and quorets to the molar

concentration of the protein multiplied by the nienbf peptide bonds in the protein.

Although the peptide group in isolation exhibitplane of symmetry and is,
therefore, achiral and does not exhibit intrinsiD,Gts location within the highly
unsymmetrical peptide backbone acts to confer abéctivity, making it an extrinsic
chromophore. The aromatic amino-acid side-chairordophores for near-Uv CD
spectroscopy are considered as intrinsic chrom@shdrhe classification of protein
CD into either intrinsic or extrinsic CD is done dhe basis of whether the
chromophore is, or is not, part of the protein, aotl on whether that chromophore
exhibits either an intrinsic or extrinsic CD signa@herefore, near- and far-UV CD are

examples of intrinsic CD, with near-UV-visible CBpresenting extrinsic CD.

[1.2.2 Electronic Transitions of the Peptide Backboe

Figure Il.5c shows the far-UV peptide backbone amide chromaplatong with the
magnetic dipole and electric dipole transition matmee The condensed phase amide
far-UV CD is characterised by onefland two 7zt] electronic transitions, as shown
in Figure 11.6. Thens# transition gives rise to a CD band centred arou2@ rgm and

the 77t and 7.7t transitions give CD bands at around 190 and 140respectively.

Owing to the lack of symmetry of the amide chrommehwithin a peptide
backbone, theész/transition is not strictly electronically forbiddeas is the case for
aldehydes and ketones, and exists as a very waasition. The energy of the peptide
backbone amidasztransition is sensitive to hydrogen bond formatianthe extent

that in apolar solvents thasz7band is red-shifted to 230 nm, while in polar

15
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environments it is blue-shifted to 210 nm. Th&/transition involves a circular
displacement of charge and, therefore, it is maggét allowed. The magnetic dipole
transition moment is oriented along the carbonyhdowith a magnitude of
approximately one bohr magneton. The twmw# transitions are oriented
approximately parallel /g7, NV1) and perpendicular7g7, NV,) to the C-N bond
direction. Since bothzr transitions involve a linear displacement of chatbey are
both electrically allowed and magnetically forbidddout when the amide group is
embedded within a peptide backbone the transitions give rise to CD bands at 190

and 140 nm for the N\and N\4 transitions, respectively.

. , 7P - n.7¢ |
a N/szp—' 8/g—8 = N}C%Og@ = E’ﬂ
b & C'—8 — d"'-éig = d"'?:f o >
FE R TET T s

Figure I1.5. The n1t and Tt electronic transitions stimulated by the absorpton of far-UV
circularly polarised light. a The amidens* transition involves the electronic transition oé
lone pair electrons on the carbonyl oxygen into ttiecarbonyl antibonding orbital. Tt
transition involves a circular displacement of @&ieccharge, corresponding to an elec
guadrupole moment, Q, and, therefore, gives rise nmagnetic transition dipole moment,; .
As such, the amides# transition is electrically forbidden and magnetigalllowed.b The g
transition involves a linear displacement of chargen the nitrogen atom towards the centr
the carbonyl bond, therefore, giving rise to arcemic transition dipole momengo. The
77 transition is, therefore, electrically allowed anshgnetically forbiddenc The amid
chromophore responsible for the far-UV CD signapeptidesm, extends directly from and
the same direction as the carbonyl bond whilg: is offset from the N-O axis by &.Janc
points towards the centre of the carbonyl bondh@lgh neither thart nor the 77 transition:
are intrinsically chiral, since for that* transition an electric transition dipole momesacking
and therg7r transition is wihout a magnetic dipole transition moment, the latkymmetry ¢
the peptide backbone generates a chiral environarehso induces chirality to both transitions.
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Figure 11.6. Energy level diagram illustrating the optically active peptide
backbone nmy mmmANV,) and mmANV,) electronic transitions. The lowe
energynsz/transition occurs at an approximate wavelengtB2ef nm in condens
phase and the higher energyz transition occurs at approximately 190 nm,
the 7.77 transition fallina t 140 nm

11.2.3 Exciton Coupled-Oscillator Interactions andProtein Secondary Structure
The peptide backbone amider andn7# transitions also interact with each other in
any of three types of mechanisms: Coupled oscillakziton interactions can occur
between degenerate or nearly degenermatetransitions on separate peptide groups,
in a mechanism referred to g%u coupling; mixing between then7* and
JTF transitions on the same peptide group give risého so calledone-electron
effect; and where the same mixing is between separatepegoups there occurs the
effect known asy~-m coupling. Each of these three mechanisms has a geometrical
dependence and it is this dependence that linkgatheV CD spectrum of a protein
to its secondary-structure, since the energieshefnt* and 7zt transitions are
perturbed by the extent to which they interact. fiiofvas able to explain the CD
signal of ana-helical polypeptide by taking account of the eswitoupled-oscillator
effect, or p~u coupling, in a pioneering work that laid the foundations tbhe
interpretation of protein CD spectra.[3]

Protein CD spectra are interpreted, on some levédast, by means of CD
spectra generated by model peptide fragments, wdniehrepresentative for each of
the characteristic structural motifs that combinefdrm the individual and varied

secondary-structures of all proteins. These chamatit secondary structures are
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represented as-helix, B-sheet,3-turn, poly(pro)l and unordered conformation. The
model CD spectrum of each is shown in Figure Importantly, at 222 nm the CD
spectrum of a protein is dominated by tivbelical secondary structure contribution

and this phenomenon is widely used in stabilitydsts of a protein’sa-helical

domains .

m -
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Figure 1.7. CD spectra of model polypeptides adojng the a-helix, B-
sheet and random-coil secondary structuresThe overlay shows the relat
intensities of a residues contribution to the CRctpum at each wawahgtt
when in an a-helix (red), B-sheet (blue) and randocwil (green
conformation. (Redrawn from [2])

11.2.4 The CD Spectrum of ana-Helix

Thea-helix CD spectrum is characterised by negativeirmanlocated at 222 and 208
nm and a positive maximum centred at 190 nm. Aswvshoin Figure 1.8, the
minimum at 222 nm results from tlmez transition. The other negative band at 208
nm and the positive band at 190 nm result from @keiton splitting of thermpr*
transition by theuwu coupling mechanism, whereby the negative long wavelength
band is polarised along the helix axis and the tpesishort wavelength band is
polarised perpendicular to it. The7* transition for thex-helix has been observed as

a positive band at 140 nm, while the shoulder featbserved at 175 nm is at present
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unassigned. The negative band at 222 nm resultorg thens# transition derives

most of its intensity from static field mixing withe 777 transition.

mdeg

m->m* ||

180 190 200 210 220 230 240 250

Wavelength (nm)

Figure 11.8. The a-helical CD signal. The a-helix CD signal can be constructed fi
three Gaussian bands centred at 222, 208 and 190hmm7#* transition gives rise
the negative band at 222 nm, while thgt* transition is split into two transitiol
polarised perpendular and parallel to the helix axis, giving rigethe positive bar
located at 190 nm and the negative band at 208aspectively. [1]

The dependence of tleehelix CD spectrum on the length of the helix has
been examined by Applequist using the dipole irt&gma model and it was observed
that when the helix length was varied from 4 to r&8idues there occurred a
corresponding 25-30% increase in CD intensity.[hijsTchain-length dependence of
the a-helix CD spectrum is extremely important when amjitative analyses of a
protein’s secondary structure is sought from its €ectrum and the empirical

equation

Vv :Vw(rr—k)

r

(11.26)

was proposed by Chen et al., wh¥fds the CD amplitude at a specific wavelength
for a helix of r residues/,, is the CD of an infinite helix at the same wavelén and

k is an empirical parameter.[4] The paramétes the number of residues considered
missing due to end effects at either end of thexfald k values of between 3.7 and
4.6 have been suggested from the analysis the CDnitndes at 222 nm of
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experimental data.[5] This corresponds to the ebguedwo-residue-at-either end
distortion of thea-helix observed by Sreerama et al. when they aedlys set of

protein CD spectra in terms of estimating secondancture fractions.[6]

11.2.5 The CD Spectrum of a3-Sheet

The 3-sheet CD spectrum displays a negative band ardlifchm, a positive band at
approximately 198 nm and a negative band near ©rfFRigure 11.9). The negative
band at around 215 nm has been assigned tosthiansition. The amplitude of this
band, however, comes predominantly froem coupling between thensz and 7
transitions. The bands at 198 and 175 nm are thgapents of thep7t* exciton split
transition, via thew-u coupling mechanism. Differences in the CD spectrum of a
parallel versus anti-parall@-sheet conformation are predicted from exciton tiagp
theory, with the bands offset by approximately 51&nm. The absolute difference
between the CD spectra of the two conformationsinderstood to be inversely
proportional to the sheet widths of the comparetd@mnations.

The difficulty with the interpretation of a prot&nCD spectrum in terms of its
[B-sheet content arises from the ease with wifietheets become distorted within
proteins, giving rise to somewhat variable CD sigres. Also, the efficiency of
exciton coupling withir3-sheets is greatly diminished compared todHeelix, with
the result that in proteins with a mixture afhelical andp-sheet @3-proteins)
content the major component to the protein’s CDOcBpen are thex-helix domains.
This further complicates the accurate interpretatiba protein’s CD spectrum fr
sheet content imB-proteins. That-sheet proteins have limited solubilities in

agueous solution also hinders their interpretatip@D spectroscopy.
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Figure 11.9. The B-sheet CD signal.The 3-sheet CD signatan be construct
from two Gaussian bands centred at 215 and 196Timans# transition give
rise to the negative band at 215 nm, whileT@ transition is exciton split in
two bands; a positive band at around 198 nm andegative band
approximaely 175 nm. The amplitude of the negative ban@¥ nm derive
mainly from the mixing of thens* and Tprt* transitions via the y-m
mechanisn[1]

The variations in the degree of twisting of tBesheet geometry has been
investigated by Manningt al. with the conclusion that increased twisting le&als
increased amplitudes of the CD bands.[7] Whereaskhye twisted (3-sheet
conformations have relatively unchanged CD bantisngly twistedp-sheets display
a significantly more intensey7z band at around 198 nm. Also, the CD dependence
on the -sheet length has been examined by Woody [8] andMiagison and
Schellman [9], and they found that with increaséges length there occurs an

increase in the magnitudes of both 7 and 777 bands.
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11.2.6 The CD Spectrum of a-Turn

The CD spectra oB-turns is also somewhat variable, as expectede dimere are in
total eight types of3-turn conformation. AB-turn is understood as a non-repetitive
structure spanning a total of three residues, wihelerses the polypeptide chain
direction. Of the differenf-turn conformations the most common are the tyde I,
and Il turns and theoretical calculations suggkat type | and Il turns have CD

spectra similar to an undistortBesheet, but with red-shifted band maxima.[8]

[1.2.7 The CD Spectrum of Poly(Pro) Structures

Poly(Pro) structures are of either cis or transfaonations, forming either a right
handed helix with 3.3 residues per turn or a laftded helix with 3 residues per turn,
respectively. The cis conformation is refered topady(pro)l and is favoured in
nonpolar solvents, whereas the trans poly(pro)fif@onation is favoured in polar
solvents. The CD spectrum of the poly(pro)l hedixcharacterised by a weak negative
band at around 232 nm and a positive band at levaeelengths, with the crossover
point around 205 nm. In contrast, the poly(proyihformation CD spectrum exhibits
a weak positive band near 226 nm and an intensatimegoand near 206 nm. As
such, the poly(pro)ll CD signature is very similiar that of a random coil CD
spectrum (Figure 11.10). From this, it has beenppsg®ed that unordered polypeptides
contain significant amounts of poly(pro)ll-like dommation, irrespective of the

presence of proline residues within the polypeptidmary sequence.[10]

11.2.8 The CD Spectrum of a Random Caoll

Random coil or unordered secondary-structures eptige regions that display non-
repeat peptide-peptide orientations. As such, natglcoiled regions tend to exist in
an extended rather than globular tertiary confoionatFigure 11.10 shows the typical
CD spectrum of a randomly coiled protein. A veryalkepositive band is seen at
around 215 nm and an intense negative band appearsl97 nm. As expected, the
215 nm band corresponds to the tir# transition and the negative band around 197
nm results from thegst transition. The weakness of the ther transition is a

consequence of the lack of mixing between thenttfeand 77 transitions.
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Figure 11.10. The CD spectrum of a random coil.The random coil CD spectrucan b
reproduced by a weak positive Gaussian componertraind 215 nm and a strc
negative component at around 197 nm. The positidereegative components corresp
to then7* and 7 transitions, respective[1]

[1.2.9 The Calculation of Protein CD Spectra

The calculation of a protein’s CD spectrum is pllesiusing theoretical methods,
which can be divided into two approaches; the aabkspproach, which is based
upon the interaction of electromagnetic energy withtter and the subsequent
changes in bond polarizability; and the quantum haatcal method, which focuses
on the characteristics of the upward electroniaditeons. The most commonly
employed method for the calculation of protein GQiedra is the matrix method,
which is a quantum mechanical method, since it dgp®n the quantum mechanical
description of the chromophores undergoing trams#ti[11] The matrix method is in
line with both the coupled-oscillator and excitomdals in that it begins with the
construction of a matrix with a secular determinaased on the energies of and
interactions between the transitions of differehtommophores. For example, the

secular matrix for a two-chromophore system havome transition on each

( El VlZ]
V12 E2

where E; and E, are the energies of the transitions on chromophdreand 2,

chromophore is

respectively, and/;, is the energy of interaction between the two itams dipole
moments. Two excited states, corresponding to inembinations of the individual
transitions, result when the matrix is diagonaliz&s such, the matrix method
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employs the ‘divide and conquer approach, where mholecule is divided into
independent chromophores with the potential for ualutinteraction. When the
calculation of protein CD spectra is considerethitkes sense to construct a matrix
consisting of the same amount of independent chphim@s as equals three times the
amount of residues within the protein. This is Bova for the treatment of tha7n*
and two 7zt transitions as separate chromophores. For a pratentainingN
residues, considering the firstz and the first twoszt transitions leads to the

following interaction matrixH,

Ei Viar Vi Vaa ViunVoase Vg 1V N1, 2V o)
L]

. Eo Vi Via Vo Vi Vg 1V Vs
* Es Vi Vs Vi Vg iV Vs

* B Vaz Vo Voy1 Vo 2 Vo 4
* B Vo Voaw: Vo 2 Voas

* Es Vasn: Vo 2 Vzw 3
L] L] L] . .

* Ew VN1,N2 VN1N3
* Ev: Viens
¢ Exs

where the energies of the localized transitionsnfdhe diagonal elements and the
interactions between the localised transitions fdhra off-diagonal elementds;
represents the energy of the transifian the chromophoreandV;; i represents the
interaction between the transitigh on chromophorei and the transition on
chromophorek. As a rule, the second entry to the subscript rermépresents either
thensr, mpr and g7t transitions as 1, 2 or 3, respectively, for badtgdnal and off-
diagonal entries. The appropriate charge distmouts used to represent a localised
transition. Therefore, since ther transitions involve linear displacements of charge,
they are represented by dipolar charge distribstiamd then7* transition is
represented by a set of quadrupolar charges ceatralle relevant atoms. Thg
terms are calculated using the monopole-monopgbeocapnation in considering the

Coulomb interactions between localised transitas$ollows:

Vi = ZmZn—T”‘qk”' (11.27)

ijmknl
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where the indicesn andn correspond to the point charges for the transstjcendl,
respectively, and the distance between the poiarges is given by. For the
interaction matrixH, the terms with # k, andj andl = 2 or 3 denote interactions
which are electrically allowed and, therefore, thesteractions are by thg-u
mechanism. Where# k, j = 1, andl = 2 or 3, the interaction is betweenramt and
7ot transition on different chromophores and, theeefooccurs by theu-m
mechanism. When = k, the interaction mechanism is tbee-electron-effect, since
both transitions lie on the same chromophore ardkrgo mixing of their excited
states in the static field of the moleculei ¥ k, j = 1 andl = 1, the interaction is
between quadrupolar charge distributions of @ transitions on two separate

chromophores.

Group-states result from the diagonalizationtbfand these represent the
eigenvalues and eigenvectors that describe theteelx@tates of the composite

molecule, as follows
H=UH,U" (11.28)

The diagonal entries of the matiiky give the eigenvalues, which correspond to the
energies of the transitions. The elements of th&nmatrixU (U U™ = I, whereU"
is the transpose &f andl is the identity matrix), describe the mixing oétlocalized
transitions. The all important rotational strengém then be calculated by determining
the transition moments for each group-state ofctimaposite system, and this is done
by combining the eigenvectors with the propertiethe localized transitionw0 and

m,’, as follows:

B = Zk Uy l‘ko
and (03

— 0
m; = ZK Um,

Figure 1.11 shows the effectiveness of the matnethod in reproducing the
CD spectra of a number of well-studied proteinse Thlculation of CD spectra from
the crystal structures of proteins can be seen fayuare 11.11 to enjoy a reasonable
level of accuracy, particularly in terms of the Oainapes predicted.
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Figure 11.11. Comparison of the calculated and expémental CD for selectec
proteins. The thin line repreants the experimental CD spectra, while the dcdted bolc
lines give the side-chain excluded and sitiain included theoretical CD spec
respectively, as calculated by the matrix methodl @sing the Protein Data Bank (PL
crystal structures for ehqrotein. The PDB code is listed for each protéReproduce
from [2])

[1.3 Fluorescent Resonance Energy Transfer

11.3.1 Energy Transfer

The theory behind fluorescence resonance energyféna (FRET) was primarily
developed by Forster [12], with Stryer and Hauglarténding these principles to the
lab to show that FRET could be used as an effeetivereliable “molecular ruler” for

measuring distances on the order of between 10-TD3A FRET is a non-radiative

dipole-dipole coupled oscillator interactive prasesvhereby an applied electric

(radiation) field generates an induced dipole manrethe donor molecule by raising

it to an excited state and this induced dipole martigen induces a dipole moment of

equal energy in the acceptor molecule. It is & tbsonance point that energy transfer
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between the donor and acceptor dipole moments bexgpossible. The FRET
process can be explained both classically, in teshwscillating dipoles, or quantum

mechanically, in terms of donor and acceptor graamd excited states.

Where labelling with either donor or acceptor pext® to 100 %, the

efficiency of energy transfeE, from the donor to the acceptor oscillator is gibsg

E=1-toa—q Ton (1.31)
TD

wherelpa and 7pa are the intensity and lifetime of the donor in firesence of the
acceptor, respectively, angy and 7p are the donor intensity and lifetime in the
absence of the acceptor. In cases where the acdg@lizso fluorescent, it is possible
to measur& from the increase in fluorescence of the accaporg the equation

E :('ﬂﬂj{ﬁj (1.32)
|A gD

where lap is the emission of the acceptor in the presencéhefdonor,ls is the
fluorescence of the acceptor only aadandep are the molar extinction coefficients

of the acceptor and donor at the wavelength oftatian.

11.3.2 The Forster Distance

The Forster distanc®y, is the distance at which half of the energy dbsdrby the
donor is transferred to the acceptor via FRET. Vdae ofR, is heavily dependent on
the overlap between the donor emissify) &nd the acceptor absorptiof)((Figure
[1.12). The normalised spectral overla]) &t a given wavelength\) is given by the

equation

J :I‘SA(IA) o (4)A"dA (M*.cmt.nm®) (1.33)

f
fo (4)dA

The value oRy is then described by the equation

1

R, =(8.79x 10° Jg,n™* ?)e A) (Il.B4
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whereqp is the quantum yield of the donor emission in dbsence of acceptar,is
the refractive index ankf’ is a geometric factor related to the relative arajlthe two
transition dipoles. By calculating the value Bffrom the spectral analysis of the
labelled and unlabelled systems the distance betwbe donor and acceptor
molecules R) can be calculated as

1 6
R= RO(E—lj (A) (11.35)
Wavelength (nm)
260 280 300 320
l I I I | I I I | I 1 I | I I
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Figure I11.12. Donor-acceptor spectral overlap. The overlap of the don
fluorescence and acceptor absorption bands)lwestrated by the black spect
overlap integral band, is a necessary conditior-RET.
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11.3.3 The Rate of Energy Transfer

The rate of energy transfeg] is given by the equation

(1.36)

From this equation it can be seen tkathas anR® dependence, such that as the
separation between the donor and acceptor becomategthan th&, value the rate
of energy transfer drops off sharply. The quantuecmanical definition of FRET can
be formulated in describing the energy of inteactbetween the donor and acceptor

by the Hamiltonian

(4 Th4n) , (o R)(14, R)

H = R R®

(11.37)

whereR is the vector separating the centres of the dandracceptor and, and (i
are the transition dipole moments of the donor acxkptor, respectively. According
to Fermi’'s rule, the rate of energy transfer ispaomional to the square of the

Hamiltonian matrix element between final and ini§&tes, such that

where the initial state is the product of the eetistate of the donokD*[])) and the

{(ﬂDREUA) 34 ERFzs(uA ER)}

AD> (1.38)

ground state of the accepte®y|) and the final state is the product of the grosiade

of the donor €£D[)) and the excited state of the acceptoh*(]). In this quantum
mechanical description the assumption is madetkigatndividual wavefunctions for
the ground and excited states of the donor andpsmcare not perturbed by the
dipole-dipole coupling that occurs during FRET. g8 valid since such coupling
would be expected to be very weak. By separatinglo quantities that depend on
the donor wavefunctions, the acceptor wavefunctiamgd those that depend on the

relative orientation of the donor and acceptor aweve at the equation

ke 0 R (D%t D>2<A|,L1A|AD>2[<DD (A|(cosy, ~ 3co#, co,)| D>‘ AD>T (1.39)
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whereg,, is the angle between the donor and acceptor tiamslipole moments and
6, and 8, are the angles between the donor and acceptaitteendipole moments

and theR vector joining the two molecules, respectively.réi¢he rate of energy
transfer can be seen to depend on the square dfaifistion dipole moments of the
donor and acceptor, which can be related to thepdoc absorption and donor

emission properties. This equation can be rewrdten
ke OR® (D] D) Alps,| A 2 (11.40)

where the orientation factaeris <DD

<A‘(cos6?DA - 3co¥, co@A)‘ D>‘ AD>. Where the

transition dipole moments are not fixed in spacg,rbove rapidly, with respect to the
donor lifetime, the value ok must take account of this. As such, the valuef
represents an average orientation value and, bggake motion of the transition
dipoles as random, a value if as 2/3 is generally accepted. This approximaton i
thought to introduce an uncertainty in distancesdeination by FRET measurements
of up to 11%.
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Chapter Il

Protein Mid-IR Fourier Transform Spectroscopy

[11.1 The Absorption of Infra-Red Radiation
The energies of the discrete vibrational energgliew, of the potential energy curve
for an harmonic oscillator (Figure Ill.1), whereethenergy spacing between
successive energy levels is the same and eqba] &ve given by

E.=(v+¥%hv v=0,1,23... 1.Q)

v=3 \ / E=7/2hv

v=2 \\ // E = 5/2hv
v=1 Absgrpt'on € = 31zhn

v=0 W E=1/2hv

Energy

v

Bond length

Figure 111.1. Potential energy curve for an harmonic oscillator. The absorption
and emission vibrational transitions are shownlire fand red, respectively

Vibrational transitions occur only between conseeuéenergy levels in the harmonic
oscillator model and at room temperature most tidmal transitions occur between
the ground vibrational state (v = 0) and the fastited vibrational state (v = 1). The
vibration of a molecule involves either a changethe length or geometry of its
internal bonds and this is illustrated in Figure2llby the stretching and bending

vibrational modes of the water molecule.
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o
O H \H

Figure l1Il.2. The normal modes of vibration of H,O. The symmetric ar
asymmetric stretching modes (3400 Ynare labdked a and b, respective
and the bending mode (1600%) is labelled ¢

IR absorption involves interaction of electromagnetaves with molecular
vibrations. The absorption of IR light by a vibragimolecule can be understood by
defining the molecule in terms of the classicatymie of two vibrating point charges
+q and —qg, which are connected by a spring. When ftequencies of the
electromagnetic wave and the vibrating point charge exactly equal, the electric
field can interact so as to amplify the movementhef partial charges, as a photon of
light of frequency equal to the frequency of thérating point charges becomes
absorbed into the system. Implicit in the abovecdp8on is that the absorption of IR
radiation by a molecule depends upon there exidirdjpole moment to the bond
involved in the absorption process. Also, the lardbe dipole moment -
corresponding to the size of the point chargesaelh @nd of the spring - the stronger
will be the interaction between the electric fialadd the system. As such, the polarity
of a bond is directly related to its IR extinctioaefficient. In the simplest case of a
two-atomic oscillator, the absolute frequency obaption of the vibrating bond
depends both on the bond strength and the madseddtoms on either end of the
bond. In the above analogy the bond strength qooreds to the tightness of the
spring and this is referred to as the force comstanThe frequencyp, of a two-

atomic oscillator is given by
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(I11.2)

wherey; is the reduced mass, defined by the equatiernm,. m, /(my, + my), wherem

is the mass of either atom 1 or 2 at each endeobdmd.

As mentioned, the value & is one of the factors governing the absorption
frequency. Since we are discussing the vibratidnsowalent bonds, and a covalent
bond is simply a sharing of electrons, the bondngfth and, hence, the valuekpis
proportional to the electron density within the BorAny internal or external
molecular interaction adding or subtracting elattdensity to or from the vibrating
bond in question will have the effect of respedtivincreasing or decreasing its
vibrational frequency. As can be seen from Equalilb?, an alternative mechanism
to alter the frequency of a vibrating bond is tarmpe the mass of one or both of the
bonded atoms. Increasing the mass of either atosnthea effect of reducing the
vibrational frequency of the bond. The dependeridde bond vibrational frequency
on the value ofmy or my, is often exploited by using IR spectroscopy teeiptet
effects of isotopically labelled proteins. A morenumon use of the mass-frequency
dependence in protein IR spectroscopy, howeveahesise of RO as a replacement
solvent for HO. This procedure will be discussed in depth ing@&aVIl, but at this
point it is enough to remark that the use of heasjer has the effect of shifting the
solvent band so that it no longer directly overldps protein amide-l IR signal,

making protein IR spectral acquisition considerdéds problematic.

According to the harmonic oscillator rule, the gwam mechanical description
of an IR absorption process is that a photon ofjuemcyv and energyhv (h is
Planck’s constant) is absorbed by a molecule, ptomot from a lower lying
vibrational energy level, E, to a higher energyele\E + hvu. The aforementioned
condition that the frequency of the absorbed phatarst match the vibrational
frequency is ensured, since the spacing of suceesdirational energy levels .
For the harmonic oscillator model, all vibrationmhnsitions are subject to the

selection rulé\v = + 1, where v are the vibrational energy levels.
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[11.2 The Transition Dipole Moment

A transition dipole moment (TDM) is defined as ttlgange in the bond dipole in
making the transition from one energy level to ArotFermi’s golden rule states that
the square of this TDM can be taken as the tramsiprobability between the

respective vibrational energy levels. The TDM isprssed by the following

equation:

TOM = (Yot |w|¢eh) (I11.3)

where the transition occurs between energy lenedsid m of the electronic ground
state, (. Equation I11.3 makes use of the Born-Oppenheiapgrroximation in that it
separates the nuclear wavefunctigpsand ¢, from the electronic wavefunctiog
and so allows the TDM to be considered as a sinfpletion of the spatial
coordinates of each of the nuclei of the vibra@tgms. The interaction of the electric
field with the dipole moment as a function of timgis taken into account by using

the interaction potential operator

U = pE(t) (I11.4)

where E(t) represents the electric field ap(t) represents the dipole moment
operator. Since the majority of oscillators thas@b mid-IR radiation at room

temperature are not thermally excited, a diatorsailiator TDM can be expressed as

) ou h 05
TDM -<£(RO)>(8”2mUj (0.5

whereh is Planck’s constanin is the reduced mass of the diatomic oscillator sl

the frequency of oscillation. The selection rulet tii& absorption only occurs when
there is a change in the molecular dipole momeisesrout of the left hand term,
which denotes the transition’s electronic compon&he expectation value for this
term is the change of dipole moment at equilibripasition, Ry, and with a larger
expectation value comes a stronger IR absorptiors. 3@n be seen by again using the
simple classical picture of vibrating point chargegsand -g with a connecting spring.
The dipole moment between the point charges sepabgt¢he length of the spring,
R, is 4 = gR and the change of this dipole momentigcR = g. And, since larger
charges give stronger IR absorption, a larger ahamdhe dipole moment also must
give stronger absorption. As bond polarity is synph alternative expression for
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dipole moment, bonds with higher polarities willivbamore intense IR absorptions.
For example, a C-H bond is significantly less pdlan a C-O bond, with their
respective electronegativity differences of 0.3 an@onsistent with this is that strong
IR bands are observed for C-O bonds, whereas orbkwands result from C-H

bonds.

[11.3 Protein Absorption of Infra-Red Radiation
For an averaged sized protein there exists manystma normal modes of vibration,
where there is 3N-6 normal modes for a moleculdainmg N atoms. For example,
even for the small AavLEAL protein the value of N1i825 and there exist 3969
normal modes. At first glance it would seem that ¥ibrational spectrum of a protein
would prove far too complicated to be able to esttrany meaningful secondary
structural information. However, it is the=®© and N—H bonds on the peptide
backbone that comprise the majority of the moraipbbnds within a peptide and, as
such, they make the largest contribution to itspgiectrum. Furthermore, the normal
vibration used to infer protein secondary strucfuoen its IR spectrum is dominated
by only one internal coordinate - the=O stretching vibration. Despite this a
protein’s vibrational spectrum is very complex, lwihany of the vibrational bands
overlapping one another. It is possible, howewesdlect different spectral regions to
give answers to specific questions. For exampkeréigion of interest for information
about a protein’s secondary structure is the arhlokaad, located between 1600 and
1700 cni,

The six highest frequency normal modes of vibrabbthe amide group are,
in descending order: the amide-A and -B modes,regnat ~3300 and 3170 &m
respectively; the amide-I mode, centred at ~1650;dtre Amide-Il mode, centred at
~1550 cni; the amide-Ill mode, located between 1400-1200"cand the skeletal
stretch, giving a band between 1200-880'c model compound used to understand
these different modes of vibration is N-methylangtle (NMA) (Figure 111.3).[4]
Although the contribution of internal coordinates the six previously mentioned
normal modes of vibration would be expected toedifor NMA compared with an
amide group incorporated into a protein backbongereeral correlation between the
two should persist. Each of the six normal modeBIMiA are, therefore, discussed

below and are expected to be roughly equivalerintamide group within a protein.
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Figure 111.4 shows the contribution of each of #igove vibrational modes to the IR

absorption spectrum of aqueous hemoglobin.

Figure 111.3. The molecular structure for NMA. Carbon, nitroge!
oxygen and hydrogen are shown as grey, blue, refl light blue
respectively.

I11.3.1 The Amide-A and —B Vibrational Modes

Both the amide-A and -B modes result from the Nktshing vibration and are

localised entirely on the NH group. Of the two Hraide-A band between 3310 and
3270 cmt' is the most intense and is usually part of a Feesbnance doublet, with

the amide-B band occurring between 3100 and 3030. chime NH stretching

vibration can be resonant with an overtone of thela-Il vibration.

Absorbance

1800 1700 1600 1500 1400 1300 1200
Wavenumber cm-1

Figure Ill.4. Protein amide absorption bands. The hemoglobin FTIR absorption spect
shows the amide-I band centred at approximatel 88", resulting from the peptide backb:
CO symmetric stretch. The amide-Il band resfulien a combination of the protein backbone
bend and the CO asymmetric stretch and is centragpoximately 1540 crh The solid circl
marks the location of the amidigt band, which results from the CN symmetric stteand Nt
bending vibrations. The band enclosed by the datierde results from amino-acid sidéair
groups and corresponds to the asymmetric stretdtHgf and the bend of CHThe dashed circ
shows the location of the symmetric stretching GICCof side-chain groups.
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l11.3.2 The Amide-I Vibrational Mode

The NMA amide-I vibration is centred at ~1650 tmnd arises predominantly from
the G=0O stretching vibration. Importantly, the CCN defation, the out-of-phase

CN stretching vibration and the NH in-plane bend #owever, make minor

contributions to the amide-l band and the exacerexto which each of these three
internal coordinates contribute to the amide-I rarmode in a protein is determined
by the protein’s secondary structure.[5] This depewcg, along with the fact that the
amide-| vibration is largely unaffected by the matof the amino-acid side-chain, is
what makes the amide-l1 band the band of choiceirfarring protein secondary

structure from its IR absorption spectrum.

[11.3.3 The Amide-II Vibrational Mode
The NMA amide-Il mode is centred at ~1550tand arises mainly from the out-of-
phase combination of the NH in-plane bend and tNesttetching vibrations. The CO
in-plane bend, the CC stretch and the NC streth mlake minor contributions to the
amide-ll mode. Although the amide-Il mode is alst affected by amino-acid side-
chains, the relationship between a protein’'s semgndtructure and its amide-l
vibrational mode is considerably more complex tf@nthe amide-I mode. As such,
the amide-Il mode is generally not considered whnerpreting protein secondary
structure using IR spectroscopy. The amide-ll baneither weak or absent in a
protein’s Raman spectrum.

Figure 111.5 shows an FTIR absorption spectral asedf Myoglobin in both
'H,0 and®H,0. The comparison reveals that the amide-Il bamtree at ~1550 cth
in *H,0, becomes significantly red-shifted to ~1455%im?H,0. The reason for this
is that N-deuteration converts the amide-Il mode tpredominantly CN stretching
vibration, with this altered mode referred to as #mide-II' mode. Since the’N
bending vibration is substantially red-shifted tiela to the NH bend, it is no longer
capable of coupling with the CN stretching vibratiand instead mixes with other
modes in the 1070-900 ¢hregion. The fundamental difference between the estid
and -II' modes means they will be affected difféigedy the environment of the
amide group. In other words, they will exhibit nooeperative dependencies on
protein secondary structure. This effect is not @ssed for the corresponding amide-

I' mode because of the lack of any large contrdsufrom H atoms to this mode and
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from Figure 1.5 the locations of the myoglobin iale| and amide-I' bands can be
seen to be similar. Given that it is the amidefid#hat is used for protein secondary
structure IR spectroscopic analysis, protein IRcBpscopy is commonly performed
using ?H,O solvent, which shifts the OH bending vibratiorctstthat it no longer

overlaps the protein amide-I band.

[11.3.4 The Amide-Ill Vibrational Mode

The NMA amide-lll mode is located between 1400 to0M2Zni' and arises

predominantly from a combination of the in-phasenbmation of the NH bending

and the CN stretching vibrations, with minor cdmiitions from the CO in-plane
bending and the CC stretching vibrations. Becaus® NH bending vibration

contributes to several modes of vibration of thé/peptide backbone in the 1400 to
1200 cnt region, protein amide-IIl IR bands are very compleurthermore, unlike

the amide-lI and —Il modes, a protein’s amide-llihdas very much affected by its
particular amino-acid side-chains. Among differgmbteins the contributions of
backbone and side-chains to the amide-lll mode way considerably and this
makes the amide-Ill band unsuitable for proteinosdary structure analysis. Upon
'H,0 to ?H,0O solvent exchange the amide-Ill mode behaves domaplex and less

predictable manner when compared to the amide-Hindodes.

Absorbance Units
0.000 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008

T T T T T T T
1700 1650 1600 1550 1500 1450 1400 1350 1300
Wavenumber cm-1
Figure 111.5. Comparison of the protein amide bandlocations in *H,0 and ?H,O solvent.
The myoglobin FTIR absorption spectrum is shown whing eitherH,O (black) or’H,0

(blue) as a solvent.
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l11.3.5 The Skeletal Stretch Vibrational Mode

The skeletal stretching vibrations for NMA and papggides are considerably
different. NMA consists of two weakly absorbing amell-defined skeletal stretching
vibrations, a predominantly NGstretching mode at ~1096 ¢nand a mixed mode at
~881 cm. Polypeptides lack any distinct NC mode and theletkl stretching
vibrations are distributed over a number of modeat,tdepending on side-chain
interactions, absorb between 1180 to 920*cin both NMA and polypeptides the
skeletal stretching vibrations produce strong Rabaards between 960 and 880tm

[11.4 The Origin and Character of the Amide-I Vibra tional Mode
Figure Il11.6 shows the amide-l absorption bands fbe characteristic protein
secondary structures-helix, B-sheet and random-coil. The splitting of tesheet
amide-l band by about 50 €hinto a major component centred at ~1630'and a
minor component centred at ~1680 tnposed a considerable challenge to
theoreticians attempting to account for the depeoeleof the amide-I vibrational
mode on protein secondary structure. Eventually, 92 Abe and Krimm proposed
the transition dipole coupling (TDC) mechanism, whwas able to explain the
unusual amide-1 bands Bfsheet proteins.[6] Consideration of through-boodpding
and hydrogen bonding effects also helped investigainderstand the dependence of
a protein’s amide-I bandshape on its secondargtsireL

Since the @ atom is not displaced any considerable distanaengiuhe
amide-l CO stretch, the through-bond interactionhef vibration of one amide group
to that of its neighbours is not expected to hawehmof an affect on a protein’s
overall amide-l band. This is not the case for hgdrobonding, the effects of which
have been investigated for NMA by bodb initio calculations and time-resolved
matrix IR spectroscopy.[7; 8] In the case of a bgén bond to the=0 group the
amide-| frequency is red-shifted by 20-25 tnWhere the NH group is hydrogen

bonded a smaller red-shift of 10-20 tmccurs.
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Figure 111.6. Theoretical IR amide-I absorption bands of mode
protein secondary-structures.(Modified from Bruker)a The calculate
amide-l band of an undistorted-helix has a distinct Lorenzti
bandshape with a peak maximum at 1652".cmThe amide-band of a
intramolecular antiparalleB-sheet structure showing its splitting int
major and minor component centred at 1630 and 188Y) respectivel
Both bands are predominantly Lorenztian in shapéhe characteristical
broad Guassian bandshape of a randoihsecondary structure with
maximum at 1645 cih

Krimm and Bandekar studied the two moetheet polypeptides po-L-
Ala and polyB-L-Glu and observed amide-l peak maxima of 1632 2624 cnf,
respectively.[2] They attributed the red-shifted @enl peak maxima of pol@-L-Glu
to its ability to form stronger hydrogen bonds. Each of the characteristic secondary
structures, the relative frequency order of thedartipeak maxima is consistent with
the strengths of hydrogen bonding present and,ecredsing order, they are as
follows: intermolecular extended chains (1610 - &62mY), intramolecular
antiparallel B-sheets (1630 - 1640 ¢ty a-helices (1648 - 1658 ch), 3io-helices
(1660 - 1666 cm) and non-hydrogen bonded amide groups in DMSO Q166665
cm™®).[9] Important to the use of IR spectroscopy imdsing the folding and
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unfolding of protein tertiary structures, ParrishdaBlout discovered that the
vibrational frequency of solvated helices is apjmately 20 crit lower than that of
non-solvated helices.[10] The additional hydrogendsoto the solvated helices by

surrounding water molecules are understood to $oresible for this effect.

[11.5 Transition Dipole Coupling
It is widely accepted by theoreticians that thengraon dipole coupling (TDC)
mechanism lies at the heart of a protein’s amidehdshape dependence on its
secondary structure.[3] This mechanism is a res@anteraction involving the
oscillating dipoles of adjacent amide groups. TDGstiongest when the coupled
oscillators vibrate with the same frequency anddterall effect of the interaction
depends on both the distance between the osdajlalipoles and their relative
orientation. The two effects of TDC are exciton tfanand exciton splitting. Exciton
transfer is a process whereby energy absorbed byosaillator is transferred to a
second nearby oscillator and, therefore, the exkcd#ate is understood as being
delocalised over the two coupled oscillators. Foehelix the delocalisation has a
typical time constant of 0.5 ps and is over a distaof 8 A.[11] Exciton splitting
shifts the amide-l frequency as a function of th&tashce, orientation and relative
phases of the coupled oscillators. As shown in feigii.7, for the case of two
coupled oscillators, the exciton splitting effectas rise to a splitting of the excited
state energy level into an in-phase and an outebe energy level. The energy
separation, or splitting, between these resultimprgy levels is dramatically
demonstrated in the casefbheet structures, where there is a splitting of 0. A
similar effect is seen in far-UV circular dichroigmotein spectroscopy, where-tt
electronic transitions couple in a correspondingdtative-orientation-dependent
manner, yielding secondary structure dependentleiraichroism between 160-250
nm. Implicit in the description above is that TDCasthrough-space rather than a
through-bond mechanism and that it is mediatechbyGoulomb interactions between
moving partial charges.

The existence of a permanent dipole moment is npteaequisite for the
occurrence of TDC and its formalism starts by givamgaccount of a non-stationary
excited state dipole-dipole interaction, as follo@ven an inter-dipole distance R,

where R > 3A, the interaction between two oscitigtilipolesUag, can be expanded
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in a multipole series, with the leading term beihg dipole-dipole interaction. In Sl

unitsUag is given by
Une = (4rE€o) [(pabe)/R® — 3(aR) (Ms R)/R7 (I11.6)

wherepa andpg are the dipole moment operators describing thginvgroscillations
of oscillators A and B, respectivelyg is the operator of the interaction potential of
A with B andR is the operator describing the varying distandeveen A and B.

Energy

Ly N (AB) 1+
1-
NV v N K

Ao By (AB),

Figure 111.7. Energy level diagram of the IR stimulated coupled amide-I transition. The
identical amide-| vibrational transition of eachpenturbed oscillator from the ground statg (A
and B) to the first excited state ¢Aand B) occur with absorption of an IR photon of ener

= hv = AE. TDC leads to a splitting of the first excitecitst energy levels of the coup
oscillators into two new energy levels (ABand (AB).. When a photon of energwh= AE'

is absorbed by a coupled oscillator the transi(®B), — (AB);. occurs. Asorbing a photc

of energy k" = AE" stimulates the (AB)- (AB),. transition. The result of TDC is that the
absorption spectrum shifts from showing a singlsogftion band at the frequeney to
displaying two new absorption bands at frequenciesdv''.

Although using the dipole-dipole interaction retirnalues slightly larger than
observed for adjacent oscillators, it is nonetrelesed in explaining TDC.[12] The

energy transfer between oscillators can be wratefollows
Vag = <AoB1|Uas|A1Bo> (1.7)

where the subscripts 0 and 1 refer to the groumbfiast excited vibrational states,
respectively, an/ag corresponds to the wavefunction of energy transéween the
oscillators A and B. As such,gB; refers to oscillator A being in the ground statd a
oscillator B being in the first excited state, dhd reverse is true foriBo. SinceVag

is a wavefunction, according to Fermi’'s golden rthe probability of an energy
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transfer transition between oscillators A and Biien by| Vag [>. Because the dipole
moment operator of each oscillator acts only o tizaillator, the scalar product of
Equation 1.7 can be separated intofff\|Ac> and <B|ug|Bo>. Also, because both
A and B refer to the same amide-I mode on adjaaemde groups both of these scalar
products can be replaced by|g@>, which is non-zero for any IR-active vibrational
transition. In evaluating the scalar products, dperatorR is replaced by a constant
equal to the distance between the geometric cerfrgsstituting Equation I11.6 into
Equation IIl.7 gives the following:

Vag = (4TE€0) <1|u0>PXas (I11.8)

whereXag represents the energy transfer dependence oeldie/e orientation of the

coupled oscillators. Krimm and Abe have determitined
Xag = (cost - 3cocos)/R® (111.9)

wherea is the angle between the two TDM[&js the angle between the line joining
the centres of the TDM'’s with the TDM of oscillator, \is the angle between the
same line with the TDM of oscillator B arRlis the distance between the centres of
the TDM's.[3] Therefore, from Equation 111.8, the padhlity of an energy transfer
transition between two coupled oscillators depempsn their distance apart, their
relative orientations and the TDM of the isolatediltstor, and the stronger the IR
absorbance of the particular normal vibrational enanl question (in this case the
amide-l mode) the more probable this transitior bgl. Whenever the value ¥fg is
non-zero, the energy transfer transitjaBo> — |AoB1> will have some probability
and, consequently, the eigenstdfedBo> and|A,B1> will be non-stationary. It is also
apparent from Equation II.8 that, since differehtaacteristic secondary structures
contain different coupled oscillator relative oti@ions, each structural type will have
its own unique extinction coefficient and, henclee toverall protein IR amide-I
absorption band will be a weighted sum of all thdividual secondary structure
amide-l bands, as resulting from the presenceasetlsecondary structures within the

protein.

It is helpful at this point to separate the scallarduct into its electronic and

nuclear contributions to the TDM of the isolatedilbstor, as follows:

[<Uul0>| = [<oWda><@|Ql@>| = [<owag>|(/erv)*>®  (11l.10)
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The electronic contribution ¢g/0g>) represents the change of the dipole moment
brought about by the change of the normal coordigaat equilibrium position. The
nuclear contribution is given bygQ|@>, with ¢ and @ representing the ground and
first excited state wavefunctions, respectivelyd ahe frequency of the isolated
oscillator is given by. Substituting Equation I11.10 into Equation 1.8 g the final

expression foWag as
Vag = (41E:€0) (W8TPv) |<OW dq>[*Xas (1.11)

The next step in formalising TDC is to describe thxeited states of the
coupled oscillators. The occurrence of non-statpnexcited states presents an
obstacle when attempting to describe the energsidenf the individual oscillators.
As such, we shall confine ourselves to the lesailget description of the excited
states of the coupled oscillators combined. Simitarthe approach taken when
accounting for a molecular orbital in terms of twntributing atomic orbitals, the
combined excited state of the coupled oscillatcas be expressed as a linear
combination of the excited states of the separatdlators in the absence of energy
transfer,|A1Bo> and|A¢B;>, giving two new stated+> and|1->. These can then be

expressed as

1

1+) =
=2

(IAB)+[ABy))  and

N

1-) %(I%BD-IAB())) (111.12)

Evaluating the scalar product {dag|1+> returns a value of zero and, therefore,
transitions from|1+> - |1-> and vice versa do not occur. As such, theselynew
generated states are stationary and can be usadctdate the energy eigenvalues of
the excited states. Disregarding the scenario efetlbeing any permanent dipole
moments affecting the vibrational mode in questitwe, energy eigenvalues are then

given as
Ejp+> = <14Ha +Hpg + Upg|1+>=E1 + Eo + Vag  and
Ej-> = <1{Ha + Hg + Upg|1-> =E; + Eo - Vag (11.13)

whereEy = <QH|0> andE; = <1|H|1> are the energies of the ground and first excited

states of the oscillators in the absence of enaayysfer. Since the energy of the
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ground states of the coupled oscillators is un#dfébdy the coupling interaction and
since TDC produces the two new excited state erevg@ysE; + Ep = Vag, the energy

difference between the ground and excited states is
AE = AEqoia = Vag (“|14)

where AEga iSs the energy difference between the ground amitesk states of the
uncoupled oscillator. Given the relatiéh= c?, the absorption band of the isolated

oscillator is correspondingly split into two bandsfined by the equation
v= \N/no|A + Vg/he (|||15)

Substituting Equation 1l1.11 into Equation 1Il.15 g& the band splitting affect of
TDC as

V = Vnoia % (4T%,&0) H(81Pve) |<dWdg>["Xas (11.16)

Equation [11.16 yields three important consequenéastly, TDC results in a
splitting of the isolated oscillator absorption damto two. Secondly, since the
displacement of the dipole moment with vibrati@p/¢q) is proportional to the IR
absorption intensity, the greater the IR absorptibthe isolated oscillator the larger
will be the band splitting effect. Thirdly, the maigide of band splitting as a result of
TDC is heavily dependent on the relative oscillatoentation Xag.

Assuming that each operajaf andps acts only on the states of oscillators A
and B, respectively, means that terms like;BdualAoBo> are equal to <fjualAc>.
Since we are considering the case for oscillatass@ssing no permanent dipole
moment, i.e. the terms <alAc> and <BJus|Bo> equal zero, the following

expression for the polarization of a coupled oatall transition results:
|<1+ja + ps|0>f = Y2 |[<BlHs|Bo> + <AqlualAo>f (1.17)
And because both oscillators A and B are the sémgegives
Y5 |<BilMg|Bo> + <AlualAo>f = [<1{a|0>f (1 + cos®) (11.18)

where® is the angle betwedhe two TDMs of A and B. From Equation 111.18 it can
be seen that the polarization of a coupled osoillansition is not identical to that of
the isolated oscillators and that the polarizatbrthe coupled oscillator system can
be obtained by adding or subtracting the TDMs ofifidated oscillators when the
oscillators oscillate in-phase or out-of-phasepeesively. This relationship will be
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useful in understanding the particular IR absorlEnof coupled oscillators for

various relative orientations.

The localisation of the amide-lI and —Il modes on pleetide group within a
protein means that these modes can be consideia@tsa®) from separate molecules
within a crystal. IR and Raman active modes wittriystals have the constraint that
the vibrational modes common to each unit cell nesin-phase, where a unit cell is
taken as the two coupled adjacent oscillators, wianslates as two neighbouring
residues within a protein. This selection rule fbe toptically allowed vibrational
transitions places considerable restraints on ltbeved phase differences between the
individual oscillatorswithin each unit cell, i.e. the allowed phase differen@®s
between each of the coupled oscillators. F@heets this phase difference is denoted
as &', taking account of the hydrogen bonding to groupadjacent3-sheet chains.
When the TDMs of a unit cell's amide groups sum évozthe optically allowed

transition becomes IR inactive, as sometimes taut$o be the case.

[11.6 Amide-I TDC for the Infinite Parallel B-Sheet

Figure 111.9 shows a representation of the unil oéla single chain of an infinite
parallel3-sheet, which contains two adjacent peptide grodpsnentioned above, all
other chains within th@-sheet must move in-phase for optically active afilons, i.e.

0 = 0. Also, since adjacent unit cells of a chainsmmove in-phase, they are
restricted to a phase difference of 0 arahd, because there are two amide groups per
unit cell, the phase difference between amide ggaigm, therefore, be either Omor
Depending on the symmetry of the coupled oscillattirey are referred to as either A
or B. As such, A(0,0) and B(0) refer to the in-phase and out-of-phase comiansat
As can be seen from Figure li&8the in-phase combination has identical individual
oscillator contributions to the overall TDM, whereet TDM of each individual
oscillator is represented by a vector with a cealnee to the C=0 bond and pointing
away from the C=0 bond towards the C-N bond b{.[28] These contributions
cancel perpendicular to the chain and add partdléd, resulting in a small overall
TDM polarized parallel to the chain. This small oed@M is responsible for the
minor B-sheet IR amide-| band centred at ~1685'cRigure I1l.& shows the out-of-

phase combination and, in this case, the contohuthade by thet group must be
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multiplied by a phase factor of —1, with the res$bdt the contributions cancel parallel
to the chain and add perpendicular to it. The higldlarized overall TDM produced
is oriented perpendicular to the chain. It is théssition which gives rise to the main
B-sheet IR amide-1 band centred at ~1635'cm

a

}

Figure 111.8. Scheme of the parallelB-sheet unit cell showing the amidé-vibrational
modes A(0,0) and Bft0). (Modified from[1]) The two peptide groups containan eat
unit cell are drawn as red vertical lines, while tihdividual TDM contributions of ea
oscillator are drawn as blue arrows. The directibrthe arrows indicates the phase of
TDM, with ad = 0 shown as an arrow pointing towards the chath@d = tas an arro
pointing away. The overall TDM is shown as a baltba on the right of each schema
with the direction indicating the direction of pokation and the length indicating
magitude. The NH bonds are also shown as black &tiiwes joining the horizontal cha
The bold and faint dashed lines indicate that tiercis either rising out of or pointing
towards the plane of the paper, respectivel\A phase difference a¥ = 0 between the tv
coupled oscillators results in the A(0,0) vibrabmode and the minor component of
amide-l band.b A phase difference 0d = 1 produces the B{0) mode and the maj
component of the amide-I band.

[11.7 Amide-I TDC for the Infinite Anti-parallel [-Sheet

Figure II1.9 shows the unit cell of an antiparalfglsheet containing four peptide
groups and two chains. The requirement that the umib cells must have either a
phase difference of 0 omZlaces restrictions on the allowed phase comlainatfor
an IR active transition. In summing the contriboidor each of the four TDMs an
overall TDM of either O or 2 must result. There is only one possible way toeahi
an overall TDM of zero and that is for all the TDMntabutions to be themselves

zero. This scenario is depicted in Figure Hl&nd gives rise to the transition A(0,0).
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Because individual TDMs may have a phase of either 1 there are three ways to
achieve an overall TDM of12 Each of these possibilities are shown as Figuk&b)l
c andd and the corresponding transitions are referreéstdd(0,m), By(10) and

Bs(T,m), respectively. Each of the four vibrational modes Raman active.[5]

SN E R | N

N 1N

B,(1,0) By(TLm)

Figure I11.9. Schematic representation of the anti@rallel B-sheet unit cell showin
the amide-I vibrational modes A(0,0), B(0,m), B,(1t0) and By(ttm). (Modified from[1;
3]. Figure details are as given for Figure 1lIIThe hydrogen bonds linking the two chi
of the unit cell are shown as dotted green |

For the A(0,0) vibrational mode Figure llA%hows that the individual TDMs
cancel each other and so the A(0,0) mode is IRtived-igure Ill.9 shows that for
the B(0,m) vibrational mode adjacent chains vibrate withrege difference oft
Both chains have TDMs that cancel perpendiculahéochain and add parallel to it.
As such, the overall TDM is small and polarized fyardo the chain. The §0,mn)
vibrational mode gives rise to a weak IR amide-shdaentred ~1695 cf Figure
[1.9c shows that the overall TDM of the,®,0) vibrational mode consists of

individual TDM contributions where there is a phd#érence ofrtbetween adjacent
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groups on each chain. For each chain the TDMs aduepdicular to the chain and
cancel parallel to it. Therefore, the overall TDMvexy large and is highly polarised
perpendicular to th@-sheet chains, giving rise to the mafpsheet IR amide-I band
centred ~1630 cth From Figure 1.9 it would appear that the individual TDMs for
the Bs(1,m) vibrational mode, having a similar phase diffeenft between adjacent
groups on the same chain as for th@®) vibrational mode, would cancel to give an
overall TDM of zero, as in the case of the A(0,@®rational mode. While it is true
that they do cancel both parallel and perpendidalahe chain, perpendicular to the
plane of the paper they add and, as such, the lbV&W#! is very small and polarized
perpendicular to the plane of the paper. Thét®) transition produces only a very

weak IR absorption band and is rarely detectedgrotein’s IR spectrum.

[11.8 Amide-l TDC for the Infinite a-Helix

Figure 111.10 shows a scheme of a unit cell of gdtheticala-helix having four
residues per helix turn. In realityhelices have five helix turns for every 18 resglue
and, therefore, the unit cell for an infintkehelix consists of 18 amino-acid residues.
There are two vibrational modes afhelices arising from there being two phase
difference values between adjacent peptide grodips, 0 andd, = 2173.6, with the
latter value corresponding to the angle betweenlittess connecting two adjacent
peptide groups to the helix axis. Multiplyirkg by 18 gives a value of i0and this
satisfies the condition that all unit cells mustitghase for an IR active vibration.
Figure Il.1Ga illustrates the individual TDMs contributing to tbgerall TDM
of the A species vibrational mode of the four-resigher-turn model, with a phase
difference of zero between adjacent groups. The TMwel perpendicular to the
helix axis and add parallel to it, resulting in @rerall TDM polarized parallel to the
helix axis. Figure 1I1.16 shows the E species vibrational mode, where the phase
difference between adjacent residues 42 Therefore, coupling between adjacent
residues is forbidden and, in complying with thedition that the phase difference
between coupling vibrations must be either Gtocoupling is instead to the second
next neighbour. As such, energy transfer occursuch a way as to produce the
following excited state transitiongA,C;> < |A1Co> and |BoD1> < |BiDg>. The

result is that two degenerate vibrations are ptessibith the overall TDMs of both
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being polarized perpendicular to the helix axis tmdach other. The final vibrational
mode for the infinitea-helix is the Bk species. For this mod& = 4r/3.6 and,
therefore, adjacent groups have a phase differeihmend can couple to one another.
The individual TDMs contribute in such a way as toas both perpendicular and
parallel to the helix axis and so thg\Ebrational mode is IR inactive. Both the &d

E, species are Raman active.

A O O~

Figure 111.10. Schematic representation of the vibational modes of a hypothetical four-peptides-
per-turn helix. (Modified from [2]) The figure details are as givienFigure 11.8 with the unfilled circle
representing one complete turn about the helix majes, which is defined by the circle’s origin,dathe
filled circles representing the C=0 oscillatard;=0. Coupling occurs between adjacent oscillatorer
the phase difference is zero, giving rise to thepAcies vibrational mode whose overall TDM is dee
parallel to the helix major axid 8,=2174. Coupling is to the next nearest neighbour wtienphas
difference between adjacent oscillators 42 resulting in two degenerate vibrational modéh wveral
TDMs perpendicular to each other and to the heljjomaxis, known as the,Epecies vibrational mode.

[11.9 Fourier Transform Infrared Spectroscopy

[11.9.1 The Michelson Interferometer

Over 95 % of all mid-infrared spectrometers in usday are Fourier transform
infrared (FTIR) spectrometers. In the same way ghatonochromator is central to a
dispersive spectrometer, the heart of an FTIR speeter is the Michelson

interferometer, a schematic of which is shown igure Ill.11. Radiation emitted

from the IR source (commonly a glow bar) is refectoy a mirror onto a semi-

permeable beamsplitter. Half of the IR radiatiosges through this beamsplitter to
contact a moving mirror and half is reflected oatiixed mirror. The radiation is then

reflected from both mirrors and recombines at teanbsplitter. From there, half of
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the light is directed back to the source, and $$, land half is sent through the sample

and then focused onto the detector using anotheomi

| | Fixed mirror
v

Radiation source

Vl:m:using mirror

Beamsplitter

A

Movable mirror
<>

Sample

Detector

Focusing mirror

Figure IIl.11. Schematic representation of an FTIR spectrometer with &
Michelson interferometer. The arrows show the direction of light propagation.

[11.9.2 The Interferogram

FTIR spectroscopy is an interference technique. marierence effect occurs when
photons of radiation interact with one another, m@heghotons can either

constructively or destructively interfere. The degte which each photon is in-phase
determines the degree to which it constructivetgrieres and the reverse is true for
destructively interfering out-of-phase photons. &exe of the wave-like motion of

light, the phase of a photon at the beamsplitter aéturning from either the fixed or

moving mirror depends upon the absolute distandead travelled in making the

journey from the beamsplitter to the mirror and kagain. Therefore, since the
movement of the moving mirror introduces a variapéhlength for the radiation

travelling from the beamsplitter to the moving rarrand back again, there will also
occur a correspondent variation in radiation phatsthe beamsplitter. And because

the pathlength between the beamsplitter and thedfixirror is constant, radiation
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arriving at the beamsplitter from the fixed mirneill also be of a constant phase.
When radiation from the moving mirror recombineshwiadiation from the fixed
mirror at the beamsplitter, the degree to which stamctive and destructive
interference occurs depends upon the relative ghatéhe photons arriving from
each mirror and, therefore, on the position of theving mirror. The precise
constructive and destructive photon interactionsefach incremental position of the
moving mirror along its complete path determine wheguencies of IR light survive,
and to what relative intensities, to be focusea @hé sample. The sum total of all the
radiation received by the detector when the movimgor has made a complete
movement along its path is referred to as the fetegram. In this manner the
exciting radiation is encoded into an interferogramd it is the function of the Fourier
transform mathematical procedure to decode thesferogram into a spectrum.

A mid-IR interferogram is shown in Figure 1ll.12 here the moving mirror
has moved through a full displacement, as definethe distance extremities of the
moving mirror from the beamsplitter. The x-coordamabrresponds to the pathlength
from the beamsplitter to the moving mirror and yheoordinate is the overall photon
intensity produced by interference at each positbthe moving mirror. The peak
maximum located at the centre of the interferogramreferred to as the centre-burst
and it corresponds to the position of the movingroniat which the pathlength
between moving mirror and beamsplitter is precisglyal to the pathlength between
the beamsplitter and the fixed mirror. As such,pdlbtons from the moving mirror
will be in-phase with photons from the fixed mirrathen they recombine at the
beamsplitter and so all photons will interact cangtvely, giving rise to a maximum
of photon intensity. The so-called wings of the ifgegram correspond to positions
of the moving mirror that give rise to partial destive interference at the
beamsplitter and, therefore, a decreased phot@msiy signal. In terms of FTIR
spectroscopy, a good interferogram has an inteastezburst, with a small number
of wings and a flat baseline, and spectra prodérced the Fourier transforms of such

interferograms are deemed reliable.
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Figure 111.12. A Mid-IR interferogram from a Tensor 27 FTIR

Modern FTIR spectrometers produce digitised intedeams and the digitised

Fourier transform (DFT) is given by
S(KAW) = ZI(nAx)exp(i2rmk/N) 11(19)

where mAx and KAv represent the discrete interferogram and speqicats,

respectively, and N is the number of discrete gowmithin the interferogram. Unlike
the regular Fourier transform, the DFT is not a rwdus function; since it is only
calculated for a limited number of values, n, dmd teads importantly to the picket-

fence effect and leakage.

1.9.3 The Picket-Fence Effect and Zero-Filling

When the interferogram contains frequency compantrdt do not exactly coincide
with the data point positions of the spectrumy, khe result is the picket-fence effect.
It is so named because the spectrum produced entb$ those frequencies lying
between the data point&ikin analogy to a spectrum as viewed from behipitket-
fence, in that certain regions are shielded froewviTo correct for this effect, which
in the worst case can lead to a signal reducticaradind 36 %, a procedure known as
zero-filling is performed. Zero-filling reduces tipecket-fence effect by adding zeros
to the end of the interferogram, with the resulittthe DFT decoding returns an

interpolated spectrum that has a greater numbpoiots per wavenumber. A greater
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amount of zeroes added to the end of the interfarogcauses a correspondingly
greater reduction of the picket-fence effect. Sinem-filling interpolates by using the
instrument line-shape function (ILS), it should betregarded as simply a smoothing
process and it is considered to be more appropitate either polynomial or spline
interpolation methods, which act directly on theecpum, as opposed to the

interferogram.

1.9.4 Apodization and the Leakage Effect

Apodization is a process that smoothly brings titerferogram down to zero at the
edges of the sampled region. However, apodizasoperformed at the expense of
spectral resolution, since it has the effect of emidg spectral lines. Because the
moving mirror travels a finite pathlength, the esipeental interferogram is available
only over a limited length. To arrive at this finiteterferogram mathematically
requires that the infinite interferogram functiom Inultiplied by a rectangular
function that is unity over the experimental ingedgram region and zero everywhere
else — referred to as a boxcar truncation apodizdtinction. An apodization function
is an artificial weighting of the interferogram,céuthat when the Fourier transform of
the weighted interferogram (apodization functios)taken the ILS is returned. In
order to achieve the best possible spectral raealit is desirable that a boxcar
apodization function be used, since this allowsther entire interferogram to be used
in reproducing the spectrum — at all points a wighfactor of one. However, as can
be seen from Figure 111.13, using the boxcar traiecaapodization function gives rise
to a maximum leakage effect.

Leakage is a process that leads to oscillationsnarthe base of the ILS band,
giving rise to the sidelobes shown in Figure lll.53de lobes result from measuring
the interferogram only up to a certain point anelsthare minimized by increasingly
reducing the weighting of the interferogram wheprapching its edges. Figure 111.13
also shows other apodization functions availabted&iermining the ILS function that
are better able to reduce the leakage effect, rbatlicases there exists a trade off
between minimizing the leakage effect and obtainmaximum spectral resolution,
and achieving one is always at the expense off&atg the other. It is a matter of
choice and the particular experiment system in tiuesas to which is the best

apodization function to be used, with more drastpodization functions being
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required when quantitative evaluation of closelgcgul spectral lines is required and
minimum apodization when a qualitative analysisvemted. Because protein FTIR
does not require very high spectral resolution,Bleekman apodization function was
chosen as the most suitable, since this functioalves relatively heavy apodization,
thus minimizing the leakage effect. The apodizatad ILS formulae for each of the

apodization functions are shown in Table IIl.1.
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Figure II1.13. Apodization and instrument function plots. (Wolfrarr
Math World) The side lobes of each ILS are showraanagnified scale «
the right of the figure. Uniform corresponds to Bexcar apodization.
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Apodization Function ILS function ILS FWHM
Bartlett | a siné (nka) 1.77179
1-—
a
Blackman Ba (X) B (k) 2.29880
Connes 2 1.90416
2 Js2[27ka
X[ a2 22
A [27ka]
Cosine 7K 4acos[2mk 1.63941
cos| — 2 2
2a 1-16a°k
Gaussian -x2 a RS
2 2
el 2[ cod2rix)e (2) g
0
Hamming Hm(X) Hm, (k) 1.81522
Hanning H(X) Hn, (K) 2.00000
Boxcar 1 2a sinc(27ka) 1.20671
Welch X2 W (K) 1.59044
Ta?

Table Ill.1. FTIR apodization functions (Modified from Wolfram Math World)

111.9.5 Phase-Correction

Owing to particular beamsplitter characteristicsd,amalso, to electronic effects
introduced when processing the interferogram befdrebecomes digitised,
interferograms routinely display asymmetry abowt tentreburst brought about by a
frequency-dependent phase delay effect. This effaases a slight shifting of the
interference patterns of different wavelengths widspect to one another and
introduces sinusoidal components into the cosimaoioutput from the
interferometer. It is corrected for by using a “p&aorrection” algorithm, the most

commonly used is the “Mertz phase correction”.

[11.9.6 FTIR Spectral Resolution

The resolution of an IR dispersive spectrum depemis the monochromaticity of
the sampling radiation and, therefore, on the folaigth slit width of the

monochromator. Narrowing the slit width allows aadler range of frequencies of

light to pass through to the sample compartmengrethy increasing the
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monochromaticity of the sampling radiation. The mah resolution of an FTIR
spectrum, by contrast, depends upon the pathlefgtie moving mirror in acquiring
that spectrum, according to the equation R = 1/bens L is the moving mirror
pathlength. Therefore, in order to improve the spécesolution by a factor of two
one needs to double the distance over which thermgawirror must move. Because
for any FTIR spectrometer there is a maximum movmgor pathlength, there is a

correspondent maximum resolution obtainable farvarginstrument.

[11.9.7 Advantages of FTIR Spectroscopy

The main advantages of using FTIR over disperdRate the increased signal-to-
noise ratio of FTIR spectra, their superior accyirand their shorter acquisition times.
Also, because the sampling position of FTIR specéters is typically located behind
the modulating interferometer, the scattering éfféor FTIR spectra are considerably
less than for dispersive IR spectra. Increasedabiganoise ratio is a consequence of
using a greater proportion of the radiation sounatput in collecting the IR spectrum.
This technique is referred to as multiplexing angives the so-called FELLGETT'S
advantage.

With dispersive IR spectroscopy a monochromatarsisd to select a single
wavelength of the entire source output and this sobromatic light is then passed
through the sample. Therefore, only a small pesggntof the produced light goes
towards generating the spectral band. Howeversgigetral noise is independent of
what percentage of the produced light is used duspectral acquisition and,
therefore, in the case of dispersive IR spectrogcthye signal-to-noise ratio tends to
suffer as a consequence of discarding so much Wihin the monochromator. The
multiplexing technique of FTIR uses a far highercgatage of the light produced by
the source in generating the interferogram and the interferogram that is used to
investigate the light absorbing properties of thmpgle, being subsequently decoded
by the Fourier transform procedure to reproduce IRespectrum. Therefore, the
signal-to-noise ratio of an FTIR spectrum is sigaiftly enhanced compared to that

of an IR spectrum.

Another advantage of using FTIR rather than disperdR spectroscopy
comes from the fact that the circular aperturesl usé-TIR spectrometers have larger

areas than the slits used in grating monochromatods therefore, higher radiation
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throughput is achieved with FTIR. This is refertedas the JACQUINOT advantage
and it acts in concert with the FELLGETT advantaganproving the signal-to-noise
ratio of FTIR spectra, which can be up to ten tirness noisy than corresponding
dispersion IR spectra.

The superior accuracy of the wavenumber scale ¢R Spectrometers arises
from its dependence on the interferogram of a {milHeNe laser. The distance
between zero-crossings of the HeNe laser interfarngdetermines the sampling
interval of the FTIR interferogram, and the poipasing in the resulting spectrum is
inversely proportional to this. Assuming that th@&IR spectrometer is correctly
zeroed it should have a wavenumber scale precisa few hundredths of a
wavenumber, and this intrinsic precision of FTIRR&poscopy is referred to as the
CONNES’ advantage. Generally, if the position oé tHeNe laser is centred as
15,798.002 cm the FTIR spectrometer is regarded as being aecucat0.1 cm
“[14]

Because during the acquisition of a dispersivspgBctrum the sample has to
be separately exposed to radiation of each waviienge acquisition time of a
dispersive IR spectrum is greatly increased contp&wethat of an FTIR spectrum.
This increased acquisition time becomes problemdtiere there are issues of sample
stability and, also, makes the performance of tigsmlved IR spectroscopy
implausible. With FTIR, spectra can be acquiredpproximately one second for a
single scan spectrum. Also, with expensive and d¢exnjpstrumentation, a step-scan
experiment can be performed for the acquisitiotiragé-resolved FTIR spectra with
nanosecond time-resolution, and this is currengiyndp developed at NUI Maynooth.
Time-resolved FTIR has been used by many researéhestudying the folding and
unfolding mechanisms of proteins at nanosecond-teselution. For example, along
with laser excitation, time-resolved FTIR has beesed in studying the
conformational changes of the light-driven protammp of bacterior rhodopsin [15],
the redox-driven proton pump cytochrome-c-oxida$6] [and the photosynthetic

reaction centre [17].
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[11.10 Attenuated Total Reflectance Spectroscopy

Attenuated total reflectance (ATR) spectroscopg technique used to ensure reliable
pathlength reproducibility where very short optipathlengths must be used. It makes
use of the particular refractive indices of varionaterials and samples in generating
evanescent waves that penetrate only very smdilhigihly reproducible distances

into samples placed in contact with ATR crystals.

[11.10.1 Snell's Law
The direction of a beam of light is altered uposgwag from one medium to another
in a manner that depends upon the angle the lrghels relative to the boundary
between the two media. This angle is referred tdhasincidence angled) and is
related to the refraction angl®), the angle by which the path of light is alterbyl,
Snell's Law, which holds that

n.sin® =n,.sin® (111.20)

wheren; andn, are the refractive indices of medium 1 and 2, eespely. Figure
[1.14 illustrates this relationship when the medansist of an ATR crystal in contact
with a sample solution and from this it can be sbahbeam c has an incidence angle
at which the beam is neither reflected back inte &TR crystal nor propagates
through the sample solution. This angle is refeteds the critical angle®g) and
total reflection of an incident beam occurs atlbendary between two media at any
angle that exceeds this critical angle. At theiaaitangle the angle of refraction is

exactly 90and, therefore, using Snell's Law

sino, =% (1.21)

Where ZnSe is used as the ATR crystal mateBiglequals 38 when samples having
ann value of 1.5 are used. The reflection procesBustiated by beam d and it is by
this mechanism that radiation may be passed thramgATR crystal and then be
redirected and collected by a detector. Typicdily heam is returned to the boundary
between medium 1 and 2 numerous times by the sefteetion principle by placing
another material at the opposite side of the ATytat that has the sanmevalue as

that of the sample solution.
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ab c
Figure Ill.14. Refraction and reflection of light within an ATR crystal. n; and n are
the refractive indices of the ATR crystal and tlaenple solution, respectivel® and ®
are the angles of incidence and reflection, respedyt

[11.10.2 The Harrick Approximation and Penetration Depth

At the boundary point between the two media whére beam is reflected an
evanescent wave is generated that travels a vesll slistance into the sample
solution, before travelling the same distance adke boundary and re-entering the
ATR crystal at the same angle with which it exitédlis distance of penetratiod,)

can be calculated from the Harrick approximation as

d = A 1.22)

P 1

2mm, (sin2 - nsp2)5

where) is the wavelengthy, is the crystal refractive inde¥, is the incidence angle
andng, is the refraction index ratio between the sampie erystal.d, is defined as
the distance between the sample surface and th&opowhere the intensity of the
penetrating evanescent wave dies off to ¢1de)13.5 %, or its amplitude has decayed
to 1/e. The Harrick approximation predicts that Agfgstals having higher refractive
indices will generate evanescent waves with shalftgeenetration depths. For ZnSe
crystals the refractive index at 1000 tiis 2.4 and the penetration depths of beams

with incidence angles of 4and 60 are 1.66 and 1.04m, respectively.

It is also evident from the Harrick approximatitvat the value ofl, has a

linear dependence on the wavelength of the incitight. The spectral effect of this

62



Absorbance

o0 02 04 06 08

Chapter Il Protein Mid-IR Fourier Transform Spectroscopy

wavelength dependence df can be seen from the comparison of the transnmissio
and ATR spectrum of the same sample (Figure Ill.Abshorter wavelengths (higher
frequency) the penetration depth is smaller anthecabsorbance of the bands from
2800-3000 cnt is reduced, relative to the transmission spectdug, to a decrease in
the sample pathlength. The opposite is true atdomgavelengths (lower frequency)
and the bands from 1400-1500 trave higher absorbance for the ATR spectrum
than for the transmission spectrum. The overaleatffon the ATR absorption
spectrum is to alter the relative intensities ohdm in a wavelength dependent
manner, increasing the band intensities at loweguency while decreasing the
intensities of bands at higher frequencies. Itassible to correct for this effect by
creating an algorithm that takes account of thejuemcy dependence of the
penetration depth of the evanescent wave and whimi-processes the ATR

spectrum to return the transmission spectrum.

1.0

ATR
Transmission

e i

3500 000 2500 2000 1500 1000
Wavenumber (cr)

Figure 111.15. The wavelength dependence of penettmn depth for ATR FTIR. The ATR an
transmission absorption spectra are shown as @tlar, respectively (Bruker OPUS software).

[11.11 Perturbation Based Two-Dimensional Spectrosapy

Perturbation two-dimensional (2D) spectroscopyeselupon the application of a
perturbing influence to a system that is being nowad spectroscopically in order to
stimulate spectral variation along the perturbatoordinate and the generation of
dynamic spectra, which are then used to generai2 spectrum, as described below.

Examples of such perturbing influences are tempezatpH, pressure, electricity,
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magnetism and ligand titration, and their effects detected by changes induced in
the spectrum of the system. This spectral variai®meferred to as a dynamic
spectrum and it may be defined as a direct funatibthe imposed physical effect

over any range of the total applied perturbationt anight be created to reflect the
temporal spectral profile of the system at eactremental point of the applied

perturbation. The dynamic spectrum is usually defifior each spectral wavelength
of the system's spectrum and the interval betweagtessive dynamic spectra
determines the resolution of the 2D plot.

[11.11.1 The Dynamic Spectrum
The dynamic spectrug{u,t)of a system that has experienced some perturblayi@m

external variablé is formally defined as

y(u.t)=y(v.t)-y(v) forT,, <t<T,...
0 otherwise (n.23)

wherey(v) is the reference spectrum of the system Br¢gand T define the range

of variation of the external variable. Whepgy) is set equal to zero the dynamic
spectrum corresponds to the observed variation pectsal intensity at a given
wavelength, or spectral variablg.v) may also be defined as the system spectrum
before the application of the external perturbatitthe system ground state).

Alternatively, an averaged spectrum may be used(fg9r given by

- 1 max
y(v)= T TTm y(u,t)dt @n)

[11.11.2 The 2D Correlation Spectrum

2D correlation spectroscopy can be understood @aatitative comparison of the
patterns of spectral intensity variation along éxternal variablg observed at two
different spectral variablegs and v,, over some finite observation interval between

Trin andTax. The 2D correlation spectrum is formally defined a

X(uv,v,)= <§/(Ul,t) B](Uz,t'» (B5)
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The intensity of the 2D correlation spectrum depgengon the similarity or

dissimilarity of the dynamic spectra generatedsaando. The( ) symbol denotes a

cross-correlation function that compares the depecel of two different quantities on
t.

Treating the 2D correlation spectrum as a complenlyer function gives
X (v, 0,) =@ (v,0,) +1W(v,0,) (116

Whereqb(ul,uz) is the real component that is orthogonal to thagimary component

iLP(ul,Uz) and these are known respectively as the synchsoaad asynchronous

2D correlation intensities. The overall similartligtween the two dynamic spectra at

v; and s is reflected in the synchronous 2D correlatiomilsityqb(ul,uz), while the

overall dissimilarity between these dynamic spedegtermines the asynchronous 2D

correlation intensity W (u;,u,) .

The formal definition of the synchronous and asyoobus correlation

intensities is given by

®(0,,0,) +iW (0,,0,) =;)j:\?1(w) Y, (w)dew — (I1.27)

( max

whereY, is the forward Fourier transform of the dynamieatpum y(u,,t), as given
by
Y, (w) :J'_m y(v,.t)e
(111.28)
V(@) +, ()
where Y*(w) and Y," (w) are the real and imaginary components of the Eouri

transform, respectivelyt*(w) corresponds to an even functionafwhile Y," (w)

is an odd function.
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[11.11.3 Properties of the Synchronous 2D Correlaton Spectrum

Figure I11.16 shows a schematic representation sample synchronous 2D contour

map. The diagonal line is defined by coordinatesnely, = v,. Correlation peaks are

shown as concentric circles and they can be eifiusitive (clear) or negative
(shaded) in sign. Correlation peaks occurring akivegdiagonal line are referred to as
autopeaks, since they correspond mathematicaliyhe¢oautocorrelation function of
spectral intensity variation observed during thenval betweel in and Trax. Taking

a slice through the diagonal of a synchronous 20p meturns the autopower
spectrum. The magnitude of autopeaks is alwaygipesind it represents the overall
extent of spectral intensity variation observethatspecific spectral variabteduring
the observation interval betwe@p;, and Trax. Strong autopeaks will be present for
the spectral regions that undergo considerabletrgppecariation betweed, and
Tmax; While for regions where there occurs only minaensity variations autopeaks
will be weak or non-existent.

Peaks located off the diagonal line are referreédigacross peaks and, in a
synchronous 2D map, they represent simultaneousiocidental changes of spectral
intensity observed at two different spectral vadgali, and v,. The coincidence of
such spectral variation suggests a possible caypktween the events giving rise to
the intensity changes. In order to illustrate tbkerent variation of spectral intensities
at these spectral variables, a correlation squamebe constructed, whereby the pair
of cross peaks located at opposite side of theod&gline are connected to the
autopeaks located at each of the spectral varialplésgure 111.16 correlation squares

show the correlation of A with B and C with D.

Unlike autopeaks, cross peaks may be of eithertipesor negative sign.
When the spectral intensities at bathand v, (corresponding to the coordinates of
the cross peak on the 2D correlation map) eitherease or decrease together as
functions of the external variablethe sign of the cross peak is positive. If the
intensity variation ats; occurs in the opposite direction to thatwf however, the
cross peak sign is negative. Therefore, in Figlr®6l B and D spectral regions either
increase or decrease together while moving fiigg to Trax. Whereas the spectral
regions labelled A and C experience spectral vanasuch that A is increasing in

intensity while C is decreasing, or vice versa.
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Figure 111.16. Schematic representation of a synctonous 2D correlatior
spectrum. Where the map is positive the area is left clezdt where it i
negative the map ishaded. Therefore, shaded peaks are peaks of ve
sign, whereas positive peaks are clear.

[11.11.4 Properties of the Asynchronous 2D Correlaibn Spectrum

Figure 111.17 shows a schematic representation rofagynchronous 2D correlation
spectrum. Whereas the synchronous 2D correlatieotgspm represents coincidental
changes in intensity variations, the asynchrondd@rrelation spectrum represents
sequential or successive changes measured sepaedteh and v,. Unlike a
synchronous spectrum, an asynchronous spectrumtiisy@gnmetric with respect to
the diagonal line and contains no autopeaks, domgiexclusively of cross peaks. In
the same manner as above, asynchronous correfajiares can be constructed and
from Figure 111.17 it can be seen that asynchronomselation is observed for band
pairs A and B, A and D, B and C, and C and D, amat four asynchronous
correlation squares can be drawn.

An asynchronous cross peak will only result if theensity variations atx
and v, occur out of phase with each other (i.e. at a foavehigher temperature range,
if temperature is the external variable and theadyic spectrum is a direct function of
the temperature perturbation). As such, asynch®ionss peaks are very effective in
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resolving overlapped bands that have differentiasigFor example, in protein FTIR
there occurs considerable overlap in amide-I sgyaaising from the symmetric CO
stretching vibration of the peptide backbone of @8ups residing in different protein
secondary structure environments. Altering the mlaysenvironment of the protein
may result in the loss of some secondary structypas and the formation of others.
By generating an asynchronous 2D correlation spercit is possible to resolve the
amide-l bands of the separate secondary structypak if the loss and gain of the
different structural types occur sequentially. Tasolving potential of asynchronous
2D correlation spectroscopy is very high and theoldion is determined by the

degree to which spectral variations occur sequigntia

Similar to the synchronous 2D correlation spectrtim,sign of asynchronous
cross peaks can be either positive or negative thisd distinction is very useful
because it provides information on the sequentrdero of events stimulated by
performing the perturbation over a given rangeth# asynchronous cross peak is
positive it can be taken that the intensity chaage; occurs predominantly before
that atv,. On the other hand, if the cross peak is negdlfigeeverse is true. A caveat
to these rules is that the synchronous correlatpmctrum must be greater or equal to

zero at the same coordinate as the asynchronoss peak. Where this is not the case

and (D(Ul,Uz) < 0 then the rules are reversed and a positive {wegasynchronous

cross peak should be taken as evidence that spedaasity variation at, occurs
predominantly before (after) that ak. Therefore, in Figure .17 the intensity
changes at bands A and C occur after those at BDatidshould be noted, however,
that the above set of sequential order rules cdy lom applied if the patterns of
spectral intensity variations during the perturyatiange selected for composition of
the 2D correlation spectrum are generally monotomic other words, spectral

intensity variation should be unidirectional atleapectral variable of interest.

The description of 2D correlation spectroscopy giabove in some ways
assumes ideal spectral behaviour along the pettarbaoordinate. Where spectral
features such as band position shifts or line skchpages occur conventional rules of
2D spectroscopy do not apply. It is possible to ifyotthe analysis in order to take

account of such anomalous behaviours by analysorgelation peaks in clusters
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instead of individual peaks and a description ab throcedure is provided by

Noda.[18]
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Figure 111.17. Schematic representation of an asyrtwonous 2C
correlation spectrum. Positive cross peaks are shown as clear and we
cross peaks are shac
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Chapter 1V

Experimental I nstrumentation

V.1 Luminescence | nstrumentation

V.1.1 Steady-State L uminescence

Figure IV.1 shows a schematic of the instrumentatised for the acquisition of
steady-state luminescence for the fluorescencenaese energy transfer (FRET)
experiments. The set-up consists of an L6319 utra-violet light source
(Hamamatsu), a 300i SpectraPro dispersal monochoomg@Acton Research
Corporation) for excitation, an SC-447 Sample ChamiActon Research
Corporation), a single photon counting (SPC) R928Bton multiplier tube (PMT)
(Hamamatsu) detector for excitation, a 500i Sp&tradispersal monochromator
(Acton Research Corporation) for emission, an IPR8I (Hamamatsu) detector for
emission and an NCL Spectral Measuring System {A&esearch Corporation) for

controlling both the excitation and emission monmoatators.

The 500i and 300i SpectraPro monochromators hased fengths of 500 and
300 mm, respectively, and are capable of operatinipe wavelength range of 180
nm to the far infrared region. They are capableaofommodating up to three
different gratings, which are mounted on a rotaallrret. In terms of
(grooves/mm)/Blazed (nm), the three gratings fitteere 1200/300, 600/600 and
150/300, for the 500i SpectraPro, and 1200/500/5&Dand 150/300, for the 300i
SpectraPro. A larger number of grooves provideseamed spectral resolution, but at
the expense of the spectral acquisition wavelengtiye. The wavelength at which
each grating is blazed correlates its optimum wength for generating
monochromatic light. Using the 1200/300 and 1200/§fatings, the 500i SpectraPro
and 300i SpectraPro have an accuracyt@®? nm. The NCL Spectral Measuring
System controls both monochromators via a computeng the SpectraSense

software (Acton Research Corporation).

The 1P28 emission PMT has a wavelength range betd886-650 nm and is

optimised at 340 nm. It has an anode sensitivitG8f A/Im and a cathode sensitivity
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of 40 pA/Im. The R928-P SPC excitation PMT has a wavelemghge between 185-
900 nm and is optimised at 400 nm. It has an amsedsitivity of 2000 A/Im and a
cathode sensitivity of 20@0A/Im.

(=] 200§ SpectraP ro
FhT Emiz=ion Manochromatar

NCL Spectral
Mz as uring System

ROZE-F . . '

S L
“” J
A

300i ZpectraP ro

Deuterium| Excitation M onochromator
Lamp

Figure 1V.1. Instrument schematic of steady-state luminescence for the detection of
FRET. Excitation radiation is shown in blue and emisgiadiation is coloured red.

IV.1.2 Time-Resolved Emission

Figure IV.2 shows a schematic of the instrumentatised to record both steady-state
and time-resolved emission during the FRET analyBasitation was achieved by
taking the second harmonic (532 nm) of a YG-980Eeu solid state neodynium:
yttrium aluminium garnet (Nd:YAG) laser (Quantehdausing it to pump a TDL-90
dye laser (Quantel) containing a Rhodamine 590(Hyeiton) to generate an output
of 565 nm. This beam was then frequency-doublegbdmsing it through a pair of
DCC3 doubling crystals (Quantel) to generate thmtation radiation of 282.5 nm. A
300i SpectraPro monochromator (Acton Research Catipa) (described above) was
used to collect emission radiation and detectios tma means of an iStar DH-720-
25F intensified charged couple device (iICCD) canfdralor Technology).
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Figure 1V.2. Schematic representation of the instrumentation used to acquire steady-
state and time-resolved emission spectra for the detection of FRET. The emissio
radiation is shown in red.

Figure 1V.3 shows a schematic representation oi$er DH-720-25F iCCD
image intensifier. The 2D CCD Array, composed &agrid of 256 x 1024 pixels,
allows for the simultaneous collection of a wavekbnrange of between 180-850 nm
by a process known as vertical binning, wherebyctiage collected by each column
of pixels is summed to generate the overall speaitansity at the corresponding
wavelength. The three major components to the imagensifier are the
photocathode, the microchannel plate (MCP) angtusphor screen. When a photon
of a particular energy strikes the photocathode @taracteristic location it stimulates
the emission of an electron from the opposite sidéhe photocathode. This electron
then travels in a straight line across a distarfcapproximately 0.2 mm down a
voltage gradient of -200 volts to strike the MCPeTMCP consists of a thin disk of
about 1 mm thickness that is composed of numeronsyttombed glass channels of
approximately 1Qum diameter. Within each channel there exists a pigential of
up to 1000 volts, so that an entering electron peced a cascading effect that results
in the generation of up to 10,000 secondary elastia a process known as gain.

These secondary electrons then exit the MCP anekltia a straight line across
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another gap of 0.5 mm and down a potential of sgwbousand volts to strike the
phosphor screen, where they are converted intaraage by a fibre optic window.
The voltage gradient between the photocathode ardMCP can be regulated
between on and off. At the on-position the -20Q goadient mentioned above exists
and at the off-position there exists an opposigalignt of +50 volts. When in the off-
position electrons generated by photons strikirgphotocathode are prevented from
reaching the MCP by the positive voltage gradisotthat by turning the voltage to
either on or off acts like a shutter mechanism.sTims the advantage that toggling
between the two voltages, or ‘gating’, can be penéx on a ns time-scale with a high
degree of accuracy, which provides a mechanism etlyetime-resolved detection of
radiation can be achieved. The DH-720-25F is s@ectio a minimum optical gate-
width of 4.6 ns and this defines the limit to whitime-resolved detection can be

performed.
\Cacuum Microchannel
Plate (MCP
Photocathode ‘/ \ /// ( )
Inputlmkgy\ M I
Light >
> >
Output
2D CCD Array
e > Image 256 x 1024 pixels
> Vv
Lens ~H~
) Fiber Optic
Input Window Window
/

7
Phosphor coating, P43

FigurelV.3. Schematic representation of theiStar DH-720-25F iCCD image intensifier.
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V.2 Circular Dichroism Spectroscopy | nstrumentation

CD spectra were acquired using a Model 400 CirdDlahroism Spectrometer (Aviv
Biomedical Inc.). The Model 400 is functionally dled into the following
subsystems: lamp and lamp power supply; monochannpblarizer compartment;
sample compartment; and detector compartment. Ansahc of the Model 400
Circular Dichroism Spectrometer is shown in Figiu¥el.

The light source for the Model 400 is a Xenon Skt XBO® 150/4 Bulb
(OSRAM). The front panel of the power supply consaseveral indicators as to the
instruments status, including an Hour Meter and pd®eady, Instrument Power On,
Lamp Temperature On and N2 Flow OK lights. The lasmputomatically shut down
after 30 seconds if the N2 gas flow (see belowpslroelow a certain value, during

which an alarm sounds.

The white light produced by the xenon bulb is derdc into the
monochromator, where it is dispersed using twoduskca prisms in series in a “w”
double monochromator design, thereby producing rsupeavelength resolution and
containing less stray light than would result frasing a single monochromator. The
prisms have been optimised to produce dispersidiglaf in the UV region and the
wavelength range of the Model 400 is between 18b1&#90 nm. Rotation of the two
prisms is linked to a wavelength cam, which corsséne non-linear dispersion of the
fused silica prisms into a linear motion of a comeptcontrolled stepped external gear
drive mechanism. The motor step size determinexleagth specificity, with each
step corresponding to a 0.05 nm change in wavéienigte motor slew speed is
approximately 60 nm per minute. Backlash in theemechanism is eliminated by
the monochromator drive mechanism automaticallyrsh@oting by 10 nm when
moving from short to long wavelengths and this eeswavelength accuracy during

scanning. The monochromator can only scan fromdotmgshorter wavelengths.

The use of a linear wavelength scale makes it plesdp calibrate the
instrument for wavelength accuracy by preciselybcating it at a single wavelength.
This single wavelength corresponds to the positiban optical beam switch linked
to the motion of the wavelength cam. All other wawgths are then taken by
counting the number of motor steps the wavelengtim ¢s removed from this
position. The entrance and exit slits of the momoetator are not fixed in position,

but rather they move synchronously and are guigeithd motion of an external drive
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system, with the exit slit width (mm) determiningetfraction of the light allowed
through to the sample. A stepping motor also cdsititee motion of the slits and the

maximum slit width is 3.6 mm.

Non-polarised light is converted to linear-poladiséght by an MgH
polarizer, located within the polarizer compartme®f the ordinary and extra-
ordinary beams produced by the polarizer only tltgnary beam is used for the CD
measurement, while the extra-ordinary beam isréitteout by a filter located beyond
the photoelastic modulator (PEM). Circularly padad light is produced from this
linear polarised light by a PEM, which is driven &0 kHz oscillator, producing a
strain-induced birefringence oriented 45 degreethéoaxis of the linear polarised
light. The oscillation amplitude is adjusted sublattthe PEM alternately produces
+90 and —90 degrees retardation along one bir&ningxis of the oscillation peaks.
This leads to the alternate production of left aight circularly polarised light.
Within the polarizer compartment an achromatic ldosuses light from the
monochromator exit slit to a suitable point withihre sample compartment and the
lens is so designed that the location of this femaht is independent of wavelength.
Because of this wavelength independent focal paimairiety of micro cells can be

used within the sample compartment without the rieedpecial accessories.

The sample compartment is of sufficient volume agilitate the use of a
number of accessories. It is possible to monitooritscent CD by attaching a PMT at
an angle of 90 degrees to the excitation beam.s@hgple holder is equipped with a
Peltier heating system, a magnetic stirrer andspiort a stand-alone thermometer (to
monitor the temperature precisely at the quartzttavsurface) and for the insertion
of a microelectrode. Provision is also made for shpply and removal of titration

solutions by directing thin tubes into the sammgmpartment.

The detector compartment houses a high speed, $egisitivity end-on
photomultiplier tube (PMT) (Hamamatsu). The outmuirrent is converted to a
voltage by a preamplifier within the PMT housinglas then sent to the electronics
for processing. The PMT is operated in such a vay the output current is kept
constant and, since the light energy received leyRMT varies as a function of
wavelength and sample absorption, a dynode voltagpplied to the PMT to account
for this variation and produce a constant curraripat. Mounted close to the PMT

housing is a high voltage generator containing at®OC converter, which produces
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a PMT dynode voltage of 280 volts for each voltioput supplied by a D/A
converter. The dynode voltage is transmitted toRNE via a voltage driver chain at
the PMT socket.

The Model 400 is kept under a continuous N2 pwrbhde operational and
this is supplied by the boil-off from liquid nitreg contained within a PV-120 liquid
nitrogen dewar (Wessington Cryogenics). The bdilisf routed from the dewar
through an Oxygen Indicator Cartridge (Aviv Biomeal), is purified in an model
RGP-R1-3000B Rechargeable Gas Purifier (Aviv Bioiwal), then passes through
another Oxygen Indicator Cartridge before supplyingeparate purge to the lamp

housing, monochromator, polarizer and sample commeasnt of the Model 400.

A MICROLAB 500 series diluter (Hamilton) equippedithv two 500 pl
syringes (one for solution delivery and one for ogal) and fine bore no.240010
tubing (Hamilton) is interfaced with the Instruméntrol Version 3.05 CD software
(Aviv Biomedical Inc.) to allow for automated titran of solutions into the sample.
The magnetic stir device in the cuvette holder camirol a miniature stir bar placed
within a 10 mm cuvette and this device is alsograeed with the Instrument Control
software, so that the stir speed can be variedtlamexperimenter can select to stir
between or during spectral acquisition. Becausestbpping motors that control the
injection pumps have in total 2000 steps availabke minimum volume of titrant that
can be injected into the sample is the volume efs#yringe divided by 2000, which
corresponds to 0.2pl for 500 ul syringes. Also interfaced with the Instrument
Control software is an Orion 720A+ pH meter (Therrfatectron Corporation)
equipped  with  an MI-710  Micro-combination pH micleetrode
(MICROELECTRODES INC.), allowing the pH of the sadmpo be monitored during

titration experiments.

The sample is housed within rectangular quartz SABR sample cuvettes of
nominal pathlengths 10, 5, 1, 0.1 (strain-free) ar@l (strain-free) mm (HELLMA
UK LTD.) to allow for samples of different proteaoncentrations and within a range
of buffer solutions to be scanned. Because of tfi®um dimension of the Model 400
sample holder different pathlength cuvettes mustmiaéched with their appropriate
adaptors. Since both the 0.1 and 0.01 mm cellsdamountables they fit into a
common adaptor. The 10 mm cuvettes can be seaklbdeither a stopper or a lid.

Both are necessary, since titration experimentsiiregthat the open-ended lid-
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designed cuvette be used to facilitate the delivebes, the microelectrode and the
magnetic bar, while temperature ramp experimergsire the cuvette to be sealed
with an air-tight stopper throughout in order toeyent solvent evaporation and

consequent changes in sample concentration.

8
—<- 10
Lo -
E 9 E IE“: 13 1. Liquid nitrogen dewar
1 ! 2. Gas piping
Lol le 3. Oxygn cartridge
4. Gas purifier
5. Xenon lamp
6. Lamp power supply
15 16 7. Lamp igniter and systems indictor
14 17 8. Monochromator
9. Polarizer
10. Sample compartment
11. Cuvette holder and jacket
19 12. Peltier heating device
13. Photomultiplier
14. General power supply
15. Diluter
16. pH meter and electrode
17. Water cooler
18 18. cPU
19. Monitor

FigurelV.4. Schematic representation of the M odel 400 Circular Dichroism Spectrometer.
The dotted lines indicate piping through which Myepurge is supplied.

V.3 Fourier Transform Infra-Red I nstrumentation

1V.3.1 The Tensor 27

Figure IV.5 shows a schematic representation ofitegumentation used to acquire
FTIR spectra. The major component is the TensoFRIR spectrometer (Bruker),
which is equipped with a mid-IR glow-bar light soerand a liquid nitrogen cooled
photovoltaic mercury cadmium telluride (MCT) mid-l&etector. The Tensor 27
spectrometer was customised to have an operatwaanumber range of between
4000 to 1000 cih and has a maximum resolution of about I'cihe Michelson
interferometer and MCT detector compartments of teasor 27 are both air-tight
sealed and in both there is a column containingaosil beads that acts as a drying

agent to remove water vapour from these areassahmgple compartment is supplied
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with a dry-air purge from a PG28L air drier (PEAKCIENTIFIC). Protein FTIR
spectral acquisition was achieved using eitherAfgaSpec or BioATR-IV sample
accessories (Bruker), with both customised to fi¢ tTensor 27 and interface
electronically to the spectrometer. Both accessoaee designed to be able to be
purged with the dry air supply to the Tensor 27 gl@ncompartment and to be
temperature regulated with a HAAKE DC 30 tempemtgontrol module and
HAAKE K20 bath vessel (Thermo Electron Corporatiotine functioning of which
are automated with the OPUS software used to daheol ensor 27.

Oxn

. 2
Tensor 27
Michelson interferometer
AquaSpec/BioATR-IV
N, MCT detector

Air dryer
Water bath and controller

(o))
OUAWN R

FigurelV.5. A schematic representation of theinstrumentation used for protein
FTIR spectroscopy.

1V.3.2 The AquaSpec Transmission Cell

The AquaSpec transmission cell sample accessoshasvn in Figure IV.6. It is
mounted on a QuickLocK base plate that locks into place with a fittingtire
Tensor 27 sample compartment and ensures optirarsgdeproducible transmission
of radiation through the cell. An approximate ginti seal is achieved for the beam
path by telescopic tubes that bridge the distaretevden the KBr windows of the
Tensor 27 sample compartment and Cakndows of the AquaSpec sealed cell.
Water vapour is removed from within these tubesthmy presence of tubing that
redirects the dry-air purge of the Tensor 27 saraplapartment. An aperture fitting

is located within the telescopic tube that carradiation to the cell, which reduces
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the occurrence of spurious reflections within thaet Figure IV.6 shows an
expanded schematic of the AquaSpec sealed celéalieg the presence of a
thermostating plate, which is supplied with watea @ontrolled temperature from the
K20 bath vessel through an inlet and outlet apertér surrounding Teflon jacket,
visible as the white region of Figure I\b,Gnsulates the sealed cell. The cell consists
of two Cak, windows that are sealed by a special resin, wiictapable of small
expansion and retraction movements. At the tophef dell is located an injection
aperture and at the bottom there is another agefturthe cell to drain. The cell is
filled using a 5Qul HPLC syringe with a dull point, open-end needisiae 22 gauge

X 2 inches. The sample is first passed throughter fivith a 2-micron frit, located
above the inlet port, before passing into the @éie cell has a very small pathlength
of 6 um, which enables aqueous protein FTIR spectralisitqun, and in order to
inject aqueous samples into a cavity of this sizerssiderable injection pressure must
be used. The cell withstands this pressure by tesniho expanding upon injection
and then contracting again once the sample has ingsrted and movement of the

resin that creates the seal facilitates this.

Figure IV.6. The AquaSpec transmission cell. a shows an endn and top view of a schematic
the AgquaSpec accessory, photographed.ic shows an expanded schematic of the tempe
regulated sealed cell assembly.
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1V.3.3 The BioATR-IV Accessory
The BIioATR-IV sample accessory is depicted in FguW.7. Similar to the

AquaSpec accessory, the BioATR-IV is mounted onuick)ock™

base plate and
has telescopic tubes that seal the beam path asd #re supplied with a dry air purge
from the Tensor 27 sample compartment purge. Thepkeais placed on a silicon
wafer located in a well at the centre of the Maiaté of the BioATR-IV and securing
a Top Plate directly on top of the Main Plate esefthe sample area. Figure Iv.7
shows both the Main and Top Plates and the samelkeisvalso labelled. Both the
Main and Top Plates have cavities through whichewist passed by connecting tubes
from the K20 bath vessel to connectors on botheplathe Main Plate receives water
directly from the K20 bath vessel and then transrhits water to the Top Plate via a
tubular inter-connect linking the two plates amahirthe Top Plate the water exits and
returns to the K20 bath vessel. The BioATR-IV isrtho-regulated by this circulation
of water and a Teflon jacket fits over the Top @land helps to insulate the
accessory. The Top Plate has a removable piete eéntre on the underside and by
replacing the standard fitting with a dialysis iriSé is possible to perform titration
experiments using the BioATR-IV. Protruding fronetfiop Plate is a stem with a
small hole bored through its centre, through whachM15(G)300 K thermocouple
(Farnell) is placed in order to monitor the tempamadirectly at the sample area.

The mid-IR beam is deflected by an adjustable mimto the ATR-crystal
assembly, as shown in Figure I'¥.7The beam then undergoes multiple ‘bounces’
within the ATR-crystal before being directed ontwther adjustable mirror, located
on the opposite side of the crystal assembly, framere it is directed to the MCT
detector. The adjustable mirrors are shown in Egwt.7d, along with the screws
used to position the mirrors so as to optimisettineughput of radiation through the
BioATR-IV.

A schematic of the ATR-crystal assembly is shownFigure V.t and it
consists of a ZnSe ATR-crystal joined to a silieeaer by a pressure exerted from a
securing screw. The pressure applied is finely sidjl so as to ensure maximal
contact between the ZnSe crystal and the silicofenvavithout cracking the silicon
wafer. The throughput of the BIoATR-IV is heavilggendent upon optimal contact
between the ZnSe crystal and the silicon waferurféigV.8 shows an overlay of a

transmission spectrum of an empty sample compattareh a sample compartment
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with the BioATR-IV in place, within which no sampleas been injected. From this it
can be seen that the throughput of the BioATR-I\2@G20 cm' is approximately 3.5
%.

- Top plate

Detector
(otwpar tment

Souree
Comperment

T Main plate with
ATR crysta

Samnpls Compartment

c Sample Vfll Silicon wafer d
M|

Main plate

FigureIV.7. The BioATR-IV accessory. A schematic representation of the BioATRis shown ir
a and is photographed when positioned in the TeRgdnb. A schematic representation of the A
ZnSe crystal assembly is showndnwhile d gives a side and top view photograph of the ding
mirrors with the adjusting screws, as represemnted i

Transmittance
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Figure 1V.8. BioATR-1V throughput. The transmission spectrum of the er
sample compartment and the sample-free BioAYRis shown as red and bl
respectively. At 2000 cththe BioATR4V has a throughput of 3.5 % of that of
empty sample compartment.
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V.3.4 The Demountable Liquid Cell for Transmission FTIR

The DLC-M13 demountable liquid cell (Harrick), atprwith two 13 mm Caf
windows (Korth Crystal) and a 10@um Mylar spacer (Harrick) is shown
photographed in Figure IV.9. Also shown in Figuk9 is a sample holder and
QuickLock™ base plate for reproducible and optimised positipmvithin the Tensor
27 spectrometer. The DLC-M13 can be filled whilenpbetely assembled using a
syringe that attaches to either the top or bottolets of the cell. However, this is only
possible when cell pathlengths above 200 are used. Spectral acquisition under
purged conditions is possible by closing the lidhe Tensor 27 sample compartment

and purging the entire sample compartment witltDth€-M13 in place.

Figure IV.9. The DLC-M 13 demountable liquid cell. The assembled and disastden
FTIR transmission cell is shown as left and rightspectively, along with tl
QuickLock™ base plate and transmission cell holder.
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Chapter V

Quantitative Analysis of Protein Secondary Structure

by CD Spectr oscopy

V.1 Methodsfor Deconvoluting Protein CD Spectra

Numerous approaches have been taken in the des$igmograms used for the
guantitative analysis of protein secondary strectoom its CD spectrum. In order of
their appearance they are as follows: multilineagression; singular value
decomposition; ridge regression; convex constranalysis; the self-consistent
method; and neural networks. The ridge regressiethoda is used in creating the
CONTIN program, while variable selection is at tieart of the VARSLC program
(CDSSTR) and the self-consistent method underhiesSELCON program. All of
these methods make the assumption that the CDrgpeaif a protein can be
represented as a linear combination of the speatrahe secondary structural

elements, as follows:
g, =Y FS, +noise (V.1)

where g, is the CD of the protein as a function of waveléngt F; is the fraction of
eachi™ secondary structure ar®}; is the ellipticity at each wavelength of eah
secondary structural element. The noise term imdutie contribution made to the

CD spectrum by any aromatic chromophores present.

V.1.1 Multilinear Regression

Using the multilinear regression method, the fakempts at deconvoluting the CD
spectra of proteins made use of the CD spectraaafeinpolypeptides of pure single
classed secondary structure and fitted them tgtbtein CD spectrum by a simple
least squares method.[1; 6] When a sufficient numbk proteins had been
structurally characterised using X-ray crystallgma the CD spectra of these same
proteins were used to create a protein data badkfram this basis curves were
extracted using multilinear regression. The bapiscga were generated so as to

represent the CD spectrum of arhelix, 3-sheet (both parallel and antiparall€s},
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turn and random coil as they would appear whenretls&sictures were present within
a protein.[9-13] These basis spectra were thentitutlesl for the model polypeptide
CD spectra in analysing novel proteins by CD spsciopy.

The multilinear regression approach has been usedeherate programs
designed to perform quantitative secondary strattanalysis based on protein CD
spectra and these programs can be categorised bpsadvhether the least-squares
fit is constrained or non-constrained. If a conegd fit is used then the sum of &l
values must equal 1, the logic behind this beingt e fractional sum of all
secondary structures that combine to produce tlogeipis CD spectrum cannot
possibly be greater than unity. Constrained leqsts®es analysis was used in creating
the multilinear regression LINCOMB and G&F prograrBy using a hon-constrained
least-squares analysis the fit is not restrictezhdbhat the sum of thig; values must
equal unity. Instead, the coefficients are allovtedbe normalised after the fitting
procedure. Non-constrained analysis has the adyanthat it allows for more
flexibility in the fitting procedure and so can &lkccount of the possibility of the
basis spectra being less than perfect for fittimg protein CD being analysed. The
MLR program was developed by the non-constrainelfilimear regression method.

The G&F and the LINCOMB programs are superior t® BMLR program for
the prediction of3-sheet an@-turns and the use of the model polypeptide stahdar
curves gives more accurate predictions than theotidg®sis curves extracted from
protein databases.[1; 9; 12] However, the predictid both 3-sheet andB-turn
content using the multilinear regression methogdeserally quite poor. A number of
factors combine to produce this lack of performarestly, the contributions made
by aromatic groups to the protein CD are ignore@mhenerating the basis spectra
from the protein reference database, and, as suotiel polypeptide standard spectra
when used with multilinear regression enhancese#itenation by this method ¢-
sheet an3-turn content. Secondly, because the basis or mualgpeptide spectra
are not well distinguished over several wavelemgtiions, the multilinear regression
method of analysing the protein CD spectrum at esahelength independently is
open to a significant degree of error. The G&F, CBMB and MLR programs
perform equally well when predictirarhelix content. The main benefit for using the
multilinear regression approach for quantitativeoselary structural analysis is that

the programs can work with CD spectra acquired @aveuite narrow wavelength
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range (240-200 nm) with only a slight drop in pemiance. Since MLR uses a non-
constrained analysis, it is the only program tlzat be used for quantitative secondary

structural analysis in the absence of accurate ladge of protein concentration.

V.1.2 Singular Value Decomposition

To address the problem of the similarity of bagecsra over certain wavelength
regions, the singular value decomposition (SVD)rapph was developed, whereby
basis spectra were no longer generated by consgidgre CD spectra of the reference
proteins at each wavelength independently, buterathat orthogonal basis curves
were extracted from the reference base as eigargecin a method of
multicomponent analysis.[14] Here, the componenthes CD spectrum at a single
wavelength and, therefore, the spectral magnitudeaeh wavelength is no longer
considered independently of its magnitude at otvearelengths, with the result that a
combination of co-dependent spectral magnitudeseseral wavelengths is much
better suited to being able to characterise thes{gbature of a structural component.
SVD also constrains the fractional weights of ee@hformation to equal 1 during the
fitting procedure. The SVD approach has an improyetformance over the
multilinear regression method when predicting ¢hkelix content of a protein from
CD data, but it is less able to estim@d¢urn content. Both approaches perform
equally well in attempting to estimafesheet content. SVD suffers in that to have
enough information for conformational analysis bagpectra must have a sufficient
number of nodes (maxima and minima) and as a résICD data must be collected

to at least 184 nm.

V.1.3 Convex Constraint Analysis

Convex constraint analysis (CCA) is an approac$pictral deconvolution similar to

the SVD method, in that it uses multicomponentecid for generating the basis
spectra from the protein CD spectra compiling #ference database.[15-17] Similar
to SVD, the sum of the fractional components isst@ined to equal 1 for CCA.

CCA differs from SVD in the manner by which the isasurves are extracted. Instead
of relying on spectral nodes to define each bgséctsum, a volume minimization

procedure is performed, introducing a constrai@t tlesults in a finite number of

component curves being extracted from the referdrase. CCA also differs from
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SVD in that no X-ray crystallographic data are usedenerating the basis spectra.
Instead the basis curves are assigned to speedansdary structures by correlation of
the fractional weights of each secondary strudtutée protein reference set with the
fractional weight of each extracted basis spectl@@A gives a very good estimate of
a-helix, which is largely independent of the waveignrange of the CD spectrum
under investigation. However, estimates [bEheets and3-turns are poor. It is
supposed that the weakness of CCA in this regardttisbutable to secondary
structures within a protein not being truly indegent of one another, as is assumed
by the CCA method.

V.1.4The CONTIN Program

To test the theory that the secondary structuranouinknown protein can be best
estimated by interpreting its CD spectrum with extpto other proteins that have
similar CD spectra and are of known structure, w@shwere developed that could
select from the protein reference data base omlgettproteins that have CD spectra
similar to the test spectrum and, from these, caa@onew reference set with which
to analyse the test spectrum. Such selection metinoctlide ridge regression, variable
selection and neural networks. Selection is seemasrtant in that proteins may
display unusual CD spectra, which have been dexdobly features such as a high
presence of aromatic amino acids or the occurrehdesulfide bridges.[18] Even the
adoption of a rare tertiary conformation by a protean greatly distort its CD
spectrum. Therefore, the desire to have as compseree a protein reference set
should be balanced by including a selection metinothe generation of the basis
spectra.

CONTIN uses ridge regression analysis to fit th& f@otein CD spectrum
directly from the CD spectra of a large proteirerehce set, without the generation of
basis spectra.[19] In doing this it keeps the dbation of each spectrum small unless
it contributes to a good agreement between there¢tieal best-fit curve and the test
spectrum. Therefore, spectra most similar to thet $pectrum are given greater
weight than those that are less similar. The maprovement in using CONTIN to
estimate secondary structural content is thatviégia much better estimate [Bturn
content than previous methods based on multilimegression, or either SVD or
CCA. Also, CONTIN doesn't suffer from limiting thiest spectrum to wavelengths
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longer than 200 nm. The most recent version of CIDNJses a locally linearised
method instead of the ridge regression method lecseg the weighting of proteins
within the reference set and is called CONTIN/LL.

V.15 The VARSLC and CDSSTR Programs

Combining variable selection with the SVD methodl l® the creation of the
VARSLC program.[20] Here proteins are systematjcadliminated from the
reference set, creating numerous smaller refersetse These reduced sets are used in
evaluating the conformation of the test protein Hraresults obtained using each are
examined. Selection criteria are then applied kohal results and only those yielding
a good fit are chosen. These results are then gee@reo give the final result. The
VARSLC program gives excellent evaluation of proteecondary structure from CD
spectra, but suffers from requiring the test spmetto be collected to at least 184 nm.
In the VARSLC program there are a number of paramsehat can be varied by the
user for each analysis, such as the amount of lesitlmos to be made, the constraint
on the total sum of the fractional composition, tluenber of basis proteins to be used
and the maximum root mean square deviation accephaiba solution. Solutions that
do not lie within the boundaries set by the userignored by the program, regardless
of whether they happen to be good solutions. Th&ETR program is essentially the
same as the VARSLC program, but is designed soadthatf the above-mentioned
boundaries are given maximum freedom. The restittascalculations done using the
CDSSTR program generally take longer than the VAR®kogram, but the solutions
are arrived at in a more comprehensive manner andnprove the probability of

achieving a successful estimation of the test pr@tsecondary structure.

V.1.6 The SELCON Program

The self-consistent method continues on from thelakke selection method,
improving its speed and accuracy, and it is thesbas which the SELCON program
has been develop.[21-23] The SELCON program arsantpe proteins of the
reference set in order of increasing root-meantgqudifference from the test
spectrum and then the most dissimilar proteinsht® test data are systematically
eliminated so that a reduced protein referencésgatoduced. This serves to increase
the speed of finding the best solutions. Also,udeld in the reduced reference set is

the test protein spectrum and an initial guess &lanat its fractional secondary
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structural composition. This serves to improve g¢isémation of the structure of the
test protein, since the reduced reference set derbéased towards the test protein
structure. The test spectrum is then deconvolutedhe SVD method and the
protein’s secondary structure is determined. THetism serves to replace the initial
guess of the test protein’s fractional compositonl the procedure is repeated. This
is continued until self-consistency is reached ahdhat point the final structure is
estimated.

The latest version of the SELCON program is SELCQ@NG it includes in the
analysis the constraint that the sum of the esdthaecondary structures is equal to
one and that each estimated secondary structuwofiebe greater than —0.5. A final
constraint is introduced in the SELCON3 progrant thrdy solutions conforming to
the helix limit theorem be included in the finaligons, whereby the solutions must
fall within the range of helix content suggested thg Hennessey and Johnson
method.[14]

The SELCON program returns very good predictionsi-tielix, 3-sheet and
B-turn structures, even when the test data is onllgcted between 240 and 200 nm.
The SELCON program has also been augmented solasdble to determine the P2
conformation of globular proteins.[23] The progrdmwever, performs poorly when
attempting to estimate fractional contents of pnstevith very high-sheet contents.
The origin of this lack of performance lies withihe proteins that represent the
reference set from which the SELCON program culyemperates and, specifically,
can be traced to the magnitude of the ellipticityaopure “infinite” 3-sheet being
much higher than that of a shtsheet, the kind of which are represented in the

protein reference set.

V.1.7 The K2D and CDNN Programs

The third selection method used for estimating g@rotsecondary structure is the
neural net method and this has been used in gemgrdie K2D and CDNN
programs.[24; 25] In general, a neural network iasof three different types of
units, called input, hidden and output units. Inpoits receive information from the
external into the network. Hidden units pass infation between different layers
within the network and output units pass informafiimm the network to the external.

The units are organised into layers and “neuromsinect each unit to other units

90



Chapter V Quantitative Analysis of Protein Secondary Strietoy CD Spectroscopy

within the same layer and/or to other units of ffedent layer. These connections are
numerically weighted in what is referred to as ttraining” or “learning” phase, in
which the neural net is exposed to the proteinregiee set, and it is this phase that
represents the selection step in the analysis.

The CDNN neural network of Bohnaet al. consists of 83 input units,
corresponding to the CD data at 83 wavelengths w260 and 178 nm, a single
hidden layer of 45 units and an output layer ofrtay representing tha-helix,
parallel and antiparallg-sheet,3-turn and remainder conformations.[26] The K2D
program differs from CDNN in that it relies on aopedure called proteinotopic
mapping to create a database of weights and thesrausecall program to determine
the a-helix andB-sheet structures of a test protein. Also, the K@Dral net utilizes
data only between 240 and 200 nm as input, batuhable to estimaf&turn content.
Of all the programs used for estimating the frawiocomposition of protein
secondary structure K2D is best able to estirfiasbeet content when only a limited

wavelength range of data has been acquired.

V.1.8 The Root Mean Squar e Deviation and Correlation Coefficient
The general approach taken to assess the perfoemaina program in correctly
predicting the fractional composition of a protsigecondary structure is to analyse
the ability of the program in estimating the frac@l composition of each protein of
known secondary structure contained within the gnotreference set, after that
protein has been removed from the reference set.tWb categories of performance
indices are the root mean square deviation (RM8parid the correlation coefficient
(r) between the crystal structure and the CD predistelues. The performance
indices are given separately for each secondangtste estimate (e.@, andr for
the a-helix prediction) and then again for all estimatesdcondary structures
combined, representing an overall performance indd»e RMSD and correlation
coefficients are calculated by the following eqoas

y(1= 1)

ST (V.2)

and
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NS (16 )2 (17x17)
r= | i (V.3)

[T ]

where f;°® and f* are CD and X-ray estimates of secondary structypes ofN

reference proteins, respectively. An exact fithed sample CD spectrum will return a
0 value of 0 and an value of 1. The closeness of each to these iddaks indicates
the degree of confidence associated with the esamaf fractional composition of
the sample protein. Confidence in the estimationhef fractional composition of a
protein is further enhanced if similar results abtained when analysing the data by
different methods, and, therefore, analyses shbelgerformed using a variety of
methods. This, however, assumes that all methodssed with a common protein
reference set and finding the best reference gggnsrally a matter of trial and error.
It should be noted, however, that reference seit dbnsist of a larger number of
proteins and represent a larger coverage of clarsiit secondary structures, along
with CD data for each protein extending well intee tfar-UV, as far as 178 nm,

generally give superior estimates of fractional position.

V.1.9 The Protein Reference Sets
The CDPro software package consists of the CDSSHRCON3, CONTIN/LL and
CLUSTER programs, and is available online to nomemrcial users at

http://lamar.colostate.edu/~sreeram/CDPro/main.hirhere are 10 different protein

reference sets to choose from when analysing thesgdatrum of a sample protein.
These are listed as SP29, SP22X, SP37, SP43, SFEEJR42, SDP48, CLSTR,
SMP50 and SMP56. The reference sets labelled Wwehiritials SP consist only of
soluble native proteins and the number indicatesathount of proteins that make up
the reference set. Similarly, reference sets ladbeBDP and SMP consist of soluble
proteins along with either denatured or membrageprs, respectively. The proteins
are characterised according to their fractional positions with respect to six
secondary structures, which have been assignedeb $SP method for interpreting
X-ray crystallographic spectra and these represmmilara-helix (agr), distorteda-
helix (ap), regularB-strand Bg), distortedp-strand Bp), B-turns (T) and unordered

(U) conformations.[27] Exceptions are when thenafee set is designed to be able to
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predict polyproline or g-helix conformations. Table V.1 lists the fractibna

composition of each of the 56 proteins used byabB&ro software.

V.1.10 The Relative Performance of CONTIN(/LL), SELCON3 and CDSSTR
Sreerama and Woody have tested the performandiseef of the most widely used
methods for interpreting protein fractional compiosi from CD spectroscopy,
namely, CONTIN(/LL), SELCON3 and CDSSTR, using aiety of reference sets
(Table V.1) and conclude that the performances f tiaree methods are
comparable.[3] The performance for each method daggd by estimating the
fractional composition of each protein in the refere set, with that protein being
excluded from the reference set during the analysisl by then comparing these
estimates with the X-ray crystal structure and wlaking thed andr values, using
equations V.2 and V.3. As shown in Table V.2 theynd that CDSSTR performed
the best when a reference set consisting of a emalimber of proteins, but
containing data over a larger wavelength range used. When the number of
reference proteins was increased at the expenge afavelength range available for
the analysis it was found that CONTIN/LL performdsbst. The quality of
performance for estimating the content of individsecondary structures was found
to be mixed between the different methods. Theasittherefore, recommend that
all three methods should be used conjointly whesdyamg data by any of the three
methods to improve the reliability of the final uéiq 3]
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Protein PDB Protein Wavelength Reference set ar ap Br Bo T U
code class range (nm)
Myoglobin 4mbn oa 260-178 1,2,3,4,5,6,7,8,9 0.582 0.222 0.000 0.000.052D| 0.144
Hemoglobin 2mhb oa 260-178 1,2,3,4,5,6,7,8,9 0.537 0.223 0.000 0.000.10%| 0.136
Hemerythrin 2hmz oa 260-178 1,2,3,4,5,6,7,8,9 0.478 0.197 0.000 0.000.1110| 0.215
T4 lysozyme 2lzm aa 260-178 1,2,3,4,5,6,7,8,9 0.421 0.244 0.049 0.037.1160| 0.134
Triose phosphate isomerase 3tim| o 260-178 1,2,3,4,5,6,7,8,9 0.236 0.210 0.090 0.064.120| 0.276
Lactate dehydrogenase 6ldh ap 260-178 1,2,3,4,5,6,7,8,9 0.277 0.161 0.088 0.073.15%| 0.246
Lysozyme 1lys ap 260-178 1,2,3,4,5,6,7,8,9 0.202 0.217 0.016 0.047.298| 0.221
Thermolysin 8tin ap 260-178 1,2,3,4,5,6,7,8,9 0.282 0.133 0.070 0.095.21%| 0.206
Cytochrome ¢ 5cyt aa 260-178 1,2,3,4,5,6,7,8,9 0.214 0.194 0.000 0.000.233| 0.359
Phosphoglycerate kinase 3pgk [of¢] 260-178 2,3,45,6,7,8,9 0.21p 0.135 0.043 0.067 310.p 0.313
EcoRI endonuclease leri aB 260-178 2,3,4,5,6,7,8,9 0.192 0.127 0.0p8 0.080 1m.p 0.293
Flavodoxin 1fx1 ap 260-178 1,2,3,4,5,6,7,8,9 0.209 0.108 0.108 0.108.264| 0.203
Substilisin BPN 1SBT ap 260-178 2,3,4,5,6,7,8,9 0.174 0.131 0.0p8 0.080 29:.p 0.295
Glyceraldehyde 3-P 3gpd af 260-178 2,3,4,5,6,7,8,9 0.17p  0.102 0.1t5 0.093 17.p 0.301
dehydrogenase
Papain 9pap ap 260-178 1,2,3,4,5,6,7,8,9 0.137 0.123 0.094 0.075.17%| 0.396
Substilisin Novo 2SBT aB 260-178 2,3,4,5,6,7,8,9 0.118 0.102 0.065 0.073 93.p 0.353
Ribonuclease A 3rn3 aB 260-178 1,2,3,4,5,6,7,8,9 0.113 0.097 0.218 0.113218| 0.242
Pepsinogen 2psg aB 260-178 1,2,3,45,6,7,8,9 0.051 0.1%4 0.235 0.15116%| 0.243
B-lactoglobulin 1lbeb ap 260-178 1,2,3,4,5,6,7,8,9 0.056 0.111 0.287 0.123.218| 0.207
o-chymotrypsin 5cha BB 260-178 1,2,3,4,5,6,7,8,9 0.069 0.045 0.208 0.106.200| 0.371
Azurin S5azu ap 260-178 1,2,3,4,5,6,7,8,9 0.047 0.062 0.141 0.109.31D| 0.328
Elastase 3est BB 260-178 1,2,3,4,5,6,7,8,9 0.021 0.087 0.225 0.117.208| 0.342
y-crystallin 4gcr BB 260-178 2,3,4,5,6,7,8,9 0.006 0.086 0.2p9 0.161 O0D.L 0.339
Prealbumin 2pab BB 260-178 1,2,3,4,5,6,7,8,9 0.031 0.031 0.307 0.142.16%| 0.323
Concanavalin A 2ctv BB 260-178 1,2,3,4,5,6,7,8,9 0.000 0.038 0.329 0.135.23@| 0.262
Bence-Jones protein 1rei BB 260-178 1,2,3,4,5,6,7,8,9 0.000 0.028 0.294 0.196.2290| 0.252
Tumor necrosis factor 1tnf BB 260-178 2,3,4,5,6,7,8,9 0.00p 0.019 0.2p3 0.140 19.p 0.329
Superoxide dismutase 2sod BB 260-178 1,2,3,4,5,6,7,8,9 0.000 0.018 0.248 0.119.298| 0.316
a-bungarotoxin 2abx BB 260-178 2,3,4,5,6,7,8,9 0.00p 0.000 0.004 0.095 840.p 0.608
Trypsin ap 260-178 1 0.088| 0.031 0.198 0.136 0.140 04
Colicin A 1col oa 240-185 3,4,5,7,8,9 0.52 0.225 0.000 0.000 0.044.2020
Rat intestinal fatty acid lifc BB 240-185 3,4,5,7,8,9 0.05. 0.061 0.432 0.152 0.1521520
binding protein
Green fluorescent protein lema] BB 240-185 3,45,7,8,9 0.004 0.064 0.347 0.093 0.191.3010
Staphylococcal nuclease 2sns [of¢] 240-190 4,6,7,8,9 0.094 0.100 0.081 0.1p7 0.289 28.
Insulin 4ins aa 240-190 4,6,7,8,9 0.294 0.23p 0.020 0.040 0.950 610.
Parvalbumin 5cpv aa 240-190 4,6,7,8,9 0.27 0.287 0.000 0.087 0.194 040.
Carboxypeptidase A 5cpa ap 240-190 4,6,7,8,9 0.254 0.127 0.111 0.0p2 0.212 440.
Bovine pancreatic trypsin 5pti ap 240-190 4.,6,7,8,9 0.064 0.138 0.172 0.069 0.190 6.
inhibitor
Adenylate kinase 3adk ap 240-190 4,6,7,8,9 0.34 0.206 0.077 0.0p2 0.012 1.
o-chymotrypsinogen 2cga BB 260-178 3,4,5,6,7,8,9 0.058 0.082 0.210 0.110 0.P10.335
Alcohol dehydrogenase 8adh ap 260-178 3,4,5,6,7,8,9 0.139 0.115 0.189 0.096 0.P1@.297
Carbonic anhydrase 1ca2 aB 260-178 3,4,5,6,7,8,9 0.058 0.104 0.1y0 0.116 0.240.312
Glutathione reductase 3grs ap 260-178 3,4,5,6,7,8,9 0.188 0.142 0.140 0.096  0.172.262
Rhodanese 1rhd ap 260-178 3,4,5,6,7,8,9 0.15p 0.147 0.041 0.068 0.£35.359
Reaction center* 1prc oo 245-185 8,9 0.291] 0.18 0.024 0.042 0.194 0.7
Photosystem I* 1jb0 oa 245-185 8,9 0.363 0.19 0.0256 0.029 0.167 0.7
Reaction center* 1lgov aa 245-185 8,9 0.341) 0.18 0.035 0.035 0.1838 0.2
Antenna complex* 1nkz aa 245-185 8,9 0.569] 0.16 0.000 0.000 0.086 O.
Ubiquinol-cytochrome c 1bgy oo 245-185 8,9 0.355 0.16 0.056 0.034 0.165 0.
reductase*
Cytochrome oxidase* locc [o{s 245-185 8,9 0.434]  0.144 0.031 0.022 0.141 0.1
Rhodopsin* 1188 aa 245-185 8,9 0.482] 0.15 0.0 0.025 0.160 O.
Bacteriorhodopsin* 1qghi oo 245-185 8,9 0.605 0.154 0.035 0.017 0.109 O.
Ca&*ATPase* leul ap 245-185 8,9 0.286] 0.154 0.087 0.0%8 0.203 0.7
Porin* 2omf BB 245-185 8,9 0.0100 0.03 0462 0118 0.223 0.
Porin* 2por BB 245-185 8,9 0.027] 0.04 0462 0.106 0.193 0.
Maltoporin* laf6 BB 245-185 8,9 0.000] 0.02 0482 0.114 0.159 0.1
Phosphoporin* 1pho BB 245-185 8,9 0.000, 0.02 0.433 0.115 0.286 0.

Table V.1. Reference proteins included in the CDPro software suite. The protein reference sets are
follows: 1=SP22X; 2=SP29; 3=SP37; 4=SP43; 5=SP3BASDP42; 7=SDP48; 8=SMP50; 9=SMF
Reference sets 3 and 5 contain the same set aipgpbut differ in the assignment of secondanycstires
For reference set 5 the secondary structures dedimed asx, 3, Pll, T and U, for the purpose of being abl
estimate PIl content of sample proteins. Similatie secondary structures of reference set 2 efired a
a, 310, B, PII, T and U for the purpose of estimating Belical content. The secondaryustures of all othe
reference sets are defined as given in the tabéeidane proteins are labelled as *.
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Chapter V Quantitative Analysis of Protein Secondary Strietoy CD Spectroscopy

V.1.11 The Wavelength Dependence of Protein CD

Comparing the cross referencing of SP29:260-178 itself and with SP29:240-190
gives a clear indication of the effect of extenditngg data acquisition to lower
wavelengths. It can be seen from Table V.2 thatiadgpn to 178 nm significantly
improves the correlation coefficients of all fracts, except that of the regular helix,
when compared with the same correlation coeffisidat data collected to 190 nm.
The RMSD values show a similar trend when the tets sf performance indices are
compared. Both trends are reflected in the ov&BIISD and correlation coefficients
for the two wavelength ranges. Cross correlatirgréierence sets SP29:240-190 and
SP29:240-200 with both SP43:240-190 and SDP48:3404ives similar results,
further emphasising the importance of collectingad® as short a wavelength as
possible before attempting an estimation of theoséary structure fractional
composition of a protein from its CD spectrum. Tehessults were found to be

independent of the particular method used for tiedyais.

V.1.12 The Dependence of Reference Set Size

Assessing the performance of each method whileinghe number of proteins in
the reference set can be done by comparing therpshce indices returned by the
self correlation of each of the five reference sesisd, and in particular those of SP29,
SP37 and SP43. For both SELCON3 and CONTIN/LL arpravement in
performance was seen when increasing the numbesferfence proteins from 29 to
37. For the same methods, increasing the numbegrraikins to 43 showed no
improvement over the case when 37 proteins werd. (SBSSTR performed best
when only 29 proteins were used and showed nordifte between using 37 or 43
proteins.

Greenfield has gone on to perform a similar anslgsi a selection of proteins
chosen from the SP29 reference setia(l20f and PP class2) with a more
comprehensive selection of analysis methods.[8o Athe estimates of fractional
compositions were compared when data was colldotéddferent shorter wavelength
limits. Table V.3 shows the accuracy that can bgeeted when using CD
spectroscopy to estimate protein secondary strictantents. In general, the
LINCOMB and MLR methods did a poor job of estimagtirthe fractional

compositions of the four proteins used, regardi#fssavelength lower limit. This
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could be due to the fact that the polypeptide ezfee set of Brahms and Brahms was
used during the analysis.[1] CONTIN showed equalbetter performance when
analysing data collected to 200 nm compared to dali@cted to 190 nm for all
proteins excepta-chymotrypsin. SELCON gave approximately equallyodjo
estimates for all four proteins regardless of whetiata was collected to 200 or 178
nm. The same was true of the VARSLC program, wbiatrall did not perform quite
as well as the SELCON or CONTIN programs. CONTIELSON and VARSLC all
performed well when estimating tleehelical content of each of the proteins, but
performed less well when trying to estim@tsheet content of all but theex protein

of myoglobin. In complete contrast, the neural KD program performed very well
when estimating thdg3-sheet contents of all proteins except for myogiobihe
CDNN neural net program also performed excellewtyl in estimating the fractional
compositions of each of the four proteins and thee pi-helix polypeptide. CDNN
performed slightly better when interpreting datdexted to 200 nm compared to 180
nm. It did a poor job in analysing the pygesheet polypeptide, underestimating e

sheet content and overestimating dlikelix content.
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Ref. set Method Cross ref. set: wavelength Bar [ [ [ B = & o Fy = & o 3 T
range
SP29 SELCON3 SP29: 260178 0054 0.946 0.052 0.717 0.087 0646 | 0340 0742 0062 0482 0.101 0300 0073 0.795
SP29: 240-190 0052 0949 0053 0689 0.102 0547 0.036 0.709 0075 0302 0118 0268 0078 0773
CDSSTR SP29: 260178 0.050 0.955 0.053 0805 0079 0706 | 029 0810 0060 0536 0099 0478 0066 0836
SP29: 240-190 0.059 0938 0052 0.785 0083 0655 0.030 0.790 0074 0337 0,097 0451 0070 0817
CONTIN SP29:260-178 0046 0.960 0050 0727 0099 489 0.031 0.783 0.060 0.476 0.100 0397 0070 281
CONTINLL SP29:260-178 0.050 0952 0.056 0695 0.099 0533 | 0340 0734 0.065 0428 0103 0350 0072 0802
SP29: 240-190 0.058 0936 0.055 0679 0.102 0.486 0035 0719 0074 0323 0.103 0317 0075 0.784
SP37 SELCON3 SP37:240-185 0.050 0952 0043 0767 0.084 0705 | 0370 0.664 0.056 0570 0.108 0154 0.068 0.819
SP29: 240-190 0.047 0.960 0.050 0.715 0,094 0638 0.036 0.704 0063 0538 0116 0142 0073 0.795
CDSSTR SP37:240-185 0.055 0946 0044 0830 0.096 0600 | 0280 0811 0.065 0.448 0101 0323 0070 0.809
SP29: 240-190 0.059 0939 0,047 0811 0.087 0648 0.030 0.801 0.066 0452 0,098 0413 0.069 03819
CONTIN SP37:240-185 0.056 0.940 0042 0.773 0101 | 520, 0030 0787 0.064 0362 0087 0380 0.068 0814
CONTINLL SP37:240-185 0.052 0948 0047 0745 0.098 0577 | 0310 0.763 0.066 0418 0.094 0279 0.069 0811
SP29: 240-190 0054 0944 0052 0.706 0,093 0624 0033 0753 0.066 0.447 0.095 0328 0.069 0813
SP43 SELCON3 SP43:240-190 0.053 0941 0044 0776 0.086 0663 | 0310 0.743 0073 0.367 0.098 0216 0.068 0811
SP29: 240-190 0.051 0953 0048 0.747 0.086 0659 0034 0.746 0073 0382 0110 0181 0072 0802
SP29: 240200 0.056 0938 0.044 0809 0.094 0.550 0037 0.682 0074 0273 0.105 0256 0073 0.799
CDSSTR SP43:240-190 0.065 0918 0045 0771 0,092 0611 | 0280 0.807 0.068 0463 0.088 0.369 0.068 0810
SP29: 240-190 0.064 0929 0042 0.792 0.081 0.704 0028 03843 0.067 0462 0.089 0424 0.065 03833
SP29: 240200 0063 0933 0.043 0.789 0.088 0.609 0.030 0.804 0076 0357 0.088 0452 0.068 0.820
CONTIN SP43:240-190 0.059 0.927 0.046 0.753 0088 | 63D, 0029 0782 0078 0213 0082 0397 0.067 0815
CONTINILL SP43:240-190 0.057 0930 0043 0793 0.087 0649 | 029 0.774 0077 0333 0.089 0253 0.068 0814
SP29: 240-190 0053 0942 0,048 0.756 0.084 0674 0031 0.781 0076 0373 0.096 0262 0.069 0817
SP29: 240200 0.065 0520 0.047 0771 0.084 0.658 0.030 0.793 0081 0239 0.097 0311 0,071 0.805
SDP42 SELCON3 SDP42:240-185 0.047 0956 0043 0794 0.082 0672 | 0370 0690 0064 0.650 0.140 0.769 0077 0873
SP29: 240-190 0048 0.957 0,050 0.724 0,091 0641 0.037 0694 0.066 0527 0.125 0316 0076 0.798
CDSSTR SDP42:240-185 0.052 0950 0042 0847 0.093 0620 | 0250 0819 0069 0585 0140 0774 0080 0864
SP29: 240-190 0.059 0.940 0.047 0813 0.088 0616 0029 0811 0073 0343 0116 0495 0074 0.805
CONTIN SDP42:240-185 0054 0.940 0.047 0.755 0095 | 618 0032 0.769 0091 0.187 0157 0712 0.090 271
CONTINLL SDP42:240-185 0.049 0.950 0045 0781 0.088 0671 | 0300 0.799 0071 0575 0120 0836 0074 0885
SP29: 240-190 0.055 0943 0052 0711 0,088 0650 0031 0788 0.069 0.401 0,097 0.485 0.069 0823
SDP48 SELCON3 SDP48:240-190 0.052 0942 0044 0806 0.082 0694 | 0340 0719 0076 0505 0129 0775 0076 0.866
SP29: 240-190 0053 0949 0,049 0.746 0.081 0678 0034 0748 0072 0431 0119 0394 0073 03810
SP29: 240200 0.065 0920 0.045 0813 0.099 0.505 0.040 0.638 0076 0255 0132 0281 0.082 0.768
CDSSTR SDP48:240-190 0.060 0930 0047 0822 0.087 0640 | 0310 0770 0078 0.455 0135 0.766 0.080 0852
SP29: 240-190 0.062 0933 0.051 0819 0,082 0664 0028 0821 0074 0341 0116 0500 0074 0.807
SP29: 240200 0.056 0948 0.049 0825 0.084 0.644 0033 0.754 0079 0322 0.121 0.465 0.076 0.803
CONTIN SDP48:240-190 0.055 0934 0.049 0.750 0091 | 590 0.035 0685 0052 0.099 0154 0672 0.089 081
CONTINLL SDP48:240-190 0.053 0941 0041 0840 0.081 0697 | 0310 0.765 0076 0512 0114 0833 0072 0884
SP29: 240-190 0053 0946 0047 0.785 0078 0710 0031 0.780 0071 0441 0,093 0527 0.065 0843
SP29: 240200 0.066 0919 0.048 0.769 0.090 0618 0033 0.753 0.085 0139 0126 0314 0.080 0.771

Table V.2. The performance of SELCON3, CDSSTR and CONTIN(/LL) programs for analysing
protein CD spectra when different reference sets are used. The table rows are coloured clear, ygeac
yellow where the reference set is cross correlaiétditself, the reference set SP29 with data betw24(-
190 nm and the reference set SP29 with data bet24@a00 nm, respectively. The latter two performe
indices are included in order to cpare the performance effect with wavelength rangkwith varying th
number of proteins in the reference set. (Modifiean [3])

Method X-ray LINCOMB* MLR* CONTIN SELCON VARSLC K2D | CDNN
Awin (NM) 200 [ 178 [ 200 [178 [ 200 [ 190 [ 200 | 178 | 200 [ 178 | 200 | 200 [ 180
Myoglobin | a-helix | 78 96 93 89 97 67 89 73| 79[ 76 74 74 83 84
Bsheet [ O 0 0 0 0 0 0 -3 0 0 0 8 3 2
Turn 10 4 5 8 3 16 0 13| 20| 4 18] ND 9 9
Lactate a-helix | 37 46 40 63 42 46 40 41| 39| 40 39 55 43 44
dehydrogen | Bsheet [ 14 21 29 15 33 7 39 12| 27] 15 28 11 13 1
ase Turn 25 15 11 13 9 26 1 22 27| 17 13| ND 15 14
Chymotryp | a-helix [ 10 15 21 33 28 11 9 7 15| 24 16| 12 1 2(
sin Bsheet | 38 25 14 6 0 16 32 16| 26| 0O 11| 33 29 5(
Turn 26 10 16 5 9 44 32 13 16| 42 39] ND 21 22
Bence aheix |3 0 0 0 0 6 0 3 9 14 0 3 13| 16
Jones Bsheet | 50 43 40 68 40 42 81 47| 34| 7 69] 50 39 21
protein Turn 24 25 29 17 28 25 10 23| 40| 28 17| ND 2 22
Anin (NM) 200 [ 190 [ 200 [ 190 [200 | 190 [ 200 | 178 | 200 | 178 | 200 | 200 | 180
Poly(lys- a-hdix [0 0 9 0 2 12 9 31| 24| 31 30| 5 34| 39
leu)n In 0.5 pBsheet | 100 89 65 89 99 73 91 24 39 51 55 89 19 1
gfl NaF, pH [MTyrn 0 11 26 7 0 0 0 26 26 1 3 ND 16 13
Anin (NM) 200 [ 190 [ 200 [ 190 [200 | 190 [ 200 | 190 | 200 | 190 | 200 | 190 | 190
Poly-L- a-helix | 100 97 100 - - 100 | 100 | 99| 89| 100] 96/ 100 93 9
lysine 0.01| Bsheet [ O 3 0 - - 0 0 0 1 6 18| 0 1 1
Zgrm helical ™Tyrn 0 0 0 - - 0 0 1 6 13 15| ND | 7 7

Table V.3. Comparison of the performances of various methods in estimating the fractional composition
*The reference set used for the LINCOMB and MLRthoes whe

of 4 proteins and 2 polypeptides.

analysing the 4 proteins was that of Brahms andh®sa[1] The polypeptide reference set of Reed and

was used for estimating the composition of poly@&g)n and poly-L-lysine.[4A common reference set fr(

the CDPro software was used for all other methadhe 4 proteins. (Reproduced from[8])
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V.1.13 Analysis of Membrane Proteinsby CD

The ability of soluble protein reference sets talgse the fractional composition of
membrane proteins has been a topic of some reed@itel Wallacet al. examined
the performance of the CDPro software in analysheg fractional compositions of
eight membrane proteins and concluded that thebkolprotein reference sets were
inadequate for estimating the fractional compositid membrane proteins from their
CD spectra.[28] They suggested that the CD spedftraembrane proteins were in
some way fundamentally different from those of bt#duproteins and that in order to
be able to solve for their fractional compositionseparate membrane protein
reference set would be required. Sreerama and Wseolkgequently created such a
reference set and incorporated it within the CDBoftware.[2] Their analysis of
membrane proteins, however, suggested no such rherdal difference between
membrane protein CD spectra and those of soluldéeims. The inclusion of 13
membrane proteins to the soluble protein referesets of CDPro enhanced the
performances of CONTIN, SELCON and CDSSTR for bettuble and membrane
proteins alike, especially in the estimatiorBesheet content. The authors suggest that
the enhanced performance in analysing membraneipsotesulted from there being
a greater number of proteins in the new refereetg sather than being due to some
uniqueness of membrane protein CD spectra, singetracy to the findings of
Wallaceet al., the soluble protein reference sets performed ek when analysing
both membrane and soluble proteins. Table V.4 coespthe performance of the
soluble reference set with the combined soluble amanbrane reference set in

estimating the fractional compositions of both st#duand membrane proteins.
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M ethod Refer ence set 8« Ia [ I o rr &y fu ) r
SELCON3 SP37: 240-185 0.09 094 0.1 071 0.6 0J57 0.11150Q. 0.09| 0.80
SP43: 240-190 0.08 0.98 0.11 0.7T1 0.¢p3 0(37 (0.1022 Q. 0.09 0.80
SMP50: 240-185 0.09 0.92 0.11 0.72 0.06 050 (.11.18F 0.09( 0.79
SMP56: 240-190| 0.07 0.9 0.10 0.97 0.p7 0J44 0.10.22d 0.09| 0.82

SP37:240-18t | 0.1C | 0.9¢ | 0.1 | 0.9 | 0.04 | 0.7C | 0.07 | 0.25 | 0.0¢ | 0.92
SP43:240-19C | 0.0¢ | 0.97 | 0.1 | 0.97 | 0.04 | 0.64 | 0.0¢ | 0.26 | 0.0¢ | 0.9z
SMP50: 240-18 | 0.07 | 0.97 | 0.0¢ | 0.9¢ | 0.0c | 0.6¢ | 0.0¢ | 0.25 | 0.0€ | 0.9%
SMP56:240-19 | 0.0¢ | 0.9¢ | 0.0¢ | 0.97 | 0.04 | 0.57 | 0.0€ | 0.29 | 0.07 | 0.9%

CONTIN/LL SP37: 240-185 00§ 098 012 065 0p7 0j42 (.09280Q. 0.09| 0.81
SP43: 240-190 00§ 098 021 071 0P8 033 (.09250Q. 0.09| 0.80

SMP50: 240-185| 0.04 094 0411 0.75 0.p5 0J58 0.09.28(Q 0.09| 0.83

SMP56: 240-190| 0.07 094 0.10 0.80 0.07 0§40 0.09.27J 0.08| 0.84

SP37:240-18t | 0.1C | 0.94 | 0.1f | 0.81 | 0.07 | 0.47 | 0.1C | -0.0€ | 0.11 | 0.8t
SP43:240-19C | 0.1C | 092 | 0.1C | 0.9€ | 0.0 | 0.52 | 0.0¢ | 0.25 | 0.0¢ | 0.91
SMP50: 240-18 | 0.0¢ | 0.9¢ | 0.07 | 0.9¢ | 0.04 | 0.6z | 0.0¢ | -0.01 | 0.07 | 0.94
SMP56:240-19 | 0.1t | 0.8¢ | 0.07 | 0.9€ | 0.0f | 0.47 | 0.0¢ | 0.12 | 0.0¢ | 0.91

CDSSTR SP37: 240-185 00§ 094 012 069 0p7 0}45 (.1032Q. 0.09| 0.81
SP43: 240-190 009 092 011 071 o0p7 O0}46 Q.0937 Q. 0.09| 0.80
SMP50: 240-185| 0.09 094 011 0.5 0.p6 0{59 0.09.440 0.09| 0.84
SMP56: 240-190| 0.09 094 0.10 0.6 0.07 0{50 0.09.43J 0.09| 0.84

SP37:240-18t | 0.0¢ | 0.9¢ | 0.14 | 0.9¢ | 0.04 | 0.7€ | 0.0¢ | 0.09 | 0.0¢ | 0.9C
SP43:240-19C | 0.0¢ | 0.9¢ | 0.1C | 0.97 | 0.04 | 0.64 | 0.0¢ | 0.18 | 0.0¢ | 0.92
SMP50: 240-18 | 0.0¢ | 0.9¢ | 0.0¢ | 0.9¢ | 0.0f | 0.7¢ | 0.0¢ | 0.42 | 0.0¢ | 0.95
SMP56:240-19 | 0.0¢ | 0.94 | 0.0¢ | 0.9¢ | 0.04 | 0.64 | 0.07 | 0.22 | 0.07 | 0.95

Table V.4. Performance indices of soluble and membrane proteins by the
SELCON, CONTIN/LL and CDSSTR methods, with and without the
inclusion of membrane proteins in the reference set. The greyed da
corresponds to the performance of the 13 membraoteips.(Reproduced frc

(21)
V.1.14 The Effect of Tertiary Structure on Protein Far-UV CD
It is well understood that protein far-UV CD speactare not exclusively defined by
their secondary structural fractional compositiobst are influenced, sometimes
heavily, by the tertiary structure the protein adopAs such, any lack of
representation in the protein reference set of eddhe different classes of tertiary
structure could significantly reduce a method’s fgrenance when estimating
fractional compositions. Figure V.1 shows the CDecd@m of six protein pairs,
wherein the proteins have similar fractional conipass, but differ in their tertiary
structures. Another source of error in estimatirgctional compositions from CD
spectra is thought to lie with the accuracy of Xieay crystal structures assigned to
each protein within the reference set. Obetrgl. has developed a rationally selected
basis protein reference set consisting of 50 pretéRaSP50) in order to account for
both of these factors.[5] The RaSP50 referencewset constructed in order to
represent the greatest coverage of tertiary streidtld space, the greatest coverage
of secondary structure fractional composition spand to include only proteins
whose crystal structure had been solved to a hegjne of accuracy. The condition
that all of the included proteins be commerciallgitable was also applied.

On comparing the performance of the RaSP50 basiwigethat of the basis
sets used in the CDPro software for the SELCON3hatkt the correlation
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coefficients for each structure do not vary consibly, suggesting that neither
insufficient tertiary structure space coverage maccurate X-ray crystallographic
data for the CDPro basis sets significantly degrdde estimation of secondary
structure fractional composition. In light of thpestral differences shown in Figure
V.1 this is somewhat surprising. Obezgal. tested the performance of a reduced
RaSP16 basis set in estimating the structure ob&ip occupying a region of tertiary
structure space outside of that covered by the Ra®Bsis set and concluded that in
regions where tertiary space coverage was poomfbasis set, the basis set was
inadequate for accurate fractional composition yaiglby CD spectroscopy. This
result suggests that a study of the tertiary stirecépace coverage of the basis sets
within CDPro should be performed and that the safénvshould only be used for
analysing proteins whose tertiary structures ocagace covered by the basis sets.

1 LY 4 Figure V.1. The effect of tertiary
. gy structure on protein far-Uv CD
% R B spectra. The relative intensities of t
9 ) - spectra are proportional to their m
3 1/ residue ellipticities. The protein pairs
! e C as follows, where the protein (
) - — ‘ represented by the solid line is listed
NN and the prtein CD plotted as a dott
. - D line is listed second and the protein F
q‘, codes are also listed: A Ferritin (F1
—~ P and Hemoglobin (HBN); B Citra
{f e synthase (CSA) and Troponin (TRO)
. % Lipoxygenase (LOX) ar
7 N = b Phosphoglycerate kinase (PGK);
, T — Ubiquitin (UBQ) and Hbonuclease .
- F (RNA); E Erabutoxin (BTE) ar
ra N T — Concanavalin A (CAN); F Avidin (AVI
U andy immunoglobulin (IGG). (Modifie
from [5])

Relative ellipticity
¥

185
X () 260
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V.2 Characterisation of Cuvettesfor CD Use
Considering the optical range over which CD speateacquired (260-178 nm) it is
essential to choose a sample cuvette (cell) condpokenaterial which is transparent
over this range. SUPRASIL quartz is the most comgnosed material used to make
cells for CD spectroscopy because of its wide wevgth range of transparency, cost
effectiveness, tolerance of exposure toaage of solvents and relative durability.
When performing protein CD for the purpose of qitative analyses of secondary
structure all spectra must be in units of molaipedity. As such, it is essential that
both the concentration of the sample solution bewknto as precise a value as
possible and that the optical pathlength be prciseown. When purchasing cells of
pathlengths smaller than 1 mm, however, it is commhat there can be as much as a
50 % difference between the actual and nominall@agfths. Therefore, it is essential
that all cells to be used in quantitative analysfegrotein secondary structure by CD
spectroscopy have their pathlengths experimentakyified. Cell pathlength
determination can be by either thed£O, method or the interference fringe method.
The K,CrO, method is used for determining the pathlengthslooiger
pathlength cells and relies on the known extinctoefficient of KCrO, at 372 nm
of 4830 Mol* cm. By using Beers Law oA = &I, whereA is the absorption at a
specified wavelengthg is the extinction coefficient at the same wavetbng is the
sample molar concentration aht the cell pathlength in cm, the cell pathlenggim
be determined from the UV/visible absorption speutrof a standard solution of
K.CrO,. The following experiment was performed in order determine the

pathlengths of cells of nominal pathlength gretditan 0.01 mm.

V.2.1 Method

Five stock solutions of 0.02 M XrO, were made up by accurately weighing out
1.9419 g of KCrO, and dissolving it in 500 ml of 0.01 M KOH solvenade up with
deionised water. Serial dilutions of x10 and x106revthen made of these stock
solutions, producing five ¥CrO, solutions of 0.002 and 0.0002 M, respectively.
Additionally, five solutions of 0.2 M KCrO, were made up by dissolving 1.9419 g of
K,CrO, in 50 ml of 0.01 M KOH solvent. Using Hellmarfék cleaning solution
(HELLMA UK INC.) and 105 Lens Cleaning Tissue (Wimatt) all cuvettes were
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thoroughly cleaned and dried, whilst wearing glowesil they showed up as spotless
under lighting.

To determine the pathlengths of the nominal 1, & Hh mm cells the 0.002,
0.0002 and 0.0002 M KrO,4 solutions were used, respectively, and the ahsorpt
spectrum of each recorded on a Cary 50 Conc (Mamdnsorption spectrometer
(Table V.5). For pathlength determination of themimal 0.1 and 0.01 mm
demountable cuvettes, the 0.02 and 0.2 MO, solutions were used, respectively.
A 1 ml volume of the 0.02 M ¥CrO, solution was degassed for approximately 10
minutes and a 4Ql drop was placed onto the bevelled half of the fin
demountable cuvette. The cuvette was assembledabing the blank half on top of
the bevelled half with the solution drop in betwgebaing careful to ensure that the
bevelled volume filled completely, that the cuvetid not overflow and that no gas
bubbles were present within the cell. The nomin@lLdnm cuvette was filled with a
drop of volume @ul in a similar manner. In an attempt to prevenkégge from the
0.01 mm demountable the added precaution of setdagdges of the assembled cell
with a thin strip of Parafilm was taken. Beers Lawas used together with the
absorbance at 372 nm and the extinction coeffi@éh,CrO, at 372 nm of 4830 cm
M to calculate the value dfaccording to each of the five solutions for eaeh. c
The largest and smallest calculated valuek wére ignored and the average of the

three remaining intermediate values was taken théd¢rue value of

V.2.2 Results
Table V.5 summarises the results of the determipathlengths of each of the
cuvettes to be used in CD spectroscopy accordingad<CrO, method. With the
exception of the 0.01 mm nominal cuvette, the deitged pathlengths for all cuvettes
were within 2 % of their nominal values. From FigsivV.2, V.3, V.4 and V.5 it can
be seen that the deviation from the calculated ameerof the three most similar
absorption spectra was very small, so that in roases the absorption spectra of the
different K;CrO,4 solutions almost exactly overlap.

The variation of the pathlength of the demountadadminal 0.1 and 0.01 mm
cuvettes due to either evaporation or leakage hiftisa from the cell can be seen
from Figures V.% and V.5, respectively. From the inset in Figurdb/it seems that

there occurs an initial loss of solution from thell and a decrease of the cell
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pathlength from an initial maximum of 0.1033 mmrfesponding to an absorbance
of 0.998) to 0.1019 mm, after a time of approximat20 minutes. This latter
pathlength is maintained for a period of at ledsn@nutes. In contrast, the nominal
0.01 mm cuvette showed a continual and non-unifdecrease in cell pathlength due
to solution loss, which can be seen from the deamgaintensity absorption spectra
with time shown in Figure V.5. The insets in FigM& show that in some cases the
determined pathlength actually increases betweete tpoints. Also, the initial
absorption spectra for different fills of the nomlir0.01 mm cell with a common
K,CrO, solution showed significant variation (data nobwh). Figure V.5 shows
that, although the pathlength cannot be assumestaminfor the nominal 0.01 mm
cell, it does decrease to a final pathlength ofrexmately 0.013 mm (corresponding
to an absorbance of 1.28) after a time of 2 hAlthough the application of Parafilm
to the edges of the cell did not prevent leakagmfthe cell (Figures Vdbandd) it
has been seen that it does improve the retenti@olation within the cell over very
long time periods (greater than 3 hours)(data hoivs) and so perhaps retards the
evaporation of solution from the cell.

For very short pathlength cells the interferencegle method can be used to
determine the pathlength and Figure V.6 shows tierference spectrum of the

nominal 0.01 mm cuvette. Using the formula

n(Vy (W)
%(Wz _\Nl) (V.4)

1000

whereW; andW; are the wavelengths of fringe peaks at least éatkpaparty is the
number of fringe peaks separatMg andW,. When the wavelengths are given in nm
equation V.4 provides the pathlengthpm. From Figure V.6 the pathlength of the
nominal 0.01 mm cell is calculated as 15.988. However, since this is the
pathlength of the cell when empty, it might be maceurate to use the cell pathlength

determined by the }CrO, method for CD spectroscopy purposes.
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Figure V.4. Pathlength determination of the nominal 0.1 mm pathlength cell by the
K.,CrO, method. a shows the absorption spectral ovelay of threeedifit 0.02 I
K,CrO, solutions andb shows the variation with time of the filled 0.1 meell
absorption spectra over a range of 80 minutest todeis this variation as measuret
the peak maximum of 372 n

a 14— b 16—
VZ—=\\ time o] = Time 0
12 y \ e 14 Tine1
: y \ e == Tire2
/ \ e 12 Tines
1475 y \ et Tines
9 N T —— imes| 8 Time's
S 08 ——— < Tines
o ime. 2 0384 Time 7
5 06 time s 5 Tires
o .6 1] Time 9
2 < 06 T 10
] Tine 11
0.4 0.4 Time 12
0.2 1 - | Tine13
N — 0.2 rine 14
[\ . . . . . i 0
300 320 340 360 380 400 420 440 300 320 340 360 380 400 420 440
A (nm) A (nm)

Time 0]

Time 1
Time 2
Time3

Time 4

Times

Time

Time 7
Times

Time s

Absorbance
Absorbance

490

A (nm) A (nm)

Figure V.5. Pathlength determination of the 0.01 mm nominal pathlength cell by the K,CrO, method.
Overlay of consecutive absorption spectra of alsifig2 M solution of KCrO, acquired over a time
approximately 2 hours, with equal time intervhitween each scan. Inset are the variations irnriadnsce ¢
the peak maximum at 372 nm over the time intervandb were acquired without the use of Parafilm, w
¢ andd were recorded after the cell had been sealeccadbes with Parafilm.
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Figure V.6. Pathlength determination of the nominal 0.01 mm pathlength cell
by the interference fringe method. The fringe labelled n = 0 is centred at 4:
nm, while the n = 20 fringe is centred at 600.5 nm.

n=20

Transmittance

Cuvette | K,CrO,sol.| Abs;,,n» | Pathlength
conc. (M) (cm)
lcmNo.l| 0.0002 0.9797 1.014
lcmNo.2| 0.0002 0.9793 1.0138
lcmNo.3| 0.0002 0.9827 1.0173

5 mm 0.0002 0.4905 0.5078
1 mm No.1 0.002 0.9676 0.10017
1 mm No.2 0.002 0.9843 0.10189
0.1 mm 0.02 0.9845 0.01019
0.01 mm 0.2 1.39t0 1.26 0.001439 tq
0.001304

Table V.5. Pathlength determination of SUPRASIL quartz
cuvettes used for CD spectroscopy.

A further requirement for cells to be used for Qiedroscopy is that they
should be strain free and thereby exhibit no istarCD. As such, cells giving rise to
deviations from the instrument air baseline of mtiven 5 millidegrees should be
discarded for CD use, since these cells do notigeoequal enough transmission
between left and right circularly polarised lightdugh the cell. SUPRASIL quartz
cells certified as strain free by manufacturersaanlg certified over the recommended
wavelength range for the use of this material, frd@® to 2500 nm. Because the
effect of strain becomes more pronounced when wgrki lower wavelengths, it is
required that all cells be tested for strain ower éntire wavelength range used during
CD spectroscopy. Furthermore, cells should not ektsignificantly different CD

signals upon reversal of orientation. Figures \h@ ¥.8 show the CD spectra of both
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the 0.1 and 0.01 mm cuvettes, respectively, in eddhe four orientations possible
for a rectangular demountable cell. The differemerdations of both the 0.1 and 0.01
mm cells show approximately similar CD spectra. M/lthe deviations in ellipticity

over the wavelength range for protein CD is lessnthdeal for both cells, the

requirement that these deviations be less thanllislegrees is satisfied. The degree
of dependence of the cell CD spectrum on its oat@mm requires that when obtaining
protein CD spectra the sample and reference spshwald be acquired with the

cuvette in the same orientation.
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FigureV.7. CD of 0.1 mm cuvette in each of itsfour possible orientations.
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FigureV.8. CD of 0.01 mm cuvettein each of itsfour possible orientations.
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V.3 Calibration of the Model 400 CD Spectrometer

The calibration of a CD spectrometer involves ttamdardisation of the spectrometer
in terms of both its wavelength accuracy and itgmitade sensitivity or ellipticity.
Instrument calibration is vital when performing Glpectroscopy both to maintain
internally consistent spectra for the same instntnoer a given time span and to
insure that spectra obtained by one instrument@amgparable to those obtained using
other CD spectrometers. The latter consideratiorofispecial importance when
performing quantitative analysis of protein secopddructure because of the reliance
of this procedure on a database of protein CD spdbfait have been acquired on
different CD spectrometers. The level of importamméeproper calibration of CD
spectrometers to the study of protein secondangtstre by CD has been emphasised
by the carrying out of a UK-wide study designeatdéonpare the absolute calibrations
of 27 CD spectrometers (NPL REPORT DQL-AS 009)uAsequent report based on
the findings of this comparative study was desigmedrder to establish a standard
method for the calibration of CD spectrometers (NEEPORT DQL-AS 010). Both
of these reports make use of the data containedinvé third report, which was
carried out by the European Chirality ServicesGES.) (TECHNICAL REPORT R
43) in order to characterise standards to be use€bD. Table V.6 summarises the
findings of this report.

Compound Molar elipticity | Molecular weight
(mdeg) (@)
(1S)-(+)-10-camphorsulfonic acid (CSA) +7820 232.30
(1R)-(-)-10-camphorsulfonic acid (CSA) -7820 232.30
(1S)-(+)-10-camphorsulfonic acid, ammonium salt G +7910 249.33
(1R)-(-)-10-camphorsulfonic acid, ammonium salt @&C| -7910 249.33
(R)-(-)-Pantolactone -16160 130.15
(S)-(+)-Pantolactone +16160 130.15
Epiandrosterone +10880 290.45
2(+)p-[Coen]Clz* NaCk 6H,0 +6431 857.78
2(-)p-[Coen]Clz» NaClk 6H,0 -6431 857.78

Table V.6. Standardsfor CD magnitude calibration.

The general standard used for the magnitude ctbbraf CD spectrometers
is  (1S)-(+)-10-
camphorsulfonic acid, ammonium salt (ACS). ACS isf@red over (1S)-(+)-10-

to be used for the far-UV analysis of protein males

camphorsulfonic acid (CSA) due to the extreme hygopic nature of CSA, while
ACS does not display any significant level of hygpopicity. When calibrating CD
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spectrometers it is important to use calibrants thgplay optical activity within the
wavelength range over which the spectrometer isnod to be used because
calibration can decrease as one moves away frowdhkelength of calibration. ACS
is ideal for protein CD calibration because it thyg a band at 290.5 nm and another
at 192 nm and, therefore, it enables the calibmabithe spectrometer over much of
the wavelength range to be used for protein strakttinvestigation. Ideally,
calibration should be performed at as many distive¥elengths as possible and this
has been shown to be important in the standardisaind comparability of spectra
obtained on multiple instruments.[29] As such, (BJpantolactone is also used as a
calibrant in addition to ACS, since it produces B @and centred at 219 nm that
dissects the two bands produced by ACS.

The linearity of response of the CD instrument athe of the separate
wavelengths used for the magnitude calibration &setion of the concentration of
the calibrant must also be established if the umsént is going to be assumed to
perform independently of sample concentration. Tisiglso a valuable test for the
overall stability of the instrument.

The calibration of the CD spectrometer for wavetangccuracy is done by
obtaining the CD spectrum of a solution of holmiaride. Holmium oxide produces
a series of sharp absorption bands between 680280dnm and the precise
wavelengths of each of these have been publishedhey National Institute of
Standards and Technology (NIST). In addition ts tiie observed band maxima of

the magnitude calibrants can be compared to thecteg band maxima.

V.3.1 Method

A 0.029 M stock solution of 1S-ACS (Katayama Cheat)icwas made up by
accurately weighing out 144.7 mg of 1S-ACS andahigsg it in 20 ml of deionised
H,0O. Samples of x2, x4 and x8 dilutions were then enfadm this stock solution. A
stock solution of approximately 7 mg/ml of 1S-CSAsnmade by dissolving 700 mg
of CSA in 100 ml of deionised@. The concentration of this stock solution wasithe
adjusted such that it had an absorbance value tbo&e Samples of x2, x4 and x8
dilutions of the CSA stock solution were then madmg deionised 0. A 0.0115 M
(R)-(-)-pantolactone (Aldrich) stock solution wasae up by accurately weighing out
149.6 mg of pantolactone and dissolving it in 100omdeionised HO. Samples of

x2, x4, x8 and x16 dilutions were then made from #tock solution. The CD of all
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samples were recorded consecutively and on the dagnas the samples were made
and all samples were kept in a dark box until beicegnned.

CD spectra were recorded using the 1 mm No.2 SURRASIvette
(HELLMA UK). Each of both the 1S-ACS and 1S-CSA sd@s were scanned over
the wavelength ranges 188 to 195 nm and 288 ton293Each of the pantolactone
samples was scanned over the wavelength rangeo2Z2Ztnm. Scans were acquired
at a temperature of Z&, a bandwidth of 1 nm, an averaging time of 1 sdcand a
scan stepwidth of 0.2 nm. Spectra were calculasegihaaverage of between 5 and 20
scans and in all cases they were background cedegsing a deionised water
background acquired over the same wavelength ramgige same cell and orientation
and using the same spectral parameters. All spaara obtained under conditions
whereby the dynode voltage was below the 600 irait.|

The calculation of the expected ellipticities otleasolution was performed
using the equation

(7 =Aex33,000<c x| (V.5)

expected —
whereBexpectediS the expected ellipticity at the wavelength merest,Ae is the delta
epsilon differential extinction coefficient valuef dhe substance at the same
wavelength,c is the molar concentration of the sample soluaad| is the sample
pathlength in cm. Thée values for 1S-CSA at 290.5 nm, ACS at 291 nm and
pantolactone at 219 nm are 2.37, 2.40 and —4.9 mtiegm’, respectively. Thée
value for both CSA and ACS at 192 nm is —4.72 mdEj cm™. For the CSA
solutions the concentrations were calculated from dbsorption spectra using the
extinction coefficient of 34.5 Mcm™ at 285 nm and the Beer-Lambert equation

Abs=gxcx| (V.6)
wheree is the extinction coefficient; is the sample molar concentration dnd the
sample pathlength in cm. Since the No.2 1 mm nohgathlength cuvette was used
to record all CD spectra and the No.1 10 mm nompadhlength cell was used to
record the CSA absorption spectra. Therefore, tieevofl should be taken as
0.10189 cm when calculating tBgecteavalues and 1.0140 cm when calculating the

concentrations of the CSA solutions.
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V.3.2 Results

When determining the calibration performance ofCagpectrometer it is important to
identify the instrument’s calibration both in termakits wavelength and absorbance
accuracy. Both of these checks should be carri¢dbwer the wavelength region for
which sample spectra are to be recorded. For pr@Bi work this region corresponds
to between 260 and 178 nm. Furthermore, the abeogbaccuracy determination of
the instrument should be performed at more thanpmet within this wavelength
range in order to rule out the possibility of wareth dependent absorption
aberrations. When performing the absorption acgurast the instrument absorption
should be examined as a function of calibrant commagon at each of the
wavelengths investigated. When operating correthigre should exist a linear
relationship between calibrant concentration andctgpl absorbance. Due to the
alteration of the instrument dynode voltage durisygectral measurement it is
important to carefully monitor this value over afavelengths and ensure that it does
not exceed the instrument specification of appratety 600 volts, beyond which the
detector experiences saturation.

Figures V.9, V.10 and V.11 give the CD spectral riays for the serial
dilutions of the 1S-ACS, 1S-CSA and pantolactone ¢lbrants, respectively. For
each overlay the corresponding dynode voltage ayasl also presented. The signal-
to-noise ratios of all spectra can be seen to lel.gdince both ACS and CSA exhibit
well-resolved CD bands of opposite ellipticity atehtred at two wavelengths located
at either end of the wavelength range relevantrtiepn CD spectroscopy, these
standards are of particular used when calibratimgfruments intended for this
purpose. The CD spectral overlays are presentetdthr bands in Figures V.9 and
V.10, however, due to both ACS and CSA having S$icgmtly greater extinction
coefficient values for the lower wavelength bandhpared to the higher wavelength
band, only the two most dilute solutions resultedspectra having dynode voltage
values below the 600 volt saturation point for tbe-wavelength band. The use of
pantolactone in conjunction with either CSA or AGS recommended when
calibrating the instrument for protein CD work, @nit exhibits a band that is
somewhat intermediate in wavelength between thelsrads of these calibrants. As
such, the recommended three-point calibration oed/t al. is used here for the
Model 400 absorbance calibration.[29]
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Figure VV.9. Calibration of the Model 400 using ACS. (a) In descendingrder, the CD specti
overlay of ACS solutions of concentrations 0.0291@5, 0.00725 and 0.003625 M showing
positive 290 nm band maximum. (b) In descendingrthe CD dynode voltage spectral ove
of the respective solutions mentioned in (&).In ascending order, the CD spectral overlathe
0.00725 and 0.003625 M ACS solutions showing thgatiee 192.5 nm band minimum. (d)
descending order, the CD dynode voltage spectratlay of the 0.00725 and 0.003625 M £
solutions, as shown in (c).
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Figure V.10. Calibration of the Model 400 using CSA. a In descending order, the CD spec
overlay of a CSA stock solutionaalg with x2, x4 and x8 dilutions showing the pa&tP90 nm bar
maximum.b In descending order, the CD dynode voltage speatexlay of the respective solutic
mentioned ina. ¢ In ascending order, the CD spectral overlay ofx¢heand x8 CSA stock &dtion
dilutions showing the negative 192.5 nm band mimmd In descending order, the CD dyn
voltage spectral overlay of the x4 and x8 CSA stalkition dilutions, as shown m
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Figure V.11. Calibration of the CD spectrometer using the calibrant pantolactone. a In ascendin
order, the CD spectral overlay of a pantolactorlatiem of concentrations 0.0115, 0.00575, 0.002
0.0014375 and 0.00071875 M. In descending order, the dynode voltage spectvatlay of th
respective solutions mentionedan

The use of both ACS and CSA to calibrate the Mo#e0d at identical
wavelengths was intended to make the calibratiatgss somewhat independent of
the concentration determining steps of each of gbeal dilution solutions. The
concentration of ACS can be determined gravimdtyicaowever, this method is
vulnerable to the purity of the compound preparatiad the calibration of the scales
used. In contrast, the determination of the comaéinh of the CSA solutions must be
done by absorption measurements, owing to the pygtucity of CSA rendering
gravimetric determination non-feasible. This metioudiable because of the accuracy
with which the extinction coefficient of CSA hasdpedetermined, however, it is
dependent upon the absolute calibration of the rabisa spectrometer used in
recording the solution absorbance values. Figute \shows the absorption overlay
of each of the serial dilutions of CSA used in taéibration. Using a combination of
both ACS and CSA calibration was intended to hgttliany possible errors in either
the purity of the ACS or the calibration of the atpion spectrometer. Figure V.13
shows the linearity-of-response of the absorptipactometer with concentration.
The R value of 1 combined with a y-axis intercept of 3dD2 suggests that the
absorption spectrometer displays excellent lingaritabsorbance with concentration
change.
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Figure V.12. The absorption spectral overlay of the CSA calibrant solutions. The
stock solution and x2, x4 and x8 dilutions specaigpear in descending orc
respectively, within the overlay. The water baselabsorption spectrum is alscosm
as a relatively flat line at zero absorbance.

y =1.0105x - 0.0002
RE=1

O T T T T T 1
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Relative concentration

Figure V.13. Linearity of response of absorption spectrometer with 1S-CSA
concentration. The equation of the straighte fit of the four absorption values
the four CSA solutions at 285 nm is shown alondwiite error of this fit as the’R

value.
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Tables V.7, V.8 and V.9 show the accuracy to whikh Model 400 is
calibrated in terms of its absorbance by compattegexpected and the experimental
ellipticity for the relevant bands of the ACS, C@Ad pantolactone calibrant CD
spectra, respectively. At 290 nm, for both the A&l CSA calibrants, and at 219
nm, for the pantolactone calibrant, the percenbredecreased considerably when
only a small concentration of the calibrant wasdudgecause the accuracy of the
PMT detector decreases at higher ellipticity valuke calibration accuracy of a CD
instrument should be assessed at magnitudes cobnipavdah the range over which
samples are to be measured. The most dilute catitsalutions for each of the
solutions is most representative of this ellipsiciegion and so it is from these
solutions that the Model 400 absolute calibratioouaacy should be determined. As
such, errors of approximately 0.8 and 1.5 % wergeoked at 290.5 nm for the ACS
and CSA calibrants, respectively.

The ratio of the band magnitudes at 192 and 29@onreither of the ACS and
CSA calibrants is an important performance indicafoCD spectrometers. Because
of solvent absorption and reduced short-wavelehatip intensity effects, the ACS
and CSA CD short-wavelength spectral bands termbidain significant amounts of
noise. Although the number of scans to be averagesi considerably increased the
averaged spectra still retained some noise cotimibuDue to such problems the
literature is undecided as to the exact expectednihale of the ACS/CSA short-
wavelength band. Instead it is suggested thati@aathe long- and short-wavelength
bands should be greater than 2 for an accuratdilgrated CD spectrometer. Table
V.7 shows that this ratio for the ACS calibranta@nsistently greater than 2. Table
V.9 shows that the absolute magnitude calibratiooreat 219 nm of the Model 400 is
approximately 0.9 %.

1S-ACS | Relative | Expected Actual 02006 Actual Actual

solution | conc. CD 62905 CD 606 | Actual/Expected CD -61015 81015/ 2006
(mdeg) (mdeg) (mdeg)

1 1 237.721 233.648 1.0174 - -

2 0.5 118.293 116.924 1.0117 - -

3 0.25 59.324 58.462 1.0147 120.748 2.0354

4 0.125 29.444 28.231 1.0073 60.287 2.0475

TableV.7. The Model 400 calibration at 290.5 nm using the 1SS ACS CD calibrant.
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1S-CSA | Relative | Absx;s | Expected CD 8,906 | Actual CD 6,906 | Actual/Expected
solution | conc. (mdec) (mdec)

1 1 0.9899 | 223.163 230.848 1.0344

2 0.5 0.4952 | 111.638 115,571 1.0352

3 0.25 0.2462 | 55.503 57.588 1.0376

4 0.125 0.1250 | 28.180 28.595 1.0147

TableV.8. The M odel 400 spectrometer calibration at 290.5 nm using the 1S-CSA CD calibrant.

Pantolactone | Relative Expected CD | Actual CD | -0,4
solution conc. 0,19 0,19 Actual/Expected
(mdeq) (mdeq)

1 1 189.448 192.208 1.0146

2 0.5 94.724 94.480 0.9974

3 0.25 47.362 48.219 1.0181

4 0.125 23.681 24.161 1.0203

5 0.0625 11.841 11.943 1.0087

Table V.9. The Model 400 spectrometer calibration at 290.5 nm using the
pantolactone CD calibrant.

Figure V.14 reveals the relationship between tlspaase of the Model 400
with CSA concentration at the 290.5 nm band, assorea by the Absgs value of
each solution. At this wavelength the Model 400 wasnd to show excellent
linearity of response by virtue of the’ Ralue being equal to 1. The equation of the
straight-line fit reveals that it passes almostisay through the origin and this is as
expected for an ideal magnitude-concentration unsént response.

250 +

200 -

150 +

9290.5

y = 233.55x - 0.2351

100 - R2=1

50 -

0 0.2 0.4 0.6 0.8 1 1.2
AbS s

Figure V.14. Linearity of response of the Model 400 CD spectrometer at 290.5 nm with
the CARY 50 CONC absorption spectrometer using 1S-CSA serial dilutions. The equatio
of the straight-line fit of the four data pointssisown along with the Hit error value.
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In order to assess the linearity of response of Nuoalel 400 ellipticity
magnitude at 290.5 nm independent from the absorpectrometer calibration, the
ACS calibrant was substituted for CSA and the salo¢ was recreated (Figure
V.15). Again, the Model 400 demonstrated excellenearity of response with
calibrant concentration, as can be seen from the=Rl value. The expected
interception of the straight-line fit with the oingis again revealed by the line

equation.

250

200 -

150

100 -

02905 (Mdeg)

y = 237.94x - 0.3392
R°=1
50 -

O T T T T T
0 0.2 0.4 0.6 0.8 1 12

Relative concentration

Figure V.15. Linearity of response of the M odel 400 at 290.5 nm using the 1SACS CD

calibrant. The equation of the straighie fit to the four data points is shown alonghntibe

R? fit error value.

Examining the same concentration response at tivelerzgth of 219 nm for
the Model 400 using the pantolactone calibrantltegun the plot given as Figure
V.16. As with the response at 290.5 nm, an almastteresponse with calibrant
concentration variation was observed, whereby amnafie of 1 was achieved for the

straight-line fit, which passed through the origis,expected.
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Figure V.16. Linearity of response of the Model 400 at 219 nm using the pantolactone CD
calibrant. The equation of the straight-line fit to the fowtal points is shown along with thé R
fit error value.

The wavelength calibration accuracy of the ModeD 48 represented by
Figure V.17 and Table V.10. The instrument calilorais accurate to approximately
0.5 nm at around 250 nm, but deteriorates condtieed longer wavelengths. Since
protein CD spectroscopy involves far-UV radiatioeybnd 250 nm the Model 400
was optically optimised for use in this region. Aocuracy of 0.5 nm is taken as

within the accepted error for carrying out prot€iD.

Band | Literature Ama (nm) | Model 400 A e (nm) | Model 400 wavelength error
1 241.12 240.6 0.52
2 249.89 249.4 0.49
3 278.13 277.2 0.93
4 287.22 286.4 0.82
I 292.8

5 333.48 332.2 1.28
6 345.38 343.6 1.78
7 361.25 359.4 1.85
8 385.61 383.6 2.01
9 416.25 414.0 2.25
10 (a)| 450.96 448.2 2.76
11 467.82 463.2 4.62
Q 471.8

12 485.23 481.4 3.83
13 536.56 532.6 3.96
14 640.50 635.0 5.50
U 652.67 649.0 3.67

Table V.10. Quantification of the wavelength calibration accuracy of the M odel 400.
The peak assignments are as given in Figure 1V.10.
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Figure IV.17. Wavelength calibration of Model 400 CD spectrometer. a
The transmission spectrum of holmium oxide was nakem [7] anc
represents the accepted band positions of eadtedélbelled bandsa The CL
dynode voltage of the holmium oxide standard asiiaed on the Modl 400
The precise wavelengths of each of the labelledi®ame compared in Tal
IV.10.

V.3.3 Discussion

The absolute magnitude calibration accuracy ofMlwelel 400 over the wavelength

range applicable to protein CD and at magnitudespawable to those of protein CD
sample spectra is approximately to within a 0.8 #6re(corresponding to the errors
of the most dilute calibrant solutions). The higkeaor value of 1.5 % returned when
using the CSA calibrant is attributed to a lackao€uracy of the absolute calibration
of the absorption spectrometer used to determimectincentrations of the CSA

samples. This conclusion is based on the erroreaggat measured by both the ACS
and pantolactone calibrants. Although an absoluagmtude calibration error of 0.8
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% is considerable it does lie within the acceptdbtgts for the performance of
protein CD spectroscopy. The wavelength calibragoror of the Model 400 was
found to be approximately 0.5 nm over the wavelemghge applicable to protein CD
and this corresponds to a well-calibrated specttem&he response of the Model 400
ellipticity with sample concentration was foundle very accurate at both 219 and
290.5 nm. Calibration measurements performed suiesggto the above analysis
confirm that the Model 400 displays a high level stébility over time (data not

shown).

V.4 Quantitative Secondary Structure Analysis of Standard Proteins
With the aim of establishing a reliable and valahtprocedure for performing
guantitative analysis of secondary structure by sp@ctroscopy for novel proteins
whose crystal structures have not yet been solviedyas first necessary to
demonstrate that the experimental set-up was capafbbhccurately predicting the
secondary structural fractional compositions oft@res with known structures. To
this end a CD investigation into the structuresnybglobin, hemoglobin, lysozyme
and a-chymotrypsin was performed. This involved accuyatecording the CD
spectrum of each protein to as low a wavelengthoasible while obtaining a precise
measure of the concentration of the protein withm scanned sample so that its CD
spectrum could be analysed by the various progrhstsissed above.

V.4.1 Method
Samples of myoglobin (sperm whale), hemoglobin gaprlysozyme (hen) ana-
chymotrypsin (bovine) (Sigma) were prepared byalissg lyophilised protein in 10
mM PBS buffer. The protein concentration of eaclm@a was adjusted to a
minimum value such that when placed in a 0.1 mnettavand scanned the resulting
CD spectrum showed an adequate signal-to-noise Eich sample was then sent for
concentration determination by quantitative amiomtgQAA) analysis (Cambridge
University).

The CD spectrum of each protein was acquired uaifigl mm pathlength
guartz cuvette. Spectra were acquired over a wagtierange of 250-178 nm, with

an averaging time of 1 s, a step increment of @2 & bandwidth of 1 nm and at a
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temperature of 23C. The step increment for the hemoglobin spectaliition was

1 nm. All spectra represented are an average ofeeet 3 and 6 scans and were
background corrected by subtracting the CD spectifithe PBS buffer contained in
the same 0.1 mm cell. Samples were centrifuged poicscanning to remove any
suspended particles and thoroughly degassed temreyvr bubble formation within
the demountable cell. Spectra were converted tis whide from the machine units of
@by using the following equation:

MRW
10xlc

where MRW is the mean residue weight of the proieirg/mol, | is the optical

Ne=0x

(V.7)

pathlength in cm and is the protein concentration in mg/ml. Quantitatanalysis of
the secondary structure of each of the proteins pesformed using the Dichroweb
server located at http://www.cryst.bbk.ac.uk/cdwédlhe SELCON, CONTIN/LL,
CDSSTR, VARSLC and K2d programs were used to aealyse fractional

compositions of each protein over a range of pnoteiference sets (neither the

VARSLC or K2d programs require a protein referese8. A spectral scaling factor
value was adjusted such that the NRMSD value fon @aalysis reached a minimum.

V.4.2 Results

Figure V.18 shows the concentration determinatesults for each of the standard
proteins by the QAA analysis method. The absolutecentrations of each sample
were computed by fitting the area of each peakiamggneral the fitting was to better
than 5 % accuracy for each amino acid. The conagoirs of myoglobin,
hemoglobin, lysozyme ama-chymotrypsin were calculated to be 1.69, 1.420 =h8d
1.54 mg/ml, respectively.
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Figure V.18. The QAA analysisresultsfor the four standardprotens Theamlno aC|danaIyS|s o
myoglobin, hemoglobin, lysozyme andchymotrypsin are shown asb, ¢ andd, respectively.

Figure V.19 shows the unsmoothed CD spectra ofdbe standard proteins
under investigation. The CD error values are shawmverlaid. The signal-to-noise
ratio for each spectrum can be seen to be very.gbel CD error values are for the
most part negligible, but they do increase slightiwards the shorter wavelength
regions of each spectrum. From the presence ohd baving intense minima at 222
and 208 nm of comparable magnitude and an intems@mm between 190-195 nm
in both the myoglobin and hemoglobin spectra (FRgw.1% andb) it is clear that
these proteins are predominantihelical in structure. The absence of a minimum at
222 nm in the spectrum of-chymotrypsin reveals a lack of any large preseriae
helix within its structure (Figure V.19. Its CD spectrum is somewhat irregular and
of weak intensity and both of these are charatterd CD spectra of proteins with
high B-sheet contents. The CD spectrum of lysozyme disptaoderate intensity at
222 and 190 nm, which is consistent with it haviegme significanta-helix

contribution to its structure (Figure V.d)9

122



Ae (molcm™)

Ae (mol*cm™)

Chapter V Quantitative Analysis of Protein Secondary Strietoy CD Spectroscopy

5]

15

=
@

10

P
o
e
Ae (mol*ecm™)
(4]
T

o
T T

I I I I I I I I I | |
180 200 220 240 18(‘)‘ ‘ ‘190‘ - ‘200‘ ‘

Wavelength (nm)

T R R I
210 220
Wavelength (nm)

e L
230 240 250

Ae (molfem)

Y S a1
180 200 220 240 ~ 180 200 220 240
Wavelength (nm) Wavelength (nm)

Figure V.19. CD spectra of standard proteins. The CD spectra of myoglobin, hemoglobin, lysoz
and a-chymotrypsin are given in units &€ asa, b, ¢c andd, respectively. The CD error bars for e
wavelength are overlaid within each protein speutru

Table V.11 shows the fractional compositions ofheat the four standard
proteins as revealed by x-ray crystallography. &abV.12, V.13, V.14, V.15 and
V.16 give the quantitative analysis of secondarucstire of the standard proteins
using the SELCON, CONTIN/LL, CDSSTR, VARSLC and K2programs,
respectively. The separate analyses for each prottiween each reference set (for
the SELCON, CONTIN/LL and CDSSTR programs) and ssrall programs were
very consistent, which suggests that the fittingcpdure had been carried out
successfully in each case. The NRMSD values wetlgimihe required limit of 0.25
given for an acceptable fit in the data presenteddvi The CDSSTR program was
unable to perform analyses with reference setsagung data down to 178 nm (ref.
Sets 1, 2 and 5). For Table V.17 an average dfithesults over all reference sets for
the SELCON, CONTIN/LL and CDSSTR programs and titerésults of the
VARSLC and K2d programs were used to calculateattwiracy of each analysis for
each protein based on its crystal structure.
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Protein a-helix | B-sheet | B-turn | Py Other

Myoglobin 0.804 0.000 0.000] 0.0582 0.144
Hemoglobin 0.760 0.000 0.000 0.105 0.136
Lysozyme 0.419 0.016 0.047 0.298 0.221
o-chymotrypsin| 0.114 | 0.208 0.106| 0.200 0.371

Table V.11. The crystal structure fractional compositions of
the four standard proteinsfrom x-ray crystallography.

Protein Ref.set | H1 H2 Sl S2 T U Total | NMRSD

Myoglobin 1 0.539| 0.23§ -.017 -.0201 0.065 0.180 0.983 0.067
3 0.507| 0.225 0.01y 0.0143 0.0y5 0.159 0.995 0.1p2
4 0.546| 0.226 0.025 0.010 0.0P2 0.168 0.998 0.0P0
6 0.507| 0.225 0.01y 0.0143 0.0y5 0.159 0.995 0.1p2
7 0.546| 0.226 0.025 0.010 0.0P2 0.168 0.998 0.0p1
Hemoglobin 1 0.550| 0.247 -.020 -.021 0.069 0.149 0.974 0.038
3 0.535| 0.256 0.001L -.000 0.0Y6 0.152 1.011 0.080
4 0.517| 0.239 0.008 0.003 0.096 0.141 1.004 0.0B4
6 0.537| 0.255 0.005 -.008 0.0Y0 0.148 1.006 0.027
7 0.517| 0.239 0.008 0.003 0.096 0.141 1.004 0.0B4
Lysozyme 1 0.200| 0.15 0.078 0.066 0.209 0.275 0.984 0.189
3 0.208| 0.184 0.04% 0.061 0.280 0.260 0.992 0.1p5
4 0.213| 0.18§ 0.058 0.062 0.212 0.270 0.996 0.2[12
6 0.207| 0.181 0.04y 0.060 0.228 0.267 0.990 0.1113
7 0.201| 0.189 0.045 0.059 0.2P2 0.267 0.982 0.1B2

o chymotrypsin 1 - - - - - - - -

3 - - - - - - - -
4 0.068| 0.051 0.184 0.103 0.203 0.348 0.957 0.0B2
6 0.039| 0.039 0.168 0.089 0.181 0.452 0.968 0.1p1
7 0.032| 0.048 0.17% 0.095 0.197 0.409 0.956 0.1p6

aH | 3;0H S P, T U | Total | NMRSD

Myoglobin 2 0.721| 0.112 0.000 0.018 0.054 0.109 1.014 0.048
5 0.781 - -.001 0.049 0.072 0.100 1.001 0.029
Hemoglobin 2 0.720| 0.092 -.011 0.015 0.052 0.126 0.994 0.086
5 0.687 - 0.055 0.040 0.112 0.113 1.007 0.089
Lysozyme 2 0.300| 0.079 0.116 0.046 0.181 0.321 0.994 0.2p2
5 0.359 - 0.144 0.22y 0.083 0.186 0.999 0.226
a-chymotrypsin| 2 [ 0.092] 0.033 0.180 0.122 0.15 0437 0989  0.158
5 0.158 - 0.221 0.159 0.211 0.153 0.904 0.118

Table V.12. Analysis of the secondary structure fractional composition of standard
proteins using the SELCON program. The various secondary structures are defined-as
helix (aH), a-helix type 1 (H1),a-helix type 2 (H2), g-helix (3,0-H), B-sheet (S), anti-
parallel B-sheet (S1), parallgd-sheet (S2), poly-proline 2 conformation,PB-turn (T) ant
unordered (U). The reference sets are numbered/a&s i the preeding text. Data is omitt
for fits where the NMRSD value fell outside the ®.Bmit. The 3g-helix structure is ni
defined for reference set

The prediction ofi-helix content had accuracy to greater than 5 %r dor all
proteins over all five programs and often this aacy was better than 3 % (Table

V.17). The error in-sheet estimation for both of the hightyhelical proteins
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myoglobin and hemoglobin was comparable with thatthe a-helix with all
programs. However, for both lysozyme aoechymotrypsin the error i3-sheet
content estimation was considerably higher thawas for thea-helix contents of
these proteins. In general, tesheet estimation error was found to vary conslugra
depending on the program used in the analysis. €ftar in B-turn estimation was
relatively consistent across each of the variousggams (except in the case of
myoglobin) and found to be approximately betweelb5% accurate. The accuracy
of Py conformation was found to vary from one proteiratmther. The estimation of
myoglobin R content was to within 2 %, whereas for lysozymeat around 20 %.
For hemoglobin and-chymotrypsin this accuracy was between 5-7 %. adwiracy
for the estimation of random coil content was altrassgood as that far-helix and

generally it was within 5 % error for all proteins.

Protein Ref.set |[H1 |H2 |S1 |S2 | T U Total | NMRSD
Myoglobin 3 0.56| 0.28 0.03 0.00 0.04 0.08 1 0.007
4 0.55| 0.22 0.02 0.00 006 0.13 0.99 0.007
6 0.57| 0.29) 0.02 0.00 0.05 0.06 1 0.006
7 0.56] 0.28 0.02 0.00 0.06 0.08 1.01 0.005
Hemoglobin 3 0.55| 0.27) 0.02 0.0p 0.07 0.09 1 0.009
4 0.53| 0.25 0.02 0.00 008 0.11 1 0.009
6 0.55| 0.26/ 0.01 0.0p 0.08 0.09 0.99 0.009
7 0.53| 0.300 0.01 0.00 0.70 0.05 1 0.010
Lysozyme 3 0.25| 0.18 0.07 0.06 0.20 0.25 1.01 0.011
4 0.24| 0.16/ 0.08 0.06 0.19 0.26 0.99 0.012
6 0.25| 0.17] 0.07 0.06 0.18 0.27 1 0.011
7 0.25| 0.18 0.07 0.05 0.18 0.26 0.99 0.010
a-chymotrypsin| 3 0.04| 0.05 023 0.1p 022 035 1 0.026
4 0.03| 0.07] 0.19 0.1 0.24 0.34 0.98 0.027
6 0.03| 0.04 0.13 0.0f 0.14 0.58 0.99 0.035
7 0.03| 0.04 0.17 0.0p 0.18 0.47 0.98 0.028

Table V.13. Analysis of the secondary structure fractional composition of standard
proteins using the CONTIN/LL program. The different secondary structures ar
listed for Table V.12.
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Protein Ref.set [H1 [H2 [SI |S2 [T U__ | Total | NMRSD
Myoglobin 1 0.531] 0.257 0.00p 0.000 0.067 0.145 1 0.035
3 0.515| 0.249 0.000 0.001 0.0y8 0.158 1 0.017

4 0.522| 0.256 0.000 0.000 0.065 0.157 1 0.017

6 0.522| 0.260 0.000 0.006 0.106 0.106 1 0.017

7 0.524] 0.270_ 0.00p 0.007 0.100 0.100 1.001 0.017

Hemoglobin | 1 0.569] 0.274 0.000 0.000 0.063 0.100 1 0.042
3 0499 0.253 0.000 0.000 0.114 0.134 1 0.021

4 0.478] 0.263 0.000 0.008 0.100 0.152 1.001 0.021

6 0.495| 0.245 0.000 0.000 0.096 0.164 1 0.021

7 0.478] 0.270_ 0.000 0.012 0.117 0.23 1 0.021

Lysozyme 1 0.246] 0.163 0.081 0.054 0.199 0.J58 1.001 0.068
3 0.236] 0.164 0.088 0.060 0.202 0.J52 1 0.023

4 0.234] 0.173 0.088 0.058 0.187 0.J60 1 0.026

6 0.232] 0.144 0.065 0.046 0.160 0.353 1 0.023

7 0.240] 0.153 0.055 0.038 0.182 0.383 1.001 0.026
a-chymotrypsin | 1 0.077] 0.10§ 0.175 0.085 0.2i7 0.341 1 0.04¢
3 0.067| 0.099 0.181 0.094 0.2i7 0.344 1.001 0.052

4 0.051| 0.09§ 0.179 0.102 0.216 0.358 1.001 0.048

6 0.058] 0.067 0.142 0.072 0.149 0.513 1.001 0.04%

7 0.061] 0.069 0.136 0.075 0.144 0515 1 0.046

oH |3H |S P, |T U | Total | NMRSD

Myoglobin 2 0.681] 0.102 0.000 0.010 0.065 0.141 0.999 0.026
5 0.757] - 0.001 0.047 0.090 0.089 0.999 0.026

Hemoglobin | 2 0.691] 0.09§ 0.000 0.016 0.065 0.133 1 0.037
5 0.748] - 0.000 0.05f 0.103 0.088 1 0.044

Lysozyme 2 0.296] 0.091 0.098 0.069 0.181 0.319 0.999 0.09%
5 0.363] - 0.173 0.099 0229 0.187 1.001 0.050
a-chymotrypsin | 2 0.108] 0.043 0.168 0.115 0.186 0.429 0.999 0.057
5 0.166] - 0227 0.186 0.229 0.165 0.998 0.073

Table V.14. Analysis of the secondary structure fractional composition of standard proteins
using the CDSSTR program. The different secondary structures are as listed &ble V.12.

Protein aH | S1 2 |T Other | Total
Myoglobin 0.76] -0.03 0.01 0.1p 0.14 1.01
Hemoglobin 0.76 -0.06 0.0p 0.09 0.17 0.96
Lysozyme - - - - - -
a-chymotrypsin| 0.11| 0.30| 0.01 0.20 0.40 1.02

Table V.15. Analysis of the secondary structure fractional
composition of standard proteins using the VARSLC
program. The different secondary structures are as liste
Table V.12. The VARSLC program failed to adequatatglyse
the lysozyme CD spectru

Protein aH | S U NMRSD
Myoglobin 0.81| 0.00 0.1%9 0.057
Hemoglobin 0.79 0.00 0.21 0.056
Lysozyme 0.37 0.16 0.4/ 0.106
a-chymotrypsin| 0.09| 0.35] 0.5 0.115

Table V.16. Analysis of the secondary structure fractional
composition of standard proteins using the K2d program.
The different secondary structures are as listed &ble V.12.
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Protein Program a-helix | B-sheet | B-turn | Pyerror Other error
error error error
Myoglobin SELCON -0.049 0.013]  0.055 -0.019 0.005
CONTIN/LL -0.041 0.002 | 0.082 0.005 -0.015
CDSSTR 0.024 0.033]  0.053 - -0.057
VARSLC -0.044 -0.02 0.11 - -0.004
K2d 0.006 0.00 - - -0.006
Hemoglobin SELCON -0.003 0.002]  0.082 -0.070 0.003
CONTIN/LL -0.008 0.012 | 0.093 -0.072 -0.007
CDSSTR 0.050 0.020]  0.083 - -0.051
VARSLC 0.00 -0.06 0.09 - -0.016
K2d 0.03 0.00 - - -0.031
Lysozyme SELCON -0.050 0.104] 0.141 -0.162 0.043
CONTIN/LL -0.042 0.112 | 0.130 -0.214 0.059
CDSSTR 0.001 0.114]  0.149 - 0.039
VARSLC - - - - -
K2d -0.049 0.144 - - 0.049
a-chymotrypsin SELCON -0.004 0.048 0.081 -0.060 -0.017
CONTIN/LL 0.032 0.025 | 0.081 -0.050 0.014
CDSSTR -0.032 0.067]  0.089 - 0.064
VARSLC -0.004 0.102 | 0.094 - 0.029
K2d -0.024 0.142 - - -0.011

Table V.17. The prediction error of the fractional composition of the standard proteins from their CD
spectra. For SELCON, CONTIN/LL and CDSR the errors were calculated based on the avestagetur:
predicted over all protein reference sets. Thergraoe given as + or based on whether the programs ow
under predicted the amount of each secondary stejatespectively.

V.4.3 Discussion

The accuracy of the quantitative secondary strat@malysis for each of the proteins
studied serves to validate the experimental setrgpprocedure as capable of reliably
analysing novel proteins in terms of their secopdaucture fractional compositions.
It should be noted that the superior accuracy tinases of secondary structure
content in the above experiment, relative to theetation coefficients for each
program, most likely arises from the fact that tbference sets used in the analyses
contain each of the proteins studied above. CDtepsopy has been seen to be an
excellent technique for analysing protein secondamycture, particularly in terms of
its a-helix and random-coil content. It is a little lessted for analysing botB-sheet
andp-turn content and this arises from the weaknesstamsity of these bands in the
CD spectrum and the lack of uniformity of theseistiures within proteins, giving rise
to non-uniform CD bands. During the fitting proceelthe test spectra were scaled in
order to return the lowest NMRSD value. The acoprEdhe estimates at this lowest
NMRSD qualifies this parameter as a good gaugehefduccess in estimating a

protein’s secondary structure composition and ithisonsistent with the findings of
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Miles et al. in their investigation into the correlation of theMRSD value and the

accuracy of the estimated protein secondary streictontent.[30]
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Chapter VI

Secondary Structure Analysis of Standard Proteins

by FTIR Spectr oscopy

V1.1 Introduction

The performance of protein FTIR spectroscopy isnbymeans straightforward and
much practise and experimental adjustment is nebdéate a reliable procedure is
obtained which is capable of routinely analysing frecious and expensive protein
samples prepared by biological researchers. Irsfgiaiy this requirement it is
essential to optimise all experimental procedurgagistandard proteins of known
secondary structure, since such proteins havequshyi been investigated using FTIR
spectroscopy by other researchers and so theyder@vistandard by which one can
develop and validate ones own experimental setdpechnique. This approach also
makes economic sense, since standard proteinamaercially available and can be
relatively inexpensive. The following work was pmrhed for these reasons and, also,
to take account of the various considerations, @idggges and disadvantages involved
with using alternative applications of FTIR spestopy in investigating protein
secondary structure. The main disadvantage of THe Fethod is the large amounts
of protein required.

The four well-ordered proteins selected for FTIRalgsis are those
highlighted in the CD study, namely myoglobin, hgtobin, lysozyme andi-
chymotrypsin. These proteins were selected so gwdweide a broad coverage of
secondary structure protein types to be analyseghghbin and hemoglobin both
contain very high levels afi-helix conformation and are absent[®kheet content.
Myoglobin has an important difference from hemogioowever, in that myoglobin
is monomeric while hemoglobin is a tetramer comgysof four subunits. Lysozyme
is also a predominantlg-helical protein that has considerably lestelix content
than either hemoglobin or myoglobin, but it doestacn a small amount @-sheet
structure. In contrasti-chymotrypsin is a predominantB¢sheet protein and has only

a minor amount ofi-helix content.
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VI.2 Method

Samples of myoglobin, hemoglobin, lysozyme am@dhymotrypsin (Sigma) were
made up to concentrations of approximately 15 mdineighing out 1.5 mg of
each protein and dissolving each in 4@0of 10 mM PBS made up with double
processed tissue culture water (Sigma). These samypére used directly for ATR-
FTIR analysis, while samples to be analysed bystrassion FTIR were made by
taking 50pl of each ATR sample and diluting it with 150 of 10 mM PBS. Stock
solutions of 5 mg/ml concentration were made updach protein using a 10 mM
PBS buffer prepared in X solvent. Prior to spectral analysis all samplesew
centrifuged at 9000 RPM for 2 minutes, were thohdyigegassed and were kept at 4
°C.

Transmittance FTIR spectra were acquired usingnapéeature controlled
AquaSpec™ accessory (Bruker) on a Bruker TENSORFZIR spectrometer.
Spectral parameters were set as follows: a temperaff 23°C, an aperture of 1.5
mm, a resolution of 4 cthand as an average of 100 scans. Spectra weraetdui
absorbance mode and, as such, were backgroundteartgy taking the transmission
spectrum of the solution in which the samples waeele up. Before the acquisition
of transmittance spectra the sealed cell was reglyatieaned with Hellmanex ® I
detergent (Hellma UK) alternated with continuoussimg using tissue culture water.
To help prevent the occurrence of gas bubbles fagmiithin the cell it was filled at
the optimal filling rate of 5-1@ul per second using a 50 glass syringe (Hamilton).
As a check for the presence of any interfering lgasbles within the filled cell prior
to spectral acquisition a transmission spectrunimefcell over the wavenumber range
3200-3600 cnt was taken. Spectral acquisition was only perforifieder this range
the sample was fully absorbing - a condition whiaim only occur in the absence of
any trapped air bubbles in the cell. The AquaSmeessory was continually purged

with dry air from a gas purifier both before andidg spectral acquisition.

ATR-FTIR spectra were acquired using a temperatargrolled BioATR [I™
accessory (Bruker) on a TENSOR 27 FTIR spectromeiitr the following spectral
parameters: a temperature of°23 an aperture of 3 mm, a resolution of 4’camd as
an average of 100 scans. The ATR-FTIR spectra aegeired in absorbance mode
by background correcting each spectrum using thastnission spectrum of the
solution used to make the sample. Between eachumeasnt the silicon ATR wafer
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was cleaned 3 times with a 3 M guanidine/HCI sohutialternated with thorough
rinsing with deionised pD. Prior to spectral acquisition the silicon wafeas
checked for cleanness by recording the transmissp@ctrum over the wavenumber
range 2700-3000 cof the empty sample compartment to ensure thati free
from any CH-stretching vibrations. The BioATR licaéssory was continually purged

with dry air both before and during spectral actjois.

For both ATR- and transmittance FTIR absorptiorcpethe appropriateness
of the background transmission spectrum to thathef sample was ensured by
applying the condition that the absorption spectinnthe wavenumber range 1715-
1750 cni correspond approximately to a flat line at zerscabance. Spectral post-
processing consisted of zeroing all absorption tspdsetween 1750 and 1800 ¢m
To remove any interfering water vapour lines anaspheric correction procedure
was applied to each protein absorption spectrune. [irfe narrowing procedure of
taking the spectral™® derivative was applied to all spectra in the aniidegion
between 1600 and 1700 ¢min some cases the alternative line narrowing guace
of taking the Fourier self-deconvolution was alsofprmed using a bandwidth of 52
nm and a noise reduction factor of 0.25. When camgdhe transmittance and ATR-
FTIR spectra of each protein as spectral overlag) spectra were normalised such
that the area beneath the amide-I absorption batwielen 1600 and 1700 &nwas

set to 1.

Standard protein temperature melt experiments wer®rmed using the Bio-
ATR Il accessory. Temperature melts were perfortmgdncrementally ramping the
temperature from low to high temperatures whileinigkscans at pre-specified
temperatures. A corresponding temperature rampeo$ample reference solution was
performed in order to take account of the tempeeatffect on the transmission

spectrum of water.

The myoglobin melt experiment was measured at gejpreconcentration of 20
mg/ml dissolved in tissue culture water. The s@mperature was 2T and the final
temperature was 9%C. The temperature was stepped &C5with an equilibration

time of 2 minutes before beginning spectral actjorsi
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The hemoglobin melt experiment was measured ab&iprconcentration of
10 mg/ml dissolved in tissue culture water. Thetdemperature was 1 and the
final temperature was 9C. Two temperature ramps were used to cover thigera
with the first ramping at 2C increments between 10 and 8D and the second
ramping at 5C between 60 and 9C. A temperature equilibration time of 2 minutes

was used across both ramps before the beginnisgeatral acquisition.

The a-chymotrypsin  melt experiment was performed at aotgin
concentration of 15 mg/ml. The start temperature 2@°C and the end temperature
was 90°C. Three temperature ramps were used within tigi®ne from 20 to 35C in
increments of 5C and with a temperature equilibration time of 2meés: from 35 to
65 °C in increments of IC and with an equilibration time of 1 minute: anoli 65 to

90°C in increments of 8C and with an equilibration time of 2 minutes.

The lysozyme melt experiment was performed at gepr@oncentration of 10
mg/ml. The temperature was varied from 18 tdGlnd stepped at°® intervals. A
temperature equilibration time of 2 minutes wasdusece the sample had reached the

scan temperature.

Spectral post-processing for each of the standesteip melt experiments
consisted of atmospheric correction for water vapand CQ bands, along with
offset correction at a wavenumber between 17001886 cnt, area normalisation of
the amide-I band and subsequelft 8erivative analysis within the amide-I region of
each absorption spectrum.

The Ty, value of each protein was measured by construetimgpdel designed
to quantify the relative degree of aggregationaamhetemperature. This was done by
taking the 2° derivative spectrum of the aggregation band betwigl5 and 1630
cm® of the spectrum at the start and end temperanfrése melt experiment and
giving these a numeric value of 0 and 100 % aggi@ga respectively. Each
individual model created for each protein was theed to analyse the aggregation
content of the protein at temperatures intermedmtihese extremes in terms of the
percent aggregation at a given temperature. THeyabi each model to analyse the
test spectra is reflected in a quantity known as khahanalobis distance.[1] A

Mahanalobis limiting distance of 0.5 defines whetbenot the model is capable of
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evaluating each of the test spectra. Only speavan Mahanalobis distances within

the 0.5 limiting value are presented below for gsial

V1.3 Results

V1.3.1 Transmittance FTIR of Standard Proteins

Table VI.1 gives the secondary structure fractioc@mposition of four standard
proteins, as determined by x-ray crystallographyd &igure VI.1 gives cartoon
illustrations of their secondary structures in temha-helix, 3-sheet and random coil
contents. The secondary structures of these psoteme been interpreted according
to a-helix, B-sheet, B-turn, R-helix and other, with the ‘other class being
approximately equivalent to that of randomly coilstiucture. TheB3-sheet class
represents both parallel and anti-parglledheet structures. From the x-ray data both
hemoglobin and myoglobin are understood to be fighhelical and contain n@-
sheet of3-turn regions. Lysozyme is also a predominaatlyelical protein, but it has
considerably lessa-helix content than either hemoglobin or myoglobigving
approximately half the-helix content of myoglobin. It also has a minorcamt of 3-
sheet andB-turn structure. In terms of its secondary strugtuysozyme’s most
distinct difference from hemoglobin and myoglobantihat it has a considerablg-P
helix contribution to its secondary structucechymotrypsin, on the other hand, is a
predominantly3-sheet protein, although it does have some amduathelix. It is,
therefore, referred to as a mixed-protein, while hemoglobin, myoglobin and

lysozyme are known as-proteins.

Protein a-helix | B-sheet | B-turn | Py-helix | other

Myoglobin 80.4 0.0 0.0 5.2 14.4
Hemoglobin 76.0 0.0 0.0 10.5 13.6
Lysozyme 41.9 1.6 4.7 29.8 22.1
a-chymotrypsin| 11.4 20.8 10.6 20.0 37.1

Table VI.1. The x-ray crystal structures of standard proteins. The relativi
amounts of each characteristic secondary struetittén each protein are giv
as a percentage.
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=78 S
Figure VI.1. Crystal structures of standard proteins. The crystal structures of myoglok
hemoglobin, lysozyme amal-chymotrypsin are representedad, ¢ andd, respectivelyo-
helix protein regions are shown as ribbons Rraheet regions are shown as yellow arr
with the orientation of eadB-sheet given by the direction of the arrow. (Getegtausing the
PyMol Molecular Viewer program (http://pymol.org/))

v~

Figure VI.2 shows the absorption spectrum of mybgipas acquired using
transmission FTIR. The amide-l band maximum occats1654 crit, which
corresponds to the amide-I of tlehelix conformation. The distinctly lorenztian
bandshape - especially to the higher wavenumber gidhe band maximum — also
agrees well with the characteristiehelix amide-I. The approximate flat line shape of
the spectrum past 1700 ¢nindicates the accuracy with which the water baad h
been referenced out of the absorption spectrum. Hdheier deconvolution of the
myoglobin amide-1 band (Figure Vb2 has the effect of resolving the composite
protein amide-l band into its constituent charastier secondary structure
components. The Fourier-deconvoluted amide-I baglits band maximum at 1656
cm?, as expected. The minor random coil content ofgighin predicted from its x-
ray crystal structure is observable as the bandldapto the lower wavenumber side
of this band maximum and centred at 1645'cmt the expected location of the

random coil amide-I band maximum. The shoulder ooy with a band centre of
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1638 cnt', and also the small band at 1682 ¢iis evidence for the presence of some
B-sheet content to the myoglobin sample. The banttes at 1627 cihreveals that a
small level of aggregation was present within thegle, with the minor aggregation
band also visible at 1695 €mA small band at 1672 chsuggests a minor presence
of B-turn structure. The™® derivative of the transmission myoglobin amideaht
reveals the same spectral features as that obsersied Fourier deconvolution
(Figure V1.Z). The main difference between the two, howevethas 2'° derivative
analysis does not clearly resolve thenelix and random coil bands, although the
presence of both spectral features is clear frarsttape of the main band in tH¥ 2
derivative spectrum centred at 1655 tmA residual aggregate band is again
represented by a band centred at 1627, caipbng with the expected minor band at
1692 cm. The presence of a small amountfegheet in the myoglobin sample is
represented as a small shoulder to the aggregadind located at 1638 ¢mThe -

turn band at 1672 chis also evident within the'2 derivative spectrum.
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Figure VI.2. Myoglobin secondary structure analysis from transmission FTIR spectroscopy. a
The transmission FTIR spectrum of myoglobib. The Fourierdeconvoluted myoglob
transmission FTIR spectrura.The 2'° derivative spectrum of the unconvoluted transris$iTIR
spectrum.
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Figure VI1.3a shows the amide-l and —Il bands of the hemogldbiiR
absorption spectrum acquired using transmissiorRFThe band maximum of the
amide-I band is at 1656 ¢hand is consistent with that of a predominantielical
protein. The bandwidth of the hemoglobin amide-hdas somewhat broader than
that of myoglobin, reflecting the smaller-helical content of the former. A flat
baseline beyond 1700 €nconfirms accurate subtraction of the backgroundewa
band. Figure VI.B shows the hemoglobin Fourier-deconvoluted amitadd. The
amide-lI band can be seen to be resolved into a eumibcomponent bands, most
prominent amongst them being thehelix band centred at 1656 ¢mA shoulder
band centred at 1642 chis attributable to the random coil secondary s$tmec The
extent of protein aggregation within the samplendicated by the band centred at
1625 cnt and the band shoulder at approximately 1692".cfthe occurrence of
bands at around 1666 and 1678cindicates a certain amount pfturn present
within the structure and bands occurring at 1618812 crit are likely the result of
side-chain absorption overlapping the amide-I baidof the above bands identified
by the Fourier-deconvolution procedure were als@ated by using"® derivative
analysis of the amide-l band (Figure \4).3 The relative intensities of the
deconvoluted bands, however, were found to berdiftewhen using"?® derivative
analysis versus that of Fourier deconvolution,rtfust notable difference between the
two being the higher relative intensity of thehelix amide-I contribution to those of
other secondary structures, for instance that efrédmdom coil band centred at 1641

cm®, within the 2'° derivative spectrum.
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Figure VI1.3. Hemogiobin secondary structure analysis from transmission FTIR spectroscopy. a
The unconvoluted transmission FTIR spectrum of tgofwn. b The Fourierdeconvolute
hemoglobin transmission FTIR spectrum.The 2'° derivative spectrum of the unconvolu
transmission FTIR spectrum.

The FTIR absorption spectrum of lysozyme acquirgdgitransmission FTIR
in the amide-I and —Il band region is shown in FggWl.4a. The band maximum of
the amide-l band was found at 1652 %ms expected for a predominantishelical
protein. Figure VI.b shows the lysozyme amide-lI band Fourier-deconiaiutThe
prominent deconvoluted band centred at 1652 corresponds to that of tieehelix
amide-l band. To shorter wavenumbers there appelaread shoulder, which is most
likely a result of both random coil arféisheet structure. A minor band shoulder at
around 1627 cih can be safely assigned to the residual presenceratkin
aggregates, while shoulders at 1669 and 1677 @ra probably a result of,@helix
and B-turn structures, respectively. The shoulder odegrraround 1688 cth is
predominantly from(-sheet structure, with some contribution form tlesidual
aggregates present. The shoulder around 1616aam be understood as amino-acid
side-chain absorption overlapping the amide-I baftte same bands as mentioned
above are identified using"2 derivative analysis (Figure Vic} as compared to
Fourier-deconvolution of the lysozyme amide-l bakthwever, the 2P derivative
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spectrum achieves superior resolution of dhleelix band from its shoulder at lower
wavenumbers, in contrast to the case of myogloBigufes V1.2 andc). The effect
of this is to shift thex-helix band maximum to the expected position of 61661,
while revealing the band maximum of the shouldebéoapproximately 1642 ¢h
This allows the confident assignment of this sheulth the random colil structure.
The B-turn bands occurring between 1670 and 1680 ene also present within the

2"P derivative spectrum.
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Figure VI1.4. Lysozyme secondary structure analysis from transmission FTIR spectroscopy. a
The unconvoluted transmission FTIR spectrum of zysee.b The Fourierdeconvoluted lysozyn
transmission FTIR spectrumn.The 2'° derivative spectrum of the unconvoluted transrois$iTIR
spectrum.

Figure VI.5a shows the amide-l and —II bands of trehymotrypsin FTIR
absorption spectrum acquired using transmissiorRFThe irregular shape of the
amide-l band suggests an even mixture of confoonaticontributing to the
secondary structure of-chymotrypsin. Figure V1B shows the Fourier-deconvoluted
a-chymotrypsin amide-l band, revealing significannhtibutions from a number of
component bands summing to form the composite jr@mide-l band. The most
intense band component was found to be centref32 ¢m* and can be assigned to

the B-sheet conformation. The band intensity between01&8d 1690 cm is
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sufficient to allow for the presence of the reqdiminor 3-sheet band in order to
make this assignment. Of almost equal intensitth&o3-sheet band is a component
centred at 1643 cth This can be safely assigned to random coil cantéthin thea-
chymotrypsin secondary structure. Such a significkevel of random coil
conformation gives an explanation for the relagMetoad amide-lI bandshape, since
the random coil amide-l band is very much gaussiashape. The occurrence of a
component band at 1654 ¢meveals the presence of a small but significavellef
a-helix present ina-chymotrypsin. The band centred at 1666'cralong with its
shoulder at 1672 cth are clear indications d§-turn content to the-chymotrypsin
secondary structure. The absence of any compoiaeul tretween 1620 and 1625 cm
! is evidence for their being no appreciable degfeaggregation within the protein
sample. Side-chain absorption overlapping the ahidand can be seen by the
presence of bands at 1610 and 1618 cithe 2'° derivative of thex-chymotrypsin
amide-l band reveals similar bands to those identifising Fourier-deconvolution
(Figure VI.X). The main difference in usind'?2 derivative analysis over Fourier-
deconvolution is the relative intensity of tResheet component with respect to other
conformation component bands, particularly thatrafdom coil. As such, the
intensities of the major and min@sheet bands located at 1636 and 1683',cm
respectively, dominate tha-chymotrypsin amide-l1 "® derivative spectrum. The
random coil,a-helix andB-turn components are readily identifiable withire td'°

derivative spectrum at 1643, 1656 and 1672 craspectively.
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Figure VI.5. a-chymotrypsin secondary structure analysis from transmisson FTIR

spectroscopy. a The unconvoluted transmission FTIR spectrumx @hymotrypsinb The Fourier-
deconvoluted chymotrypsin transmission FTIR spectruenThe 2'° derivative spectrum of t

unconvoluted transmission FTIR spectrum.

V1.3.2 ATR-FTIR of Standard Proteins

Figure VI.G&a shows the amide-l1 and -l bands of the myoglobifiR-absorption
spectrum acquired using ATR-FTIR spectroscopy. d¢miracy with which the water
background has been referenced out when genertdisn@bsorption spectrum is
revealed by the closeness of the spectral shapdlab line at zero absorption beyond
1700 cnt. A very small negative deviation to this ideal rsde Figure V1.6,
described as a negative water signal, is an uratesireffect and arises from their
being a higher “water concentration” within theereince compared to that present in
the sample solution. (This is a result of the nsitgsof using high protein
concentrations when working with ATR-FTIR spectim®z The effect of having
different water concentrations for the referencd sample solutions on the amide-I
bandshape is considerable and so any differencaldsime kept to an absolute
minimum.) The Fourier deconvolution of the myogloBTR amide-1 band is shown
in Figure VI.6. The principal component band to the myoglobinde¥iiband can be
seen centred at 1652 ¢mcorresponding to the-helix conformation. To the lower

wavenumber side of this band there occurs a shoaldapproximately 1641 ch
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which is attributable to the random coil conforrati A band located at 1625 &m
reveals the presence of aggregates within theipretanple. Side-chain absorption is
evident from the bands located at 1618 and 1611 é&rband at 1678 cthsuggests
the presence of-turn content within the myoglobin secondary stwet The 2°
derivative of the myoglobin ATR amide-l band accextés thex-helical component
over that of the random coil, with the latter beiogly recognisable as a slight
shoulder to the lower wavenumber side of thielix band centred at 1654 ¢m
(Figure VI.&). B-turn content is revealed by the occurrence of redhst 1678 cm,
while the presence of aggregation within the prosample can be seen from the
small band at 1624 ¢t Side-chain absorption is again evident by band$8 and
1610 cnt.
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Figure VI.6. Myoglobin secondary structure analysis from ATR-FTIR spectroscopy. a The
unconvoluted ATR-FTIR spectrum of myoglobim.The Fourier-deconvoluted myoglobin ATR-IR
spectrumc The 2'° derivative spectrum of the unconvoluted ATR-FTRatrum.

The hemoglobin ATR-FTIR absorption spectrum showmg amide-I and —II
bands is shown in Figure VB7 The very slight presence of a negative water band
apparent at wavenumbers beyond 1700'.cithe lorenztian character to the amide-I
band, along with its band maximum of 1654 %nsuggests that the hemoglobin
protein sample is predominantiy-helical in structure. Figure VIb7 shows the

Fourier-deconvoluted amide-I band. The componentltz 1654 cil is as expected
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for a largelya-helical protein. The band at 1642 ¢mof almost equal intensity is
evidence for a considerable amount of random ooihé protein structure, while the
higher wavenumber shoulder at 1672 tsuggest$-turn content. Bands at 1634 and
1685 cnm* are evidence thdi-sheet structure is present within the protein sdaoy
structure. Aggregation within the protein sample ba seen from the band at 1625
cm™. Side-chain absorption results in the bands apmeat 1610 and 1618 ¢h
Figure VI. shows the hemoglobin ATR-FTIR amide-2derivative spectrum.
Compared to the Fourier deconvolution analysis,rékative intensity of ther-helix
component at 1656 chof the amide-I band is significantly increasedthwiespect to
the other structural components, particularly wikempared to that of the random
coil component at 1642 ch(Figure VI.&) . The aggregation band is again present at
1625 cni* as are thé-sheet and3-turn bands at 1636 and 1672 tnrespectively.

The side-chain absorption can be seen at 1610 cm
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Figure VI.7. Hemoglobin secondary structure analysis from ATR-FTIR spectroscopy. a The
unconvoluted ATR-FTIR spectrum of hemoglolinThe Fourier-deconvoluted hemoglobin AFRIR
spectrumc The 2'° derivative spectrum of the unconvoluted ATR-FTRastrum.
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The lysozyme ATR-FTIR absorption amide-l and —lintke. are shown in
Figure VI.&. A very small positive water band can be seen ftbe spectrum at
wavenumbers longer than 1700 tnThe result of this was most likely a less than
completely clean ATR surface for the acquisition tbhé reference transmission
spectrum. The consequence of this would be to memginally reduce the amount of
water sampled by the IR beam in collecting theregfee. The effect is, however,
small enough to be of little significance to theideal bandshape. The amide-l band
maximum of 1653 cf suggests that there is a large amourt-belix present within
the lysozyme secondary structure. However, theoreddy broad amide-lI bandshape
indicates the presence of other component structioréhe overall protein structure.
Figure VI.& shows the ATR-FTIR absorption Fourier-deconvoluéedide-I band,
revealing that the main component band is, as eégpethat of thex-helix at 1652
cm?, while the only slightly less intense band at 1648* is that arising from
random coil content. The pronounced band at 1632 iolicates a substantial level
of B-sheet to the protein conformation and this isamorated by the presence of an
expected accompanying minor band at 1685.chie band at 1666 chis evidence
for the presence d-turn content, while side-chain absorption can learty seen
from bands located at 1618 and 1610"crihere does not appear to be significant
levels of aggregates within the protein sample ftbmabsence of a band of any real
intensity around 1625 cm The lysozyme ATR-FTIR amide-I band™ derivative
spectrum is shown as Figure \W4.8his differs from that of the Fourier-deconvollite
spectrum in that it accentuates the intensity efatthelix component relative to that
of other conformations. All of the bands presenthii the Fourier-deconvoluted

spectrum are, however, again clearly evident iretffederivative spectrum.
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Figure VI.8. Lysozyme seconoary structure analysis from ATR-FTIR spectroscopy. a The
unconvoluted ATR-FTIR spectrum of lysozymb. The Fourier-deconvoluted lysozyme AFR4AR
spectrumc The 2'° derivative spectrum of the unconvoluted ATR-FTRastrum.

Figure V1.9 shows the amide-lI and —Il bands of the ATR-FTIRaption
spectrum of a-chymotrypsin. A small negative water band occues higher
wavenumbers than 1700 @mThe amide-l band maximum at around 1640'cm
suggests a large contribution Pfsheet to the protein secondary structure. Figure
VI.9b shows the Fourier deconvolution of tbhechymotrypsin ATR-FTIR amide-I
band. The band of highest intensity is that cenatet532 crit and corresponds to the
major 3-sheet amide-I component, with the miifiessheet component present at 1682
cm®. The higher wavenumber shoulder to this bandss kkely a result of-sheet
structure. A lower wavenumber shoulder to the hsgjingensity band, centred at 1625
cm? indicates a degree of aggregation within the fmosample and the minor
aggregation band located at 1692 ceprroborates this. The broad band between
1655 and 1665 cihcan be attributed to,Fhelix conformation. Bands at 1645 and
1672 cnt most likely result of random coil argtturn content, respectively. A side-
chain absorption band can be seen at 1612 and c&662The 2'° derivative ATR-
FTIR amide-l spectrum is shown in Figure \l.9The intense3-sheet component
band at 1636 cthand its minor counterpart at 1682 trare again evident and a
slight shoulder to the lower wavenumber side of thand indicates the presence of
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protein aggregates. The random cojj;Helix, andp-turn components are present at
1646, 1658 and 1672 chrespectively The side-chain absorption bandag land

1602 cni can also be seen in th&’Xerivative spectrum.
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Figure VI.9. a chymotrypsin secondary structure analysis from ATR-FTIR spectroscopy. a The
unconvoluted ATR-FTIR spectrum af chymotrypsin.b The Fourier-deconvoluted chymotrypsii
ATR-FTIR spectrumc The 2'° derivative spectrum of the unconvoluted ATR-FTRastrum.

V1.3.3 Quantitative Analysis of Secondary Structurefrom Protein FTIR Spectra
The ability of the protein reference set to accofort the structures of the test
proteins, along with the suitability of the mathéitel model used to relate the
structures present within the reference set toetlufshe test spectra is given by the
Mahanalobis distance parameter. The closer thiseva to zero the better is the
secondary structure fitting procedure and the grdaatthe degree of confidence to be
had in the estimation. A failed result is returneden the Mahanalobis distance
exceeds the acceptable limit of 0.12. The compowaine density is a measure of the
number of calibration spectra within the proteiference set that have values close to
that of the test spectrum. For example, a componahte density of 2 for the
prediction of a protein’§-sheet content indicates that 2 proteins withinréference

set have similap-sheet content to that of the protein being andlysehigher value
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of the component density value indicates a greabdlity of the reference set to
interpret the spectrum of the test protein.

Table VI.2 presents the results for the estimatibmhe a-helix and3-sheet
content of the four standard proteins from theansmission FTIR spectra. By
comparing the estimated structural contents of gachein with its x-ray crystal
structure it can be seen th@isheet estimation is accurate to within 10 %. The
accuracy for the estimation afhelix content is roughly the same as thafatheet
except when attempting to estimate the helical exdnof highlya-helical proteins,
such as myoglobin and hemoglobin. Transmission F1éRds to substantially

underestimate the-helical fractional compositions of such proteinghwhigh a-helix

contents.
Protein Structure | x- Prediction Error Mahanalobis | Component value
ray | (%) distance density
o chymotrypsin| a helix 10 9.19 -0.81 0.019 0.88
B shee 34 33.944 -0.056 0.024 0.56
Hemaoglobin a helix 75 54.01 -20.99 0.057 0.12
B shee 0 9.66 9.66 0.02 0.59
Lysozyme o helix 36 43.36 7.36 0.022 1.63
B shee 9 2.45 -6.55 0.052 0.71
Myoglobin o helix 80.4 | 62.99 -17.41 0.099 0.15
B shee 0 5.78 5.78 0.035 0.33

Table VI.2. The prediction of protein secondary structure by transmission FTIR spectroscopy.
A Mahanalobis distance limit of 0.12 defines whethedictions are to be taken as valid.

V1.3.4 Comparison of the ATR and Transmission Techniquesfor Protein FTIR
Figure VI.10 overlays the amide-I and —Il bandsath of the four standard proteins
when either the transmission or ATR techniques aofuaing the FTIR absorption
spectrum of each of the proteins were used. Thd nageable difference between
the transmission and ATR spectra is the relatitensities of the amide-lI and amide-
Il bands. Transmission FTIR represents the trustive intensities of these bands and
it can be seen from Figure VI.10 that the amidedis always of higher intensity
than that of the amide-Il band. An effect of usthg ATR accessory is that radiation
of lower frequency penetrates to a greater extegpomd the crystal surface and into
the contacting sample solution than does radiaifdmgher frequency. This produces
an effect whereby the sample pathlength is notouamif but rather is a function of the
irradiating frequency. As such, bands occurrindoster frequencies experience an

intensity increase relative to those located ahdigrequencies. This effect can be
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seen in the altered relative intensities of thedamtiand —II bands for the ATR-FTIR
spectra of the standard proteins shown in Figurd0/IThe amide-lI bandshape is
consequently altered in the ATR absorption spefdraeach of the four proteins
studied due to the overlap between the amide-Hnohnds, in that the amide-I band
intensity is increased at lower frequencies, inréggon of this overlap, relative to its
intensity at higher frequency, where there exist®werlap between the amide-l and -

Il bands. This effect can be clearly seen for ezdhe overlays in Figure VI.10.
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Figure VI1.10. A comparison of protein transmission and ATR FTIR spectra. The amide-I, H
and 41 bands are compared for both transmission (greid ATR (red) FTIR techniques for
proteins myoglobin, hemoglobin, lysozyme aoegchymotrypsin as given by, b, ¢ and d,
respectively. (Normalisation of the amide-I bandaawas carried out between 1700 and 1608 cm
for each spectrum.)

Figure VI.11 makes a similar comparison, but indtehe 2° derivative
spectra are compared in order to examine possibbéeip structural variation
associated with using ATR-FTIR spectroscopy. Fromdecrease in intensity of the
bands at approximately 1655 ¢rthe total amount adi-helix structure present within
each of the proteins can be seen to decrease wsomp#ion of each protein to the
ATR crystal surface, relative to that seen usiaggmittance FTIR. The emergence of
prominent bands at 1632 &nfor both hemoglobin and lysozyme is evidence that

both proteins experience pronounced increases @i fB-sheet content upon
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adsorption to the ATR surface, with the expectedamp-sheet bands at 1682 ¢m
also present in both spectra. Similarly, the ATH 2lerivative spectrum ofi-
chymotrypsin shows an increased level $heet content relative to that of the
transmittance equivalent, as seen by the increasigei intensity of the band at 1636
cm™. For the highlya-helical proteins of myoglobin and hemoglobin, fipaars that
both proteins become substantially more randomijedovhen adsorbed onto the
ATR crystal surface. The red-shifting of the maiant in the myoglobin "®
derivative spectrum from 1656 &min transmittance mode to 1652 ¢nn ATR
mode, along with a band broadening effect in th&RASpectrum, can be understood
as an increase in the random coil content of mymgld=or hemoglobin the effect is
even more striking, with a marked increase in twedom coil band, along with a
blue-shift to a more characteristic location of 3@&4n” for this band. No significant
increase in the extent of aggregate formation viggiwved upon protein adsorption to
the crystal surface, as can be seen from tfed2rivative overlays in the frequency
range of between 1625 and 1620tm
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Figure VI.11. Comparison of transmittance and ATR 2"° derivative amide-| FTIR absorption

spectra of standard proteins. The amide-I band absorption FTIRP2derivative spectral overlay
myoglobin, hemoglobin, lysozyme aratchymotrypsin when using either transmittance (grea
ATR (red) spectroscopic techniques are shows Bsc andd, respectively.
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V1.3.5Protein FTIR in DO Solvent

Figure VI.12 shows the amide-lI bands of the fowandard proteins myoglobin,
hemoglobin, lysozyme anachymotrypsin when dissolved in,O solvent. The peak
maxima of between 1650 and 1655 tand the overall amide-l bandshapes for both
myoglobin and lysozyme are as expected for predanmiya-helical proteins (Figure
VI.12a and c). The amide-l band maximum of 1638 ¢rfor the a-chymotrypsin
spectrum is as expected for a predominafitisheet protein (Figure VI.IQ. The
amide-l band maximum of hemoglobin in,M solvent is found to be located at
approximately 1645 cth demonstrating the sizable shift in vibrationalfuency that
can occur upon isotopic substitution of peptide rbgdn atoms with deuterium
(Figure VI1.12d).[2]

Absorbance Units

0000 0002 0004 0006 0008 0010 0012 0014

Absorbance Units
0000 0001 0002 0003 0004 0005 0.006
L L L L L L

-
g
s
S

T T T T T T T T
1660 1640 1620 1600 1700 1680 1660 1640 1620 1600
‘Wavenumber cm-1 ‘Wavenumber cm-1

5
g1
B
g

0.012

(@]
0.020
o

Absorbance Units
0.004 0.006 0.008 0.010
L L
Absorbance Units
0.005 0.010 0.
L

0.002
L

0.000

T T T T T T T T T T
1720 1700 1680 1660 1640 1620 1600 1720 1700 1680 1660 1640 1620 1600
Wavenumber cm-1 Wavenumber cm-1

Figure VI.12. The amide-l bands of standard proteinsin D,O solution. The amidég-bands ¢
myoglobin, hemoglobin, lysozyme amdchymotrypsin are shown as b, ¢ andd, respectively
The FTIR absorption spectra were acquired usingstréttance FTIR.

Figure VI.13 compares thé'2 derivative spectra of the amide-I bands of each
of the four standard proteins when dissolved pO versus HO solvent. A general
feature of the BO protein 2° derivative bands with respect to thei@Hcounterparts
is that superior band resolution is achieved whealyaing proteins in BD solvent, as
evident from Figure VI.18 c andd. The expected red-shift in the amide-I band

maximum for predominantlg-helical proteins when dissolved in® versus HO is
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apparent from the™ derivative spectral overlays of myoglobin, hemaifoand
lysozyme (Figure VI.18 b andc, respectively). From Figure VI.43t can be seen
that the secondary structure of myoglobin is unattavhen moving from an aqueous
to DO solvent. Figure VI.18 reveals that lysozyme retains all of its nativexda
components when moving from,8 to D,O, however, a considerable increase in
band intensity at 1636 chis observed in BD solvent. Also, a dramatic increase at
the same wavenumber is seen in moving frogdO Ho D,O solvent for the
predominantlyB3-sheet proteirm-chymotrypsin (Figure VI.18. Hemoglobin displays

a considerable decrease in the intensity of theedldband when dissolved in,D
compared to bD solvent (Figure VI.13). Residual aggregation bands are again

present in the BD spectra of both myoglobin and hemoglobin.
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Figure VI1.13. The amide-l band 2"° derivative spectra of standard proteins in H,O versus D,O
solution. The amide-l band"? derivative spectral overlays of,8 (green) and BD (black) solution

of myoglobin, hemoglobin, lysozyme andchymotrypsin are shown as b, ¢c andd, respectively. A
FTIR absorption spectra were acquired using tratt@nte FTIR.
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V1.3.6 Protein Melts and Two-Dimensional FTIR Spectroscopy
Figure VI.14 shows the absorption spectral overlay of the nolugl amide-lI band
variation as a function of temperature. From Figlda andb myoglobin can be seen
to demonstrate high stability of secondary striecwontent up to a temperature of 45
°C, illustrated by the blue coloured spectra. Beydsd’C there occurs a marked
degree of degradation ofhelicity, as can be seen by the decrease in iyenisthe
amide-l band at the-helix band maximum of 1655 ¢hm shown by the green
coloured spectra. The decreas@ihelix content at higher temperatures accompanies
an increase in amide-I band intensity in the aggfieg band regions of between 1620
to 1628 crit and 1690 to 1695 cf There is also a considerable increase in band
intensity in the amide-I region corresponding t@-8lix andp-turn conformation
between 1660 and 1682 ¢m

The variation of the "® derivative myoglobin amide-I spectra gives more
precise insight into the structural changes browidut by increasing temperature
(Figure VI.14). The decrease in the band centred at 1655amresponds to the loss
of a-helix structure with increased temperature. Thgomand minor aggregation
bands at 1622 and 1696 ¢nrespectively, have clear temperature dependéfe.
emergence of a band centred at 1666 with increasing temperature is evidence that
myoglobin acquires :3-helix content at elevated temperatures. The mymgl@"°
derivative spectra used for generating its aggiegairofile (Figure VI.14) is shown
in Figure VI1.14& and the calculatedt value of 68°C is consistent with it being a

very temperature-stable protein.

Figure VI.15 shows the two-dimensional (2D) cortiela analysis of the
myoglobin amide-l band for the melt experiment show Figure VI.14. Figure
VI.15a shows the synchronous plot revealing an intensétipe auto peak at the-
helix band position of approximately 1650 ¢nThe asynchronous plot is shown as
Figure VI.1% and features a number of cross peaks. Cross meaksring at the
coordinates (1655, 1632), (1655, 1663) and (16538) correlate a decrease in the
spectral intensity at 1655 ¢hwith increases in spectral intensities at 1635316nd
1678 cni, respectively. This correlates the lossaelfielix content to the gain ¢-
sheet, 3-helix and-turn content, respectively, for myoglobin when jegbed to
increasing temperature variation. The lack of aifitant cross peak correlating the
aggregation band at 1623 ¢rwith any other secondary structure in the asynubus
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map suggests that aggregation formation in myoglalmcurs in-phase with other
structural changes. It can, therefore be assunedides ofa-helix structure occurs

simultaneous to the formation of protein aggregates
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Figure VI1.14. Myoglobin ATR-FTIR melt experiment. a Myoglobin amidel absorption bar
spectal overlay with varying temperature. The specwtured blue, green and red correspond t
temperature ranges 20-45, 50-65 and 70’85 respectivelyb Myoglobin amide-I 2° derivative
spectral overlayc The 2'° derivative spectra over the wavenwenbange used in generating the m
for determining the aggregation profile of myogleld The myoglobin aggregation profile showing
Tu value as 68C.

The negative sign of the cross peaks at (1655, )183@ (1655, 1663) reveal
that bothf3-sheet and 3-helix secondary structures, respectively, are &mrbefore
the loss ofa-helix content and, therefore, that these newlynft structures are from
residues not originally involved in forming the wat helix domains. The positive
sign of the cross peak at (1655, 1678) suggestfthan structures are formed after
the loss ofo-helix content and, therefore, most likely involtrese residues which

originally had formed the-helix protein domains.
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Figure VI.15. Two-dimensional correlation analysis of myoglobin from ATR-FTIR
spectroscopy. The myoglobin synchronous and asynchronous 2Dekaion spectra are shown

a andb, respectively.

Figure VI.16 andb show the amide-I absorption antPXerivative overlays,
respectively, of the hemoglobin melt experimene@ga coloured blue, green and red
represent the temperature ranges 10-36, 38-52 2480 &C, respectively. The blue
coloured spectra represent the temperature rangg which hemoglobin is
predominantly stable with respect to its seconddnycture. Some variation in the
spectral intensity at 1655 ¢htorresponding to the-helix amide-I signal is evident,
but overall the protein appears to retain its matbecondary structure. The green
spectra represent the temperature range over Viaeictoglobin begins to unfold and,
subsequently, aggregate. Red spectra represerdothplete unfolding and intense
aggregation of hemoglobin. Band decreases at 1685838 crit, representing loss
of a-helix and [B-sheet content, respectively, and increases at 1&G#P 1693
(aggregation), 1666 {ghelix) and 1678 cfh (B-turn) with increasing temperature
can clearly be seen in Figure Vid6Ihe T, value for hemoglobin was calculated as
54 °C as shown in Figure VI.16 defining it as a reasonably temperature-stable

protein.

156



0.010

Absorbance Units

Absorbance Units
-0.00004
L

Chapter VI Secondary Structure Analysis of Standard ProteynSTIR Spectroscopy

-0.00004 0.00000 0.00004
I L L I L

Absorbance Units

-0.00008
L L

0.005
L

0.000
I
-0.00012
I L

T T T T
1700 1680 1660 1640 1620 1600

100.00

80.00

60.00 1

-0.00002  0.00000
L v
W

=54°C

40.00

% Aggregation
-
B

20.00

-0.00006
L

0.00 =

0 10 20 30 40 50 60 70 80 90

-0.00008
L

Temperature (°C)

T T T T T T T
1630 1628 1626 1624 1622 1620 1618 1616

Figure VI.16. Hemoglobin ATR-FTIR melt experiment. a The hemoglobin amidk-absorptiol
spectral overlay. The spectra coloured blue, geeghred were acquired over the temperature .
20-34, 35-39 and 40-8%C, respectivelyb The 2'° derivative spectral overlay. The 2'° derivative
spectral overlay for the wavenumber range usecireating the model for determining thg, Value
of hemoglobind Hemoglobin aggregation profile showing thg, Value as 54 .

Figure VI.17 shows the 2D correlation analysis bé themoglobin melt
experiment given in Figure VI.16. The synchronoumsl asynchronous plots are
shown as Figure VI.Eandb, respectively. Similar to myoglobin, the synchroso
plot contains one major auto peak at théelix band location of 1655 ¢t The
asynchronous plot shows cross peaks correlatingnteasity variation at 1655 ¢
with that at both 1620 and 1678 ¢niThe negative cross peaks at coordinates (1655,
1620) and (1655, 1678) suggest that the formatfaggregate anfl-turn structures,
respectively, occur predominantly before the lo$saénelix content. This is the
reverse of that observed for myoglobin, where is i@nd that aggregation aifd
turn formation occurred either simultaneous to fterahe loss ofx-helix secondary

structure.
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Figure VI.17. Two-dimensional correlation analysis of hemoglobin ATR-FTIR spectroscopy. The
hemoglobin synchronous and asynchronous 2D coelapectra are shown asandb, respectively.

Figure VI.18 shows the melt experiment afchymotrypsin. Over the
temperature range 20-34C the B-sheet content ofa-chymotrypsin becomes
somewhat reduced, as can be seen for the blugapexh the decreasing intensity of
the amide-l band at approximately 1635 trmNo other structural variation is
observed over this temperature range. Spectradedoover the temperature range
35-39°C are coloured green and reveal an increased f3sloeet content over this
range. The red spectra acquired from 40@%eveal a further loss @sheet content
along with the accumulation of protein aggrega#sstevealed by the emergence of a
band at 1626 cth The less than complete lossfbheet content is reflected in the
maximum of the aggregation band being slightly ksbdted from its expected
location of 1622 cm, as can be seen from Figure Vbl&he transition from native
intra-molecular3-sheet conformation to inter-moleculrsheet aggregate formation
with increasing temperature can also be seen ftendecrease in the minor inter-
molecularp-sheet band at 1680 ¢hand the growth of the minor intra-molecufir
sheet band at 1693 eém(Figure VI.1&). An increase in helix and/or random-coil
content seems evident from the increase in tfé derivative spectral intensity
between 1645 and 1665 ¢nwith increased temperature. Thechymotrypsin T

value of 55°C is characteristic of that of a reasonably tentpegastable protein.
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Figure VI1.18. a-chymotrypsin ATR-FTIR melt experiment. a The amidd- absorption spectr
overlay ofa-chymotrypsin. Blue, green and red spectra reptabentemperature ranges 20-34, 3b-
and 40-90°C, respectivelyb The 2'° derivative spectral overlay of the absorption sgeshown ire. ¢
The 2'° derivative absorption spectral overlay over theemaimberregion used to generate the m
for calculating thex-chymotrypsin T, value.d The aggregation profile @f-chymotrypsin.

The 2D correlation analysis @f-chymotrypsin is shown in Figure VI.19. A
single auto peak at 1638 ¢ncan be seen in the synchronous plot and correspond
the intensity change brought about by the loss ativa [3-sheet structure with
increasing temperature (Figure VId)9 The most prominent feature of the
asynchronous plot is the cross peak at (1638, 1@28jelating the loss d-sheet
structure with the gain of protein aggregates (Fegvl.1%). The positive sign of this
cross peak indicates that tBesheet structure is lost before the protein aggesga
appear, as is apparent from Figure VI.18. Smaltess peaks at (1640, 1664) and
(1640, 1678) indicate a correlation between thes log[3-sheet content and the
increase in g-helix andp-turn content, respectively. The negative sigrhese cross
peaks suggest that both of these structures armetbbefore the loss of the nati§e
sheet content and so that neither of these stestne formed from residues involved
in forming nativep-sheets. Two other cross peaks located at identissenumbers
to the former two, but correlated to the aggregabiand at 1626 cihappear as cross
peaks at (1626, 1664) and (1626, 1678). These greaks relate the decrease of
spectral intensity at 1664 and 1678 tmo the growing of the aggregation band at
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1626 cn. The positive sign of these cross peaks suggaestibth 3.-helix andp-

turn conformations form before the completion aditpm aggregation.
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Figure VI1.19. Two-dimensional correlation analysis of a-chymotrypsin ATR-FTIR
spectroscopy. The a-chymotrypsin synchronous and asynchronous 2D @idioel spectra a
shown as andb, respectively.

Despite repeated attempts to monitor the aggragatiocess of lysozyme the
temperature dependence of lysozyme’s secondargtsteuwas only achieved up to a
temperature of 51C. From Figure VI.2D it appears that considerable variation of the
o-helix content of lysozyme occurs over this temperafrom the magnitude of the
band at 1655 cth Similarly, the non-uniform behaviour of a sma#ind between
1640-1635 cnt indicates a variation oB-sheet content. A slight increase in band
intensity can be seen at approximately 1680 dmdicating a small increase in tBe
turn content of lysozyme over this temperature eanghe apparent onset of
aggregation can be seen in Figure VibZ8om a band emerging at approximately
1620 cnt in the red coloured spectrum acquired #iC51IThis is accompanied by a
further reduction iro-helix content. The failure to successfully acquirel-behaved
spectra beyond 5%C for lysozyme is most likely related to anomaldehaviour of
the protein at the ATR-crystal surface at highemperatures during spectral
acquisition. The non-uniform behaviour towards khgs or formation of particular
secondary structures makes lysozyme a troublesoateip for the performance of a

2D correlation analysis over this temperature range
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FigureVI1.20. The ATR-FTIR melt experiment of lysozyme. a andb show the
amide-I absorption band an{™derivative spectral overlays, respectively. The
blue and red spectra were acquired at 18 arf€5despectively. Spectra taken at
intermediate temperatures are coloured grey.

V1.4 Discussion

V1.4.1 Quantitative Analysis of Secondary Structurefrom Protein FTIR

One of the most challenging problems when workinth wTIR spectroscopy for
studying protein secondary structure is achieving high protein concentrations
necessary for this technique while at the same pmegenting protein aggregation.
FTIR protein spectroscopy routinely demands protncentrations of between 5
and 20 mg/ml. Since proteins do not remotely apgrdhese concentratioms vitro
this exposes them to higher risks of interactinghweach other and forming
aggregates. Despite careful steps to reduce thke 0§ aggregates being present
within the sample, a small amount of aggregatios waavoidable for some of the
proteins studied. Particularly sensitive to thieetf were the highlg-helical proteins
of myoglobin and hemoglobin (Figures VI.2 and VI.3his likely contributed to a
decrease in performance when trying to estimatexthelix andf3-sheet contents of

these proteins. Where aggregation was found notetar to large extents, as in the
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case of lysozyme amatchymotrypsin, the estimation of bottihelix andp3-sheet was
found to be very good (Table VI.2).

Although no exact attempt at solving for the frantl composition of random
coil within the proteins studied was made, thensity of bands centred between
1640 and 1645 cthcorrelates well with the extent of random coil esied for each
of the proteins studied (Figure VI.11). Of the pins studiedp-chymotrypsin has
the largest band at 1643 ¢nfollowed by lysozyme, hemoglobin and myoglobiheT
relative intensities of these bands to other bamdsent in the amide-'2 derivative
spectrum are in good agreement with the expectatidnal compositions from x-ray
crystallographic data (Table VI.1), which defineethrandom coil content of
myoglobin, hemoglobin, lysozyme amdchymotrypsin as 14.4, 13.6, 22.1 and 37.1
%, respectively, of the total protein structures@lthe presence of the expecfed
turn fractional content within lysozyme ardchymotrypsin of 4.7 and 10.6 %,
respectively, agrees well with the intensities ahtls present at 1672 ¢nin both
transmission FTIR"® derivative spectra (Figures V1.4 and VI.5).

V|1.4.2 Fourier-deconvolution versus 2\°

derivative analysis

The composite nature of a protein’s amide-l baegyresenting all of the secondary
structures present within the protein, is cleamfrine FTIR spectra presented above.
From the unprocessed amide-l band it is difficudt distinguish the different
secondary structures present within a particulastgm. To this end the band-
narrowing techniques of Fourier-deconvolution aff 2lerivative analysis were
employed and their individual and relative effeetiess can be seen above. Both
techniques were seen to be highly effective in degcluting the individual secondary
structure components from the composite amide-lorgbe®n band, in that the
locations of all deconvoluted bands correspond weethe expected locations of the
characteristic secondary structural motifs. In examg the relative performance of
Fourier-deconvolution and 2 derivative procedures in deconvoluting the
overlapping bands of the composite protein amidevhd it was found that both
techniques performed approximately equally well.e Tmost difficult bands to
accurately resolve are those arising fromdHeelix and random coil conformations.
This results from the closeness of the peak maomthe amide-I bands of each

(1660-1650 cnt for a-helix and 1645 ci for random coil), but also from the broad
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bandshape of the random coil amide-I. Fourier-degluion showed itself to be
slightly superior to 2° derivative analysis for resolving tlehelix and random coil
band components, particularly in the case of mymgldFigure V1.2 andc). The
reason for this is the apparent bid®® Merivative analysis has for the-helix
component, which tends to dominate other closegglgmmponents, and the source of
this bias is most likely attributable to the distig lorentzian bandshape of the

helix amide-I.

V1.4.3 H,0 versus D,O solvent for Protein FTIR

Performing FTIR analysis of aqueous protein samigagery challenging due to the
overlapping water band with the protein amide-l da8ince there are many more
water molecules than protein molecules, the OH imgndibration mode from the
water within the sample absorbs far more strongiyntthe protein amide vibrational
modes. The extreme temperature dependence of éngyeof the water OH bending
vibration adds a further complication to performiagueous FTIR spectroscopy of
protein molecules. In order to successfully refeeenut the water background from
the protein absorption spectrum the preservatiom @bnstant pathlength between
reference and sample acquisitions is essentiahgalath accurate thermostating of
the cell. The need to disassemble and reassembieuwtgable transmission cells
between collecting the reference and sample trasssom spectra introduces a
pathlength uncertainty, making demountable cellsuiiable for aqueous protein
FTIR spectroscopy. This pathlength uncertaintyciseatuated by the need to use very
small pathlengths, of the order of 5 toué, when working with aqueous protein
samples in order that the sample doesn’'t becomyg dbisorbing due to the water
content of the sample. Demountable cells are atsuitable for agueous protein
FTIR because the necessary precise regulationngbdrature between sample and
reference is difficult to achieve. The transmitai€TIR spectra presented above
were, therefore, acquired with a non-demountalaéedecell.

The manufacture of sealed cells with very smalhleamigths is a challenging
process and, therefore, such cells are quite costlg main difficulty lies in the
injection of the aqueous sample into the very ttawity of the cell without having to
apply extreme pressures that would be liable tcalbrthe cell windows. The

AquaSpec cell addresses this problem by sealingmbavindows with an expandable
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material that allows the cell to be filled by exdary the distance between the
windows and then, once the cell is filled, the matecontracts to its original
dimension, thus reducing the pathlength to theirequdistance of approximately 6

pm.

The reliable relationship between a protein’s antidand and its secondary
structure has been used extensively for analysiotpins over the past twenty years.
However, because of the relatively recent develogmef small pathlength
temperature-regulated FTIR cells and their assediatost, most of the literature
concerning protein FTIR is for proteins in,® solvent. Given the widely
acknowledged sensitivity of protein secondary d$tmec to solvent effects, the
guestion of the effect on a protein’s secondanycsire of exchanging the native®
solvent with non-native ¥D is an important one. Comparing the amide-I baridke
four standard proteins used above #OHersus RO sheds light on this effect.

Figure VI.13 shows the effects of exchangingdOHvith D,O solvent on the
secondary structures of the four standard protsindied herein. The well ordered
secondary structure regions of myoglobin, lysozyand a-chymotrypsin all appear
stable with respect to solvent exchange. However, the lysozyme andu-
chymotrypsin amide-l spectra in,O there appears a considerable increase in band
intensity at 1636 cih This is consistent with observations made with ticotinic
acetylcholine receptor upon substitution ofCHwith D,O and the authors attribute
this effect as predominantly arising from the sleatbequency shift of the random
coil amide-1 band upon H-D isotopic substitutiorhigh occurs rapidly for the solvent
exposed residues comprising the random coil pratement.[2] The authors also site
the possibility that the increase in band intenaityhis position may result frofs
sheet regions having increased spectral absorpti@n dissolved in ED compared
to H,O. The considerable reduction in intensity of tledixhband for hemoglobin in
the HO versus the BD spectrum is difficult to explain, but is likelglated to the
broadening of the band width that may result frdra significant red-shift of the
random coil amide-l band (Figure VI3 Again, this effect has been seen for the
nicotinic acetylcholine receptor.[2] In conclusidhgerefore, PO may be used with
some confidence for studying proteins by FTIR hibwd be noted, however, that the
large shift of the random coil amide-lI band fromnigelocated close to the helix

amide-l in HO to directly overlapping th@-sheet amide-I in BD should be taken
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into account when studying proteins that contagnificant levels of random coil
secondary structure. The considerable red-shifh@frandom coil amide-1 upon H-D
isotopic substitution can be used as an effectieama of quantifying the degree of
protein random coil content, especially since gn@dom coil amide-I band is located
very close to the helix amide-l in aqueous solutowl it can be difficult to resolve
the two bands. Once this shift is taken into actotiie spectra presented in Figure
VI.13 indicate that protein secondary structurdaigely unaffected by exchanging
H,0O with D,O solvent.

The extensive overlap between the water and amioald introduces an
unwanted artefact into the FTIR absorption spectnhich results from a difference
between the concentration of the water in the esieg and sample solutions. This
concentration difference is as a result of the laghcentration of protein molecules
within the sample solution, which acts to decre#fs® concentration of water.
Therefore, the intensity of the water transmisstmand will be greater for the
reference than for the sample and if this diffeesizclarge enough it can result in a
deformed amide-l absorption band and improper detetion of protein secondary
structure. In order to minimise this effect it iesttable to have the protein
concentration within the sample solution at clas¢he minimum level from which a
reproducible absorption spectrum may be achievadorbder to protect against
inappropriate referencing when generating the gieor spectrum a condition that
the protein absorption spectrum have a flat linpeapance between 1700 and 1750
cm® is standard. Inspecting the absorption spectrsepted above, it can be seen that
the flat line appearance of the spectra beyond t#0bis well maintained, especially
for absorption spectra acquired in transmittancedencfor which the protein
concentration is less than that needed for the Aidtle. The occurrence of very
small negative water bands can be seen in sonfeeATR data presented above and
is a result of having to use higher protein conegitns when working with ATR

spectroscopy.

V1.4.4 Removal of Water Vapour from Protein FTIR Spectra
A common mistake made when performing protein F3pctroscopy is to neglect to
remove the water vapour lines from the protein aatiband before analysing it for

its secondary structure components. Unless coraditiereffort is taken to remove
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every trace of water vapour from the beam patls, ihevitable that some water gas-
phase lines will be present in the protein spectriny water vapour bands present in
the protein spectrum are extremely detrimentah&decondary structural analysis of
the protein because it happens that certain was@owr bands are located at
wavenumbers matching those of all secondary straicelements. To illustrate the
possible error introduced by water vapour bandthéoprotein amide-I band, Figure
VI.20 overlays the same protein spectrum of lysazymoth before (red) and after
(blue) the performance of the water vapour remoyiost-processing step, carried out
for each of the protein spectra presented abovepilecontinuous purging of the
sample compartment with dry air it can be seen soate water vapour bands are
present in the original spectrum. Within the amlidb@nd region water vapour signals
can be seen at approximately 1615, 1620, 1627, 16383, 1653, 1675 and 1682 cm
! Since an approximate coincidence to the bandtiposiof all of the secondary
structural elements exists, a common mistake sst&ign the water vapour bands to
secondary structure components. It is obvioustthiatwould lead to serious errors in
the prediction of the secondary structural fracloromposition of the protein being

investigated.
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Figure VI1.20. The effect of water vapour bands to the protein amide FTIR spectrum. The
ATR-FTIR absorption spectrum of lysozyme in theioegof the amide-l andI-bands bot
before (red) and after (blue) the performance @f Water vapour removing pogtecessin
procedure.
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V1.4.5 Transmission versusATR for Protein FTIR Spectroscopy

Comparing the absorption spectra of the standartkims acquired with transmission
versus ATR-FTIR spectroscopy reveals a clear ghithe relative intensities of the
amide-l and —Il bands. Since only the amide-lI bandised for protein structural
analysis this does not seem to be of immediate itapoe. However, spectral overlap
between the two bands results in this change irdewinend —II relative intensity
leading to a change in the bandshape of the amidawdl. Also, the ATR effect of
making the absolute optical pathlength dependenttlmn radiation frequency
continues to apply over the wavenumber range dgfirthe amide-I band and,
therefore, not only alters the relative intensitiéghe neighbouring amide-1 and -l
bands, but also changes the amide-lI bandshapé ité¥&$ might be reflected by a
comparison of the amide-l bandshapes of the stdngdesteins involved in this
investigation when acquired by either ATR or traission FTIR spectroscopy.
However, in practise this comparison is difficutt achieve, since other effects
occurring at the ATR surface are likely to makeka-with-like comparison of ATR
and transmission spectra non-feasible when tryngeasure this effect.

The viability of using ATR-FTIR spectroscopy asedfective replacement for
transmittance FTIR spectroscopy is examined abAsgepreviously mentioned, the
problem of having to use increased protein conaéotrs when working with ATR
compared to transmittance FTIR spectroscopy isnpialey troublesome due to the
possibility of increased aggregation at higher girotconcentrations. The extent of
this problem is revealed in Figure VI.11, which dags the 2° derivative
deconvoluted amide-l of both transmission and ATRRFspectra of each of the
standard proteins. From this it can be seen thgrieggtion levels do not significantly
increase for any of the proteins studied when pegpat the higher concentrations
needed for ATR-FTIR, relative to the samples usedriinsmission FTIR. It would,
therefore, seem that the increased protein coratenirrequirements for ATR over
transmission FTIR spectroscopy are not of the otdewle it out as an alternative
technique and that protein aggregation levels ammparable when using either

technique.

Another factor to consider when working with ATR4IRTspectroscopy is the
possible effect adsorption of the protein to theRASurface might have on its

secondary structure. The ratio of adsorbed protetfecules to protein molecules in
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solution that are sampled by the irradiating ligdgam as it passes through the
BioATR-II accessory is dependent on the penetratiepth of the evanescent wave
(between 1 and Am for the BioATR-II accessory) beyond the ATR caysturface
into the contacting sample solution. This rati@isrucial importance to the overall
effect on the amide-1 bandshape that will be caumseany structural perturbation that
occurs upon protein adsorption to the ATR-crystafaze. In order to gain insight
into the approximate scale of protein adsorptiom AavLEAL protein’s adsorption
profile with increasing temperature was examine@jufe VI.21). The AavLEA1l
protein was chosen for this test due to its lackstlictural perturbation and
consequent protein precipitation with temperatuagation. As such, the change in
the amide-I band intensity with temperature inceesisould be exclusively related to
the adsorption process onto the ATR crystal surfAceomparison of this intensity
variation with the initial amide-I band intensityvgs an idea as to the level of
contribution made to the amide-I band intensitypbgtein molecules adsorbed onto
the crystal surface. From Figure VI.21 it can bensthat the amide-I band intensity
approximately doubles due to the temperature depenadsorption of AavLEAL.
This is clear evidence that the penetration deptihe IR beam into the sample
solution when using the BioATR Il is such that mofthe protein molecules sampled
are either adsorbed onto or lie extremely closi@oATR crystal surface. Therefore,
any protein structural perturbation introduced g process of surface adsorption is
likely to be highly represented in the ATR spectrand represents a serious
consideration when using ATR spectroscopy for shglprotein secondary structure.

The effect of protein structural variation upon faoe adsorption was
investigated by Sethuraman and Belfort, by exanginive structural perturbation and
aggregation effects on globular proteins such a&®zyme when adsorbed onto
monolayer surfaces.[3] They observed a conformatishift froma-helix to 3-turn
and/or random coil and an overall increaseg3isheet content within the secondary
structures of proteins adsorbed onto monolayerasasf at room temperature.
Comparing the transmittance and ATR amidéY @erivative absorption spectra for
each of the standard proteins examined above yieldsmation about any such
changes that result from adsorption to the ATRtafysurface (Figure VI.11). It can
be seen that the ATR-FTIR protein spectra dispyreasedi-helix and increasefl-

sheet band intensities with respect to their trassion counterparts. Therefore, it

168



Absorbance

Chapter VI Secondary Structure Analysis of Standard ProteynSTIR Spectroscopy

would seem that a marked drop in the stabilityadielices and an increase in the
stability of 3-sheets occurs as a result of protein adsorptiahe TR crystal surface
for each of the proteins studied. The random amiltent of highlya-helical proteins
is also increased upon surface adsorption. In génadsorption of a protein to an
ATR surface leads to non-native secondary structorgormation for that protein
and, as such, ATR-FTIR spectroscopy should be wéddcaution for estimating the
secondary structure contents of proteins.
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Figure VI.21. Protein adsorption to the ATR crystal surface with increased temperature. The
temperature was ramped from 20-8D using the AavLEA1 protein, which shows little ustiura
variation with temperature.

V1.4.6 Protein Aggregation Analysisfrom ATR-FTIR

Studying protein aggregation processes from tenyreramelt experiments is
impractical using transmission FTIR with a sealedl because the formation of
aggregates within the cell cause it to become l@dclvhich is a serious problem for
a sealed cell that cannot be disassembled for iolgaand which relies on an easy
flow of liquid for effective gas-bubble-free sampdelivery. Another problem with
using sealed cells for melt experiments is thatntiagerial creating the cell seal often
experiences dimensional changes (either expandimgrracting) with temperature
variation. Such variations can be difficult to reghuce from one temperature ramp to
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another and this creates a problem when attemfisgbtract the water background
in generating the protein absorption spectra oveerdes of discrete temperatures.
Therefore, the ATR-FTIR approach is most often takfaen performing protein melt
experiments because the ATR cell can easily baenetkaf aggregated sample and the
technique offers high temperature stability of pathth between the collection of the
background and sample temperature spectral s@tslatter advantage can be seen
in the melt experiments presented above by thenabsef either positive or negative
water signals for each of the temperature serisgrabion spectra of the four standard
proteins studied.

A note of caution should be made, however, whemgu#TR-FTIR for
studying protein melt experiments in that protemgtinely vary in their adsorption to
the ATR crystal surface with temperature variateond, as seen from Figure VI.21,
this can have a profound effect on the intensityhef amide-1 band. This intensity
variation with temperature increase can be exatedblay the occurrence of protein
precipitation at elevated temperatures, which haes e¢ffect of increasing the
concentration of protein close to the ATR crystatface if a horizontal crystal
assembly is used. Therefore, for ATR protein meipegiments a band-intensity-
normalising procedure must be performed in ordercoorect for these effects.
However, such normalising procedures are pronattoducing relative errors into
the spectral data series since they rely on theoappation that the extinction
coefficients of all band components within the cosife amide-l1 band are equal.
Combining this approximation with the potential ftructural variation of proteins
when adsorbed onto the ATR surface and the vaniaidhis adsorption process with
temperature detracts from the sensitivity of theRAfEchnique for analysing protein
melt experiments. As such, ATR-FTIR should onlyllyehe used for investigating
relatively large structural shifts that occur dgrimelt experiments, such as protein

aggregation.

ATR-FTIR spectroscopy was successful in studyinge thggregation
behaviours of three of the four standard proteindied above. Botl-chymotrypsin
and hemoglobin were found to display approximagglyal temperature stability and
they returned 7, values of 55 and 52C, respectively. Myoglobin was discovered to

be considerably more temperature stable andyjszvalue was measured as &8
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The acquisition of high quality data for the temgtere melt experiments for
myoglobin, hemoglobin and-chymotrypsin allowed for the use of 2D correlation
analysis to try to understand the sequence of svienblved in the unfolding and
aggregation processes of each of the proteins. duestion of whether proteins
become aggregated in their premolten globule formhereby they retain most of
their secondary structure and adopt a more flexdatigary conformation - or whether
the aggregation process is primarily stimulatedh®yloss or denaturation of protein
secondary structure is of considerable interestbtologists studying protein
aggregation behaviours. Since 2D correlation armsmlis capable of determining
whether secondary structure is lost before or dfteronset of aggregation it should

provide a valuable tool for investigating proteggeegation phenomena.

For the myoglobin 2D asynchronous plot there occursvell defined cross
peak correlating the loss ofhelix structure with the onset of aggregation (&
VI.15b). Since from Figure VI.14 it is clear that aggréga proceeds at the expense
of a-helix band intensity the two processes must, theze occur simultaneously.
The positive sign of the cross peak in thehymotrypsin asynchronous 2D plot
correlating the loss of nativ@-sheet content with the accumulation of protein
aggregates means that fwsheet content is lost before protein aggregat$oamed
(Figure VI.1%). In contrast, the negative sign of the cross peakelating the
spectral intensity change at thehelix wavenumber with that at the aggregate band
wavenumber in the hemoglobin asynchronous 2D gl@vidence that the natiee
helix secondary structure is lost predominantlyerafthe formation of protein
aggregates (Figure VI.by. From the 2D spectral data it seems that in pretehere
there exist high levels of tertiary structure, swash hemoglobin, disruption of this
tertiary structure can lead to the aggregatiorhefgremolten globule protein form of
the protein. Whereas in proteins containing lowelsvof tertiary structure a
denaturation of secondary structural conformatign niecessary to initiate the

aggregation process.

171



Chapter VI Secondary Structure Analysis of Standard ProteynSTIR Spectroscopy

V1.5 Protein Concentration Deter mination by FTIR Spectr oscopy

V1.5.1 Introduction

The accurate determination of protein concentratiathin a sample of soluble
protein is of crucial importance when using CD spscopy to determine secondary
structure content. The most popular method usedialogy labs for protein
concentration determination is the Bradford techaejgbut this is unsatisfactory
because of the relatively high degree of error Ivew.[4] The determination of
protein concentration by UV absorption spectroscaplyereby a protein absorption
spectrum is produced from the absorption properbésits aromatic residues
phenylalanine, tyrosine and tryptophan, is less: tideal, since the absorption
extinction coefficient of each of the aromatic dess depends upon its environment
within the protein and so a protein’s overall egtion coefficient can only be
calculated with approximate accuracy from the pnideprimary sequence. It is
considered that the most accurate methods forrdetierg protein concentrations are
by quantitative amino acid (QAA) analysis, whichually returns values that are
accurate to within 5-10 %, or the determinatiorpeptide backbone concentration by
the measurement of biuret [5] or by that of tot&lagen [6].[7] The performance of
each of these procedures, however, requires sedaquipment and this presents a
practical barrier for accurate protein concentratietermination.

The use of FTIR spectroscopy for protein conceiatnatetermination may be
feasible, since the intensity of a protein’s amid&nd may not be dependent on its
secondary or tertiary structures, but rather salplyn the protein’s concentration and
size — i.e. the total amount of peptide backbone gt@Qups. As such, it may be
possible to generate a concentration calibratiomecin terms of protein mg/ml that
would be applicable to a protein of any size oudtire. From this curve the molar
concentration of a protein may be calculated byntakaccount of the protein’s
molecular weight. Of course, the absolute concaatra of the protein samples used
to generate such a curve would have to be firsibished by one of the above
methods, but the need to continually employ sucthaus to achieve accurate protein
concentration determination could be averted bgtorg a standard calibration curve.
The following work was carried out to investigatee tpossibility of creating an

accurate and reliable protein concentration cdiiimecurve by FTIR spectroscopy.
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V1.5.2 Method

Concentrated stock solutions @mfchymotrypsin, lysozyme and myoglobin were made
up using 10 mM PBS buffer in O solvent and aliquots of these were sent for
concentration determination by QAA analysis. Sediadtions were made from each
protein stock solution using 10 mM PBS buffer igCDsolvent and the concentration
of each dilution was calculated from the initiahcentration of the stock solution and
the dilution factor used. FTIR spectra were acquusing two 13 mm CaFRwindows
separated by a 1Qfm Mylar spacer (Harrick) to create a demountableacel placed

in a DCL-M13 Demountable Liquid Cell (Harrick) salmpholder. Spectra were
acquired at room temperature, at a resolution ofid, using an aperture of 1 mm,
over a wavenumber range of between 4000-1006 @nd as an average of 50 scans.
Absorption spectra were generated by subtractiegtithinsmission spectrum of 10
mM PBS buffer in DO solvent from each sample transmission spectrume.
coordinate of each sample within the concentratahbration curve plots were
calculated by integrating each spectrum betwee®-1600 cni to obtain its amide-I

band area and this was then plotted along witlséneple’s concentration in mg/ml.

V1.5.3 Results

Figure VI.22 shows the FTIR amide-I spectral owaslbor each of the serial dilutions
of each protein. The differences in secondary sirecbetween each of the three
proteins used to generate the concentration ctibbracurve are revealed by
comparing their amide-I bands (Figure VIa22 The highly a-helical myoglobin
amide-I band (red) is distinctly Lorentzian and hag,., of approximately 1650 crh
The moderatelya-helical lysozyme amide-lI (green) has a decreaserkriizian
bandshape relative to myoglobin and hasidrelical vyax0f approximately 1655 cm

! Also present in the lysozyme amide-I band is @ukter at about 1640 chwhich
reflects the considerable proportion of random wethin its structure. The amide-I
band of a-chymotrypsin (blue) displays &max Of around 1638 cih which is
characteristic fof3-sheet secondary structure. The mifiesheet band is just about
visible as a slight shoulder around 1685'ctBmall discrepancies can be seen in the
protein FTIR spectra of Figure VI.B2c andd in the departure from a straight-line
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appearance of the spectra at zero intensity atmawbers beyond 1750 émThis is

not thought to have a large effect on the proteirda-I band.
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Figure VI.22. The protein amide-l FTIR spectra used to generate the concentration calibration
curve. An overlay of the amide-I bands of myoglobin (relysozyme (green) and-chymotrypsil
(blue) recorded from the stock solutions of eackhiswn ina. The serial dilution amideoverlays o
myoglobin, lysozyme ana-chymotrypsin are shown b, ¢c andd, respectively

Figure VI1.23 shows the concentration calibratiorrveugenerated by the
spectra of Figure VI.22. A straight-line fit of tldata points for each of the three
proteins was carried out and the equations of these are shown in Figure VI.23.
The R values for each line are all better than 0.996, éinerefore, there is a very
reliable relationship between each protein’'s aniidend area and the sample’s
protein concentration. From each equation it casdsn that the y-intercept was very
close to zero for each of the fits, as should edhse. Inspection of Figure VI.23
reveals a close similarity between all three fitsl @his is evidence that the amide-I

band area is largely independent of protein seaygratal tertiary structure.
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Figure VI.23. Protein amide-l concentration calibration curve. The concentratic
calibration curve for myoglobin, lysozyme aaechymotrypsin is shown as the red, gi
and blue straight-line fitso their data points, respectively. The equatiamsefach ai
shown in the same colour.

Figure VI.24 shows the straight-line fit of all tdata points shown in Figure
VI1.23, where the y-intercept has been forced thinotige origin, and represents the
final concentration calibration curve. Thé Walue of 0.9949 once again illustrates the

independence of amide-| band area upon proteiotatel By using the equation
c = A/1.5841 (VL.1)

where c is the protein concentration in mg/ml andsAhe amide-lI band area, it is
possible to accurately calculate the concentratibmny protein solution from its
FTIR absorption spectrum, provided the spectrumagsuired under the same
conditions as those used to generate Figure VI.24.

175



Chapter VI Secondary Structure Analysis of Standard ProteynSTIR Spectroscopy

y =1.5841x
R?=0.9949

Amide-| band area (a.u.)
|_\
ol

0 ‘
0 5 10 15 20
Concentration (mg/ml)

Figure VI1.24. Averaged concentration calibration curve. The data points for tl
myoglobin, lysozyme andi-chymotrypsin concentration calibration curves wesed ti
generate an average concentration calibration ctraght-line fit, where the intercept wa
set to zero.

V1.5.4 Discussion

When using demountable cells for protein FTIR thera real concern for being able
to reproduce the same pathlength for the sampleefatence transmission spectrum.
This concern is compounded by the weakness ofrthideal absorption band. Where
'H,0 is used as a solvent, the solvent absorption kinedtly overlaps that of the
protein amide-l and very small pathlengths mustised to prevent spectral saturation
in the amide-I region. Achieving adequate pathlengproducibility for such small
pathlengths, where the pathlength is of accentuaiadequence due to the strength of
'H,0 absorption in the amide-I region, is not possilsimg a demountable cell and so
a 'H,0 solvent could not be used for this study. Theatibnal absorption band of
D,O becomes shifted to lower frequencies relativeh& of the*H,O band, with the
result that it no longer directly overlaps the agidband absorption. The effect is to
increase the maximum sample pathlength that camsbd before spectral saturation
in the amide-l 1700-1600 ¢mwavenumber range occurs. In moving to higher
pathlength demountable cells, the fractional patjle error becomes ever smaller
and, therefore, the pathlength reproducibility mproved. Also, because ,O

absorption intensity in the amide-I region is cdesably less than that &fl,O, there
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is less stringency to the pathlength reproducibiléquirement and accurate protein
spectra can be achieved in cases where thereyiaatlight discrepancy between the
pathlength of the sample and the reference.

The results show that their exists no significagpehdence of amide-lI band
area on protein structure. Therefore, accurateepraoncentration determination can
be achieved using FTIR spectroscopy, once an decwancentration calibration
curve has been established for the particular @xeatal system. The data above was
generated using a 1Q@0m pathlength cell and well-behaved protein FTIRcgae
could only be obtained above a concentration of Bdg@ml. Although by protein
solution standards this corresponds to a high sasgicentration, another calibration
curve could be generated using a longer pathlengtiich would allow for the

acquisition of well-behaved protein FTIR to lowangple concentrations.

From the biological standpoint, the problem of ohBing able to determine
protein concentrations inJD by FTIR might appear very limiting, since it iset
agueous properties of a protein that are of mosnadiate biological interest.
However, it is possible to combine FTIR and UV gpmscopy to accurately
determine the UV extinction coefficient at a partsx wavelength of a given protein
in D,O solution and, since most protein’s secondaryctiras only change slightly
when in DO versus'H,0O solution, the UV extinction coefficient should bery
similar in both cases. Therefore, the protein cotreéion of subsequent samples
prepared in*H.O could be accurately determined from their UV $measing the
D,0 sample extinction coefficient.

While the concentration calibration curve calcufatabove contains an
inherent error from the QAA analysis that was usedetermine the concentrations of
the stock solutions of the three proteins usedptiaetice of using FTIR to calculate
protein concentrations need not be limited in thay. For example, it is possible to
purchase proteins in lyophilised form that are ambo0 % pure and, from these,
stock solutions of known concentration could beated and used to generate a
concentration calibration curve. Therefore, in tlye6TIR should be able to offer an
improvement over QAA analysis for protein concetidra determination. In the
interests of accuracy it may be desirable to ol&ilR spectra over a wider range of

proteins for a more comprehensively averaged cdratésn calibration curve.
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Chapter VII Spectroscopic Investigations into the Structure of AavLEA1

The same laser, tryptophan and CPM emission bands can be seen in Figure
VIL.33 for the time-resolved emission of CPM-labelled S38C AavLEA1. Calculating
the tryptophan excited state lifetime by the same method given above (Figure VII.34)
gives a value of 2.25 ns. Again, this value is very close to that of the wild-type
AavLEAL1 and, therefore, it would appear that there occurs no energy transfer between

tryptophan and CPM in the S38C mutant.
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Figure VIL.33. Time-resolved luminescence of CPM-labelled S38C AavLEALl.
Emission was recorded after excitation at 282.5 nm
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Figure VII.34. CPM-labelled S38C AavLEA1 emission decay at 340 nm.

VIL.3.14 AavLEA1l Inter-Residue Distance Determination by FRET
Measurements

From the FRET observed for the IAEDANS-Ilabelled L37C it is possible to calculate
the distance, r, between the tryptophan donor and the ITAEDANS acceptor. This

distance is calculated using the equations

1
AT
reRy| -1 (VIL1)
and
E=1-Toa (VIL2)
TD

where Ry is the Forster distance, 7py4 is the lifetime of the donor in the presence of the
acceptor, 7p is the lifetime of the donor in the absence of the acceptor and E is the
efficiency of energy transfer. For the tryptophan-IAEDANS donor-acceptor pair Ry is
22 A. 1 is the lifetime of tryptophan in the unlabelled AavLEA1 (2.20 ns) and 7py4 is
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the tryptophan lifetime in the TAEDANS-labelled L37C AavLEA1l (1.80 ns).
Therefore, E has a value of 0.182 and r is 28.26 A. There is a separation of 7 residues
between the tryptophan residue at position 30 in the AavLEA1 protein and the
mutated cysteine residue of L37C. Therefore, there is an inter-residue average
distance of approximately 4 A within this particular segment of the L37C AavLEA1
mutant. Considering the average inter-residue distances of 1.5 A fora right-handed o
helix, 3.4 A for an anti-parallel B-sheet and 3.2 A for a parallel B-sheet, it would seem
that in the region investigated above AavLEA1 adopts a fully-extended random-coil

secondary structure.

The lack of any detected FRET for the CPM-labelled S38C mutant is difficult
to explain considering the clear presence of FRET in IAEDANS-labelled L37C. This
is especially true given that the Forster distance for the tryptophan-CPM donor-
acceptor pair is 29 A, while that of tryptophan-IAEDANS is only 22 A Ttis possible
that the CPM fluorophore failed to attach to the mutated protein. This is somewhat
plausible given the hydrophobic nature of CPM and its very limited water solubility.
However, the labelling of BSA with CPM did not seem to be affected by this.

For the L.132C mutant, FRET could only be expected to occur if the protein
adopts a condensed tertiary structure, such that distant residues come to be located
close to each other in space. This is true because FRET is a through-space rather than
a through-bond phenomenon. Even if AavLEA1 were to adopt the most compact
secondary structure, that of an o-helix, the 132 mutated cysteine residue is far too
distant from the tryptophan donor for FRET to occur in the absence of a compact
tertiary structure. The absence of FRET in either the IAEDANS- or CPM-labelled
L132C AavLEA1l mutant is evidence that AavLEA1 does not adopt any compact
tertiary structure and this is consistent with the data from the L37C mutant, which

suggests that AavLEA1 exists as a fully-extended natively unfolded protein.

VII.4 Discussion

In a polar environment the main driving forces that determine whether a protein will
exist in a folded or unfolded state are the protein’s mean hydrophobicity and its mean
net charge. Hydrophobic regions will tend to become folded and charged regions will

tend towards existing in an unfolded state. Uversky has made use of this
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understanding by constructing a charge-hydrophobicity phase space diagram with the
protein’s mean net charge on the y-axis and its mean hydrophobicity on the x-
axis.[15] Upon populating his charge-hydrophobicity phase space diagram with a
range of well studied proteins of known secondary structure that consisted of similar
numbers of both structured and unfolded proteins, Uversky observed that a boundary
line could be drawn that clearly separated folded from unfolded proteins. This line can

be expressed by the equation

_(R)+1.151

(H), == (VIL3)

where <H>; and <R> represent a protein’s mean hydrophobicity and mean net charge,
respectively. Based upon which side of the boundary line a protein falls, one can
accurately predict whether that protein will be either folded or unfolded. AavLEAI,
with its low mean hydrophobicity value and high net charge, lies well within the

region populated by unfolded proteins.

Both CD and FTIR spectral analyses confirm the secondary structure of
AavLEAL1 as predominantly random coil. Also, the response of AavLEAT1 structure to
changes in physiological conditions, such as temperature, pH and cation concentration
is entirely consistent with that of other natively unfolded proteins, in that AavLEAI
displays a ‘turn-out’ effect at elevated temperatures, acidic pH and increased cation
concentrations, whereby it experiences an increase in its ordered secondary structure
content.[16] This is in direct contrast to what is observed for structured proteins under
these conditions. Given that AavLEA1 exists as a natively unfolded protein it is
assumed that this confers substantial plasticity to the protein molecule and it is likely
that this plasticity is in some way related to AavLEA1’s biological function in

anhydrobiosis.

Although AavLEAL is natively unfolded in aqueous solution it is still possible
that it might carry out its anhydrobiotic function as a structured protein, since under
desiccating conditions the protein would lose its water content and this may have a
profound effect on the AavLEA1 secondary structure. The potential for AavLEA1 to
adopt a well-ordered structure was examined using TFE and it was seen that under
these conditions AavLLEATI shifted its secondary structure from being predominantly
random coil to being almost completely o-helical. Furthermore, Goyal et al. has

shown that when dried AavLEA1 becomes considerably helical in structure.[1]
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Considering the structural prediction that AavLEA1 has a 40 % chance of adopting a
coiled-coil super secondary structure, it is tempting to imagine that AavLEA1 carries
out its anhydrobiotic function by forming coiled-coil type polymeric fibrils in the
absence of water that reinforce the trehalose glassy matrix that forms upon

desiccation.

From the results of the FRET analysis it appears that AavLEA1 adopts an
extended tertiary structure rather than existing as a compact protein and this is
consistent with the notion that protein plasticity is involved in its functioning and fits
well with the model of AavLEAT1 functioning as a protein solvent shell replacement
by moulding itself around other well-structured proteins. AavLEA1 has demonstrated
antagonistic properties towards heat-induced aggregation of both cytochrome c and
citrate synthase and it is plausible that it does this by masking regions of these
proteins that become exposed upon heating, which are likely to interact with other
proteins and so form protein aggregates. That AavLEA1 contributes no temperature-
induced aggregation antagonism to four other standard proteins studied suggests that
the main role of AavLEAI1 is not that of a heat-shock protein. Goyal et al. have also
observed that AavLEAT1 offers cryoprotection against inactivation and aggregation to
both citrate synthase and lactate dehydrogenase and that it acts synergistically with
trehalose to protect lactate dehydrogenase activity upon drying.[14] From this it
seems possible that AavLEA1 functions in a less specific and more general way, in
that it may facilitate a host of beneficial processes that help the cell during
anhydrobiosis and at the root of this general functioning is the protein’s molecular

plasticity.
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