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SUMMARY

New lnventions are described r'the areas of erectrophoresrs and
spectroscopy.

A new class of separation and apparatus was rnvented and
dweloped. The new technrque ls named counte¡-cunent Electropho-
retlc Filterlng (cen). cEF opposes electrophoresis and hydrodynarnic
forces to effect an efflcrent, hrgh resorutron, continuous separaüon
techntque, applicabre to any ion or mixture of rons. The apparatus
dweloped is very efflctent and easy to scale up.

spectral enhancement techniques have been deveroped whrch
permit enhancement to gas phase resolution from liquid phase spectra.
For Gaussian bands it fs shown that an ideal filter function sdsts for
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Abbreviations and Nomenclafure.

S/N

RMS

sigma

theta

delta

beta

PCH

gamma

alfa
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HGH
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PEG
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SND

PST
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Slgnal to noise ratio.

Root mean square.

Band vridth parameter in time domain"

Band ltmtt parameter in time domain.

Half height band width fn üme domain.

Convolution wtdth parameter = 2m + l.

Porclne Growth Hormone or porcine Somatotrophin.

Band wldth parameter in Fourier domaln.

Interva] ln Fourter domaln.

Reduced band Width o/0.

Porcine Growth Hormone.

Bovine Growth Hormone.

Human Growth Hormone.

Growth Hormone.

Poþ Ethelene Gþcol.

Counter-curent Electrophoreüc Filtering

S/N degradatlon, (source S/N)/(output S/N).
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lntrod Counler-cu rrent elecïroohoreTic filterinq

Purification of proteins is of major concern to those industries
wishing to utilize biotechnolog] to produce their products. In particular
the economical purification of a desired. product at high throughput and.
high resolution is often the determining factor when assessing ttre worth
of ma¡rufacturing many medium to low varue protein products. r 2 oft.r
a crude product can be man'factured in targe quantities with relative
ease, however final purification to remove closely related contaminants
[even incorrectly fotded forms of the desired productJ can be extremely
difficult.

unfortunately many techniques suitable for puri&ing proteins in
the laboratory (such as gel filtration and gel electrophoresis) cannot be
scaled up economically. This is due to the inherently wasteful use of
relatively expensive media that highly reproducible manufacturing pro-
cesses demand. For instance, the techniques of gel filtration and gel
electrophoresis have loading capacities of less than ívo of the matrix
volume. Flom a process capacity point of view, these techniques are
wasting over 9596 of the media at any given time.

of the commonly applied laboratory techniques, liquid. chroma-
tography Ís the most widely used at moderate process levels. However it
is untikely that liquid chromatographic techniques wor¡ld. be suitable to
puriff recombinant proteins above the I0oKg per day levels. companies
such as Monsanto are pioneering the use of truly massive ion-exchange
columns in their processes to manufacture BST (Bovine
somatotrophinJ.s Even with the severar thousand litre volume columns
used in these processes, capacities are st'il only around.20Kg per d.ay.
To meet the demand for pGH in Asia and china alone would require
produetion column capacities in excess of 500Kg per day.

clearly there is a need to develop new high resolution, low cost
purification techniques that scale well [from mg to tonne levels). This
chapter discloses d¿taits of a newly invented purification technique
which may well be capable of serving the needs of research scientists
and production enginsers arike. Before describing the invention it is
appropriate to consider the merits a¡rd drawbacks of the techniques
curently available.

1 M. Snoswell,D.Petridies, C" Coone¡ B. Evans, R. Field. Bioprocess
simulation: An Integrated approadr to process Development. Computers in
Chemical Engineering 1988

2 A. Middelberg, M. Snoswell, A. Zwahlen, S. Bastiras, C. Senn. An
Economic and rechnical Analysis of a Manufacturing process for psr.
Internal publication April 1 990

3 omatography
forPuri ceonRecovery
of Biolo
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Counïercurrent electroohoretic f ilterino lntroducfion

Currenl technology

lraditional protein puriûcation processes are of a partitioning
nature a¡d can be divíded into two broad groups as follows.

Processes dependen t on protein-protein and / or protein-solu tion inter-
actions. This group of separations c¿u-r be further divided into two
zubclasses: (a) liquid-liquid partitioning zuch as selective extraction into
liquid phases of differing PEG concenhations; and [b) protein precipita-
tion in whidr agents such as ammonium sulphate or ethanol are used
to selectively precipitate proteins.

Processes involving partitioning onto and,/or through some solid
support. This group of separations can also be divided into two m{or
subclasses: (a) filtration; and [b) adsorption (also known as liquid chro
matography).

Group 1 processes are cheap and easy to implement and scale
up. Unfortunately they usually offer little selectivity.

Of the group 2 processes flltration is cheap and easily scaled up.
Unfortunately it also suffers from a lack of selectivity, although the
selectivity is often much higher than for group I processes. If electrical
forces are utilized for ñltration (ie. gel electrophoresisJ, then extremely
high selectivities are achievable. Unfortunately gel electrophoresis is
very hard to scale up mainly because of problems associated with ohmic
heating and heat removal. Liquid chromatography offers medir:m
selectivity and, althougþ not easily scaled up, is currently the most
*idely utilizæd preparative protein purification process.

Following is a brief discussion of the merits and disadvantages
of the most cornnronly used protein purification processes. The goal is
to assess the various processes and design a new purification process
with few rlisadvantages but ì¡¡ith all the benefi.ts of current processes.

Liquid chromqtogrqphy

Liquid chromatography in packed gel beds is the traditional and
most widely used method for preparative separation of proteins. At
present nearly all purified protein products on the market have un-
dergone Iiquid chromatographic purification. While liquid chromatogra-
phy has been successfully used for moderate scale production of
proteins, it is limited by two factors.

1-5



lntroduclion Cou nTercurrenT electrooh oretic filïerino

First, components to be puriñed must be bound to, or entrap¡red.
wholly y¡ithin, tåe ¡rcrous gel bed. Therefore, the volu:¡e of gel required
is in direct proportion to the quantity of material to be purified. In
comrnercial applications the chromatographic gel is a consumable item.
Replacement get can often be the most sig¡ificant cost item in the
purification process.

Second, no matter what sort of chromatography is applied,
process volume will increase, althougþ product volume may decrease in
extraction/concentration modes. It is not possible to perform any chro-
matographic separation without the aid of some eluting buffer. This adds
proc€ss volume and considerable capital, consumable and labour costs
to the purification proc.""l 2.

while most recombinant proteins require processing at low
concentrations, the final formulations a¡e often very concentrated [ie.
controlled release formulali6¡s). process quality water, prod.uct d.e-
watering, a¡rd waste treatment all add considerable cost and risk to any
production process. Ion excha¡rge (IEX) and hydrophobic interaction
chromatography (HIC) are the mqst commonly applied forms of liquid.
chromatographyS. Both of these modes permit trace enrichment by
extracting low coneentration products from process streams. Although
this concentrates the product stream, overall proc€ss volume increases
due to the requirement for eluting and equilibrating buffers.

one area in v¡hich liquid chromatography is commonry appried.
is desalting a-s a final step" For proteins with molecular weights greater
than 3,500 g mol-I, and for process throughputs less than several
hundred likes per day, desalting competes favourably with ultra-ûltra-
tion as a buffer exchange method. However the closely related. technique
of get ûltration is only ever applied to üre highest value, and lowest
volume products. The reason for this is the rlispa.rate relative efficiencies
of gel utilisation (a¡rd therefore running eostsJ of the two methods.
Loading capacity for both methods is volume rimited: desalting altows
batch process volumes up to sscyo of the gel bed. volume; gel ûltration
requires batch volumes of less than 5% of t]le bed volume for adequate
resolution.

1 M. Snoswell, D.Petridies, C. Cooney, B. Evans, R. Field. Bioprocess
simulation: An Integrated approach to process Development. computers in
Chemical Engineering 1 988

2 A" Middelberg, M. Snoswell, A.Zwahlen, S. Bastiras, C. Senn. An
Economic and rechnical Analysis of a Manufacturing process for psr.
Intemal publication April 1990

3 O'Hare
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CounTercurrenT electrophoretic filtering lntroduction

Ultrqfiltrqtion

Ultrañltration is often used in commercial scale protein
purifications. The advantages of filtration over chromatography are
several: proc€ss volumes do not necessarily increase; tlxoughput is
proportional to filter area and not volume; operation is simple and cheap;
and ñlter costs are less tha¡r chromatographic gel. Unfortunately filtra-
tion has relatively low resolution and will usually only give complete
separation of proteins rvhose hydrodynamic radü ditrer by at least an
order of magnitude.

The abitity to o¡rerate in a continuous mode is a considerable
advantage over techniques such as chromatography which can only be
operated in a batch mode. The higher degree of control and consistency
witfr reduced monitoring requirements, automation costs and risk com-
bine to make continuous processes preferred. In parlicular, on-line
process optimisation is a goal which is practically impo,ssible to achieve
with batch processes.

ElecÌrophoresis

Gel eleckophoresis is the highest resolution separation tech-
nique for proteinq.Two rtirnensional techniques are capable of resolving
hundreds of proteins in a sin$e gel. Unfortunately gel electrophoresis is
limited by the same constraints as liquid chromatographl, with the
additional problem of ohmic heating severely limiting gel volumes. With
tJee process stre¡rn entrapped wholly within a gel it becomes extremely
difficult to scale up, control, and monitor tJee process. Added to problems
of power co,sts and heat removal, the gels are expensive and delicate. To
date it has not been possible to scale up this method. In fact, gel

electrophoresis is a method that benefi.ts frorn scaling dov¡nl

Free Flow horesis

There have been many published and patented reports of free
flow electrophoresis systems designed to retain resolutionwhile allowing
ttrem to be scated up" It is argued that, in a free flow s5rstemo heat may

7-7



lnlroducllon Counte nT electroohorelic fillerinorcU

be dissipated and separated s:mples can be easity removed. in a contin-
¡e¡5 fasffion. Also sample recìovery is simptified and there is no expen_
sive and delicate gel matrix to maintain. To the best of the author's
knowledge, none of these apparatus and. methods retains the resolving
power of gel electrophoresis while yielding a practical ànd scaled up
separation method. Even uritì-ing complex stabilization techniquesl 2

resolution is poor and the scale up potentiar severely limited by the
complexity of the devices.

of the available methods of applying forces to protein molecules
to effect separations, electro-mechanicar means a¡e attractive. There are
only three field types that can be readily generated:

Medranical, such as .In such a
field, migration of p odynamic
forces acting in relat

Electromechanical, wherein a drarged ion experiences a force pre
portional to its charge and the imposed electric field strength.

Electromagnetic, wherein an ion experiences a force proportional to its
vecto¡ velocity and the imposed magnetic field.

of the last two, electro-mechanicar forces are of the greatest
magpitude and electromagnetic forces the c/eakest tbeing almost too
weak for practical use)"

The forces which are practicaly unavailable include the strong
a¡d weak nuclea¡ forces due to their extremely short ranges.

clearly a combination of tl:e two strongest forc€s, mecha¡rical
and electremechanicar, wotild offer great scope for designing practical
new separation techniques.

Mechanical forces ean be applied. in two u/ays: gravita-
tionar/accelerationar; and pressure. I shar refer to the first type solely
in terms of accelerational ûelds as it is not possible at present to readily
manipulate gravitationar ûelds.) In considering the design of the cEF
technique, it is important to note that while acceleration and electric
fields are penetrating, pressure fields are non-penetrating. The cEF

I P.T.Noble, Evaluationof Rotational Flow stabilized continuous
Elechophoreses for Protein F¡actionation, Biobechnology progress

[Vol. 1,No.4) 7985, 237 -249.

2 T.Vermeulen et al, Design Theory and Separations in
Preparative'scale continuous-Flow Arrnt¡Iar-Bed Electrophoresis,
Ind "Eng"Chem. Process Des.Develop [Vol. 10,No. 1 ) 7g7-]., 91._L02
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Countercurrent electrophorelic fillering lnrroduclion

teehnique utrlises pressure fgenerated by fluid flow) and electrical fields.
While an ion is influenced by both fields in a free solution, the ion's
interaction with the pressure field is modified c¡ithin the confines of a
matrix material. Within a gel matrix there are many'¡rockets'accessible
to tlre ion where the pressure fi.eld [fluid flowJ is effectively zæro, while
the electric field is unrìirninisþed. By modulating tl:e ion's interactíon
with the two fi.elds v¡ithin two adjoining regions of free flow and gel matrix
there is great scope to design many new types of separation process. CEF
embodies one such particular configuration ¿rs constrained by the
following design goals.

7-9



lnlrod Counlercurrent el filterino

Desi n goqls

Taking the best characteristics of each of the techniques de-
scribed, a new separation technique wor¡ld:

not add to the process volumei

concentrate the desired product;

operate in a continuous mode;

be as cheap arrd easy to scaJe up as ultrafiltration;

be tuneable over a very wide range of selectivity;

have the resolution of gel electrophoresis;

draq, on e:<istino mefcrinls anrl tenlrnnlnrv.Ð --------

be easy to monitor and control; and

work from pico gram to tonne scales.

with these design criteria in mind, the technique of counter-cur-
rent Electrophoretic Filtering (CEF) was invented.

The current invention was designed u¡ith the clear convÍction that
a dynamic combination of hydrodynamic and erectric forces would offer
the best solution to the separations problems at hand. I

1 The tedrnique and apparahrs descibed fully in the following chapter were the ¡esult
of a thought experiment. The inte¡t was to explore the possibiliÇ of developing an entireþ new

Process complete with aPPa¡atus design, working principaJs, control mechanisms and operating
principals limitatiors without once setting pen to paper. This approach proved very powerful
and permitted the rapid evolution through a number of processes to the final cEF design

1-10
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CEF : THE INVENTION

Melhod ond qppqrotus for Counler-current
Electrophoretic Filtering (CED1

Abslrqcl

Novel new methods and apparatus for the purification and/or
concentration of ions in a mixture of differing molecular species are
provided. The process described opposes electromotive and hydrody-
narnic forces across a membrane. Dynarnic equilibria [wit]rin, and
adjacent to, the membraneJ produce a tuneable ûlter element which
flIters ions on the basis of eleckomobility. Selectivity is achieved by
varying one or more of the following parameters:

bulk fluid flow rate;

electric field strength;

buik Íiuid pä; anci

membrane material and construction.

One or more apparatus in series can be utitized to concentrate
and purify a single component from a mixture.

Bqckground: Description of prior qrl

The principles of electrophoresis are well known. Separation of
a mixture of ions ca¡r be effected in an electric field since ionic species
will migrate towards an opposite charged electrode at a rate determined
by their charge to mass ratio. Hydrated polym

/
ide and a#arose are cornmonly used as tåe
migration takes place. Such gels impede the
prevent mixing, aftowing higlr resolution separation of ions. In addition
to 'pure electrophoresis', interactions of the ions and the gel matrix also
provide for separations influenced by properties other ttran the ions'
charge mass ratio.

1 This section is written in the form of a patenÇ as is appropriate fo¡
describing an invention.

')_)



CEF : THE iNVENTION

Electrophoresis is most commonly used as an afftytical tool for
the separation of biomolecules. Analytical electrophoresis methods do
not usuarly include the recovery of samples. The separation, detection
and quantitation of a mixture a¡e carried out entirely within a gel. The
simplest preparative electrophoresis s5rstems operate on the same
principles as analyticaf methods, wherein a mixture of ions are applied
¿¡s a z¡ne at the origin and the ions a¡e driven through the gel matrix by
electrical forces. These batch processes include methods for recovering
the separated ions as they emerge from the get. Apparatus for performing
such separations a¡e available from several sourcesl 2. U.S. pat. No.
3,847,786 is illustrative of such techniques.

These techniques are very limited in scale, due mainly to pro-
blems of ohmic heating. Moreover tJee samples must be in concentrated
form, while these batch processes significantly dilute the ions being
separated.

Methods for t"he continuous separation of ionic species by the
action of an electric field perpendicular to the fluid flow were reported
as early as 19673. continuous operation permits higher throughput and
more sophisticated control. Due to mixing. these processes s''lt have low
capacity and low resolution . ohmic heating also severely rirnits the scale
at which these processes q¡ill work.

Ornstein in U.S. Pat. No. 3,384,564 describes the principles of a
process known as isoachophoresis, or displacement electrophoresis. In
isoachophoresis, ions of intermediate electrophoretic mobility are
'sandv¡iched'between ions of higher and lower mobility. The equilibrium
forces counteract diffusion and can also concentrate the sample. How-
ever the individuat bands are difficult to collect without contarnination
from neighbouring bands. capacity is severely limited. by the require-
ment for electrophoresis over a long rlista¡rce to obtain adequate separa-
tion.

Many of the problems of isoachophoresis are reduced in a method
d.escribed byPreetzand Pfeifera it *hich the b ,lk fluid flow counteracts
isoachophoresis. This counterflow permits Úre process of isoachophore-
sis to be performed in a small cha_mber, or column, for a long time. As
disclo'sed in u.s. Pat. No. 3,706,845 this drarnatically reduces the ¡:ower

1

2

3

4

Gradipore Ltd. Sydney. NSW. Australia. Gradipreph apparatus.
Applied Biosystems Ltd. Foster City. CA. USA.
Ravoo, Gelings & Vermculen, AnaI. Chim. Acta 38(1967) 219-2Zz

U.S. Pat. No.3,705,845
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CËF : 'lHE |NVENTION

a requirement and problems associated v¡ith ohmic heating" F\rrthermore
this system permits continuous modes of operation.

The use of dynamic equilibria between hydrodynamic and elec-

tromotive forces to achieve separations of ions has more recently been

described. by orarellr 2. Ir U.S. Pat's. No. 4,290,855 & 4,329,439
O'FarelI describes a process he calls CounterActing Chromatographic
Eleckophoresis (CACE). The process opposes electrophoresis and gel

ñltration chromatography and Ínvolves the desired ions being trapped
at a discontinuity in the gel chromatography bed. While electromotive
forces oppose the bulk fluid flow, ions can penetrate the first portion of
the gel. The second portion of the gel bed is selected to further oppose

the hydrodynarrric forces (ie a more porous gel filtration mediaJ, where
the opposing electromotive forces predominate on the desired ion spec-
ies. As rlisclosed, the method describes separations of proteins wholly
Trithin a trþrous chromatographic gel bed. Ttris method suffers from all
the drawbacks of both gel chromatography and electrophoresis without
offering any signifi cant advantages.

Figurc 2.7 FORCES ACTING on an ion in the me¡nbrane of a CEF deuice.

An íon (I), will exhibít a net migration in a dírection determined by electromotíae
(Fe), andhydrodynamic (Fh) forces generated ín superímposed electric (E) and

pressure (H, hydrodynamíc) fields. In addition the hydrodynamíc force will be

reduceil by the ínteraction of the ion with the membrane material. This will occur

when the proteín molecule enters some pore or conaolutíon where the fluíd flow
ís reduced or zerot but where the electromotíue force is unimpeded. The efJectiae

hydrodynamìc force (eFh = Fh x Afl ís the result of the hydrodyrumic force (Fh)

multiplíed by the aaailability fraction (Af = k2/k1).

P.H.O' Fa¡ell, J. Biol. Chern, ?50(197 5) 4007

P.H.O'Farell, Science, 227 (7985) 158G1589

1
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CEF : THE INVENTION

Summqry of the invention

The invention comprises a novel method and apparatus for
isolating, puri&ing and/or concentrating any species capable of carrying
a non-zero charge, ie. any atom, molecule, com¡round or particle capa.ble
of possessing an ionic character. The process can be succinctly d.escribed
as a counter-current Electrophoretjc Fìlter [cEF), and utílizes the
phenomenon of a dynamic equilibria between hydrod5mamic and elec-
tromotive forces. The equ ;libria, when established in a ttrick membrane,
produces a very high resolution filter whose selectivity is based. on an
ion's electrophoretic mobility. The hydrodyna:rric forces acting on the
sample are generated by the bulk flos¡ of fluid through the membrane.
The electrophoretic forces are generated by an electric field antiparallel
to the net nluid flow. under these circumsta¡rces the parameters deter-
mining permeability of the membrane for a particular ion a¡e:

electrophoretic mobility of the ion;

fluid velocity through the membrane;

electric fi.eld strength within the membrane;

interaction of the ion and the membrane; and

pH of the fluid.

2-5



CEF : THE INVENTION

The forces acting on a¡ ion v¡ithin the appa.ratus are depicted in
figures 2.1 a¡rd 2.2. Tbe fluid chambers adjacent to tJ-e membrane are
vigorously mixed to counteract any free flow electrophoresis, and to
present all molecules in the solution to the membrane surface. By
diffusive processes all molecules presented to the membrane surface will
enter it to some degree. Once inside the membrane a selection process
will result in the molecule continuing to crqss the membrane or being
ejected back tl e way it came.

forces do not. The lorce experíenced by an íon ín an electric field is undiminished
withín any ronlonducting matrix. Thebulkhydrodynamic gradíenthas no effect

within the matix where (in the absence of any electrodynamíc forces) diJfusiue
processes predomînate. If the matrix has a distribution of pore sizes within íts
structure then the røte of dit't'usíon into and out ol the møtrix wíll be dependent

upon the 'intermatrix aolume' auailable to the ion (ie. gel filtratíon).

,t

't

,t

't

,1,

,t

,t

I

I
^I

,t

,t

,t
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,t
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CEF : THE INVENTION

Selective purifi.cation of one ion from a complex mixture can be

achieved using two or more CEF units in series, with each tuned to just
pass or just retain tJ:e desired ion.

Figures 2.3 and 2.4 depict this selective process"

oì+ ot +
o++

o
o

o o oo o
o

t
o o

o ooo

otr oî+
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o
o

o
o++ or+ o

o O9
î

Figure 2.3 rnn SELECTIoN
PROCESS by which the CEF filter
works. Electrophoretic forces pre-

domítute on íons coloured red, driu-
ing than ogainst the bulk fluíd flow.
Ions coloured blue are predominated

by hydrodynamíc forces carrying
them along wíth the bulk fluíd flow.
Ions coloured green experience a

superposítion of electrophoretic and

hydrodynamíc forces and are uery

rapídly swept through the membrane.

!
o
A

tr ao o oa o

A

otra ECA

aataataaaaatt)Òttt
,aaaa.rrtttttlY¿z

tttttt2¿t

a o ao

,tataaaarAaaatata
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Figure 2.4 pUnlflCeTION oJ a single ion from a complex mixture. The íons represented as círcles are

the desired product" The contaminntíng ions (squares and triangles) haae higher and lower electrophoretic

mobilitîes respectîuely. The first CEF unit ís set to retøín øll ions with greater electrophoretíc mobility then

the desired ions. The filtrate lrom the first unít contaíns the desired prcduct and oll îons of lower
electrophoretic mobílity. The second CEF unit is set to trap only the most electrophoretícally mobile íons.

The final puríty îs a function of the ratio of filtrate to retentate streams in the second unit.
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CEF : THE INVENTION

Appqrqlus design

The minimum required components for the apparatus are:

Phvsical components.

A thick membrane with a tuneable electrophoretic permeability.

Vigorously mixed buffer drambers, above and below (inlet,/outlet or
retentate/eluent chambers) the thick membrane.

Elechodes, which may be isolated in electrode chambers and separated
from the buffer chambers by low molecular weight membranes.

Plrrmbing and pumninF comoonents.

Feed pump to zupply the bt¡tk fluid flow through the apparatus.

concentrate bleed pump to bleed the concentrate from the inlet buffer
chamber"

Buffer chamber pumps and/or agitation system.

Electrode buffer recirculation system to maintain the ion balance be.
tween the elect¡odes and therefore permit continuous operation.

Feedback svstems.

Ef (electric field) stat. Electric field cont¡ol system, whereby the voltage
across the thick memb¡ane (in particular the voltage gradientwrrHlN
the inlet side of the thick membrane) is actively maintained at a pre.
dete¡mined set point.

pH stat. pH control system, whereby the pH of the inlet buffer chamber
is actively maintained at a pre.determined set poinL

In all, five major versions of the apparatus were constmcted. Each
version embodied significant technical improvemerrts over the last, in
addition to utilizing improved materials.
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Figure 2.5 shows the arrangement of the components that com-
prise the'core ap¡raratus', while fig.oe 2.6 shows the entire apparatus.

Figure 2.5 EXPLODED SCHEMATIC of a CEF apparatus. The CEF apparøtus consísts of t'iue
segments: the thick membrane, whÌch was constructed as a thin gel filtratíon bed in the curent design;

two buffer chambers, which ore aboae and below (relatíae to the bulk fluíd flow) the membrane and

are uigorously agitated; ond two electrode chambers, which are isolated from the adjacent buffer

chambers by low molecular weíght diolysís membranes.

The membroner reporoting
the elec'trode ond bufler
chombel¡ must bê slrong,
retoin oll bn¡ ond exhibit

negligible ekectricol

Ihe buffer chomber¡ odþining the
lhick membrone¡ ore kept ds th¡n
os procticobka ond ote vþotousl¡t
ogitoted. The chomber¡ consist of
o circulot cut-out of o singlo sheet

of penpex.

10 micron nylon ckoth
supports ond ptotects

lhe odjoining

O O

The eþctrode
chombers
conloin the

plotinum
eleclrodes.

Ihe th'tck membrone
cons'ßh of gel lillrol'on

med'rr in the cullenl
opporotus.

Teflon cooled
sloinþss sleel
meshes ocl os

¡uppoüing slruçtufes,
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1

L <-ffi ffi

ffi
I 1-

ffi
Figure 2.6 st¡¡ptrFrED FLow DTAGRAM ol the

CEF øpparatus. The key to the streams is: 7, Feed stream containíng ions to be separated; 2,
Retentate recycle; 3, Eluent recycle; 4, Eluent bleed; s, Anode exchønge stream; 6, Cathode
recycle; 7, Anode recycle; 8, Cathode exchange; 9 Retentate bleed stream. The apparatus chambers
are labelled as follows: A, Anode buffer; B, Retentate; c, Thick membrane; D, Eluent; E, cathode
buJfer. The colouts corespond to: red, feed and retentote streams; blue, eluent (fíItrate); greenl
buffers. The flow ín the eluent stream equals the feed - retentate bteed. Any ion isolated from the
retentate "stream can only be purified by ø føctor equal to or less than the ratio of the feed and
retentate stream flows. There ís no theoretical limit to the possíble purification factor of an íon
ísolated in the eluent strenm.
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Design conslrqinls

Membrane materials for isolatine electrode chambers.

It proved quite difficutt to find low molecular weight cut-off membranes

which did not exhibit significant electrical resistance under operational condi-

tions. Of the manymembranes tested, the most zuitable membrane found was

a Spectra,/por 3 cellulose dialysis membrane with a rated molecular weight

cutoff of 3500.

Support materials for the electrode membranes and gel bed
thick membranel.

A combination of teflon coated 304 stainless steel mesh and 1Ûu warp

nylon meàh proved most suitable. The stainless steel mesh provided the required

structu¡al strength while the nylon mesh distributed the stresses and protected

the mernbranes from damage against the mesh.

Aeitation of the buffer chambers"

This was adrieved using extemal pumps to generate a cross flow over

the su¡face of the thid< membrane. The ratio of cross flow to net flow through

the apparatus was more than 100 (ie cross flow of 2l/mtn to net flow of 20

ml,/min). \lViers were utilized to mainbain an eve¡r cross flow over the entire c¡oss

section.

Recirculation of electrode buffers.

Ttris was achieved by a pair of peristaltic pumps whidr also provided

electrical isolation betr¡een the electrode drambers. The electrode chambers

were open to allow escape of evolved gases. To allow for non-equal pump rates,

the peristaltic pumps withdrew fluid near the top of the electrode chambers.

Therefore, if one of thepumps ran slightlyfast it would lower the liquid level in
its electrode chamber until it ran dry, and would not ovefill the other electrode

chamber"

Minimisation of wasted electrical energv.

Wasted power is generated across potential drops other than in the thick

membrane. The electrical potential drop across the electrode membranes, and

the maþ potenbial drop associated with the bounda¡y layer surroqnding the

electrodes themselves, must be reduced. A suitable solution was turbulent flow
around ttre electrodes, provided by centripetal recirculation pumps for each

2-t1
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electrode chamber. In addition to these measu¡es, the total path length between
the electr,odes w¿rs kept to an absolute minimum to maximize the proportion of
the total applied potential that appeared ac¡oss the thick membrane.

Control of the electric field within the thick membrane.

One of the major factors determining the selectivity is the electric field
wrrFIIN the THICK MEMBRANE. Accurate meâsurernent and control of the
potential gradient is therefore essential. To achieve this, small platinum elec-
trodes we¡e inserted th¡ough the walls of the apparatus, a short distance into the
thick membrane. The extemal voltage was varied manually to maintain a
constant voltage gradient within the inlet side of the thick memb¡ane. Although
not ready in time, two constant Âv feedback power supplies were made. These
power supplies were designed to vary the extemal voltage by maintaining a
constant potential drop (Nor absolute voltages) across a pair of electrodes
within the total current path.
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Mqteriqls ond Melhods

All HPLC traces were generated on a gradient s5rstem: Kortec
K25 pumps, Kortec gradient controller, Rheodyne T2L5 injætor with
500F1injection loop, Kortec Kg5 uv/us absorbance d.etector, Brownlee
4.6rnrn id x 3cm length C4 Aquapore Guard cartridge, and Servigour
chart recorder. Alternately, a varian Lc5000 Gradient FIpLc system,
with Vista 4000 controlrzanafysis station was used. Gradient elution was
performed at room temperatr:re (25deg C), at a fl,ow rate of lmf/min in
a gradient of acetonitrile in 0"I% Trifluroacetic acid. Acetonitrile was
HPLC grade from waters Associates. Trifluroacetic acid. AR from Tokyo
Kasei. water was purifi.ed from Millipore Milli e water system with
organic removar ando.22p filter. All solutions and samples were filtered.,
on tlre day of use, through Millipore o.22¡tfi"lters. Bovine serum albumin
a¡rd haemoglobin were AR grade from sigma. All pH measurements were
made at 25deg c crith an Activon pH meter equipped with an Activon
Ros4OI protein resistant probe. solution conductivities were measured.
at lSdeg C v/ith a Radio Spares WDgg2 conductance meter.

constant current and voltage pov/er supplies used were custom
made in the Biochemistry Department. constant Delta V feedback power
supplies were constructed in the Electrical Engineering Department.
Materials used in construction of cEF apparatus were: perspex for all
major structural elements; teflon coated 804 stainless steel mesh and
10u warp nylon mesh for membrane supports; 304 staintess steel mesh
for both anode and cathode; spectra /por s rriarysis membra¡re for
electrode membranes; Nikkiseseven cp-o8G centrifugal pumps for
cross flow recirculation; Gilson Miniputse 6 cha¡mel peristaltic pump for
electrode buffer cross-circulation; and chempulse Electronic solenoid
Pump for retentate feed.

en
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Results

Initial investigations were carried out using Bovine Haemoglobin
only. Haemoglobin was chqsen because it was available in large quan-
tities and allowed for direct visualization of the actíon of the CEF
apparatus.

The first objective met was to demonstrate that with increasing
potential the thick membrane became impermeable to the passage of the
Haemoglobin. The CEF apparatus was equilibrated vrith a solution of
2.59/l haemoglobin, in 5 mm Tris acetate buffer fpH 9.4), without any
applied electric field. When tJ-e concentration of haemoglobin emerging
from the apparatus was the same as the feed solution tJ.e electric field
was applied. At pH 9.4 haemo$obin carries a net negative charge.
therefore the electric field was oriented so that haemoglobin was at-
tracted up-stream, [toward the positive anode) against the net fl.uid flow.
When a suitable potential was applied, the haemoglobin was prevented
from penetrating further tJran the top millimetre of the thick membrane.
Selective permeabüity was a product of interactions WITHIN the up-
stream portion of the thick membrane.

The voltage drop, associated with the formation of ¿¡1 irnpermê-
able equilibrium band of haemoglobin, was measured across short
platinum electrodes
inserted into the
thick membrane at
interva-ls across its
thickness. Contrary
to expectations, as

the concentration of
conducting species
increased
fhaemoglobin band
and associated
counter ionsJ , the
voltage across- the
trapped band rose
dramatically. The
voltage rise was pro-
portional to the con-
centration of retained
haemoglobin [and
haemoglobin band in
the top of the thick
membraneJ. Fifteen

100

V/cm in
thick

membton

50

5
TÌme min

10 15

Fìgure 3-7. v)LTAGE GRADIENT rise wíthin
the thíck membrane upon establishment of an ímperme-

able dyrumic equilibríum. The apparatus was starteil

with no applíeil uoltage. Wen the apparatus uns in
equilibríum with respect to the flow, the uoltage was

applied (160V total). Wîthîn 15 min theHb in the leed
stream wøs being lully retaíned and the uoltage gradi-
ent withín the thick membranehad risen drømatically.
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minutes after application of the electric fietd the potential drop across
t]re thick membra¡re had risen from 16% to 7396 of the total applied.
voltage [of 150V]. Figr:re 3.I shows the rise in measured voltage as a
function of rirne after application of the external voltage.

Inidal separations f¡'inls, using a solution of 2.59/l}Jb and,2.5g/I
BSA, were successfi.rl, althougþ problems were experienced with pre-
cipitation of the retained Hb at very high concentrations. To avoid
precipitation, feed concentrations of 0.269/l v¡ere used for all further
tests. Before applicatÍon of the etectric field, tl¡e apparatus v¡as run until
the outlet stream reached equilibrium as monitored by HpLC. The
apparatus employed have sigpificant dead volumes associated with each
chamber, due to the plumbing involved with the recirculation pumps.
Therefore 6O minutes or more elapsed, a_fter applying the power, until
complete separation of tl:e Hb and BSA was observed. Figure 3.2 shows
tJee separation in an apparatus of 28cm2 cross section at a flow of

Figurc 3.2 rhe SEpARATI2N of BSA anil rrb is shown. The upper HzLC
trace shows the Hb and BSA in the feed stream. The lower two traces show that
the Hb ís being completely retøíneil ín the retentate whíIe the BSA is passing
through în the filtrate (eluent). The retentate and filtrate samples were taken at
4 hours (one hour after the apparatus had reached a steady state). The HpLC
conditions were: Bulfer A, water + 0.07% TFA; Buffe, B, Acetonítrite + 0.05%
TFA; column Brownlee 4.6mm x 30mm Rp-900 c8 cartridge; FIow lmvmin;
Temp 25 C" Gradíent, línear segments between: 0 min, 0%B; 1 min, S0%B; 15
min 50%8. The retmtate (Hb) was loaded at s% concentratíon compared wíth
the feed and filtrate streams.

conditbn¡ &SA run¡
o¡ q doubl€ p€ok

Feed sheqm

BSA in lilfiote (eluent)

Hb in relenlote

0 5 10

Elutbn time (min)
15 20

34
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15m1,/min [O.aScmrzmin); which is equivalent to a protein t]roughput of
0.45g/hour (27 mg/ crnnlhourl.

Theory of operation of the CEF apparatus predicts a linear

relationship between the bulk fl.uid velocity througþ the thick mem-

brane, and the etectric fi.eld strength required to retain an ion. In addition
to the relatively long lag phase upon application of the electric field, a

transient disruption in the fietd strength, within the thick membrane,

was observed each 'ìme the external voltagewas increased. Despite these

interferences it was possible to determine flow velocþ - electric fi.eld

relationships for tJee retention of Hb and BSA and these are shov¡n in
figure 3.3.

l0

I

0 5 É æ 6

Figure 3.3 rne MINIMUM voLTAGE GRADIENT in

the thick membrane to retain BSA (blue) and IIb (red) for
íncreasing feed flow rates. Ouer the range shown the potential

gradíent requíred to just retain an ion ís lineatly related to the

feed flow rate. For the same flow rate I [b ís more eæily retaíned

(requíres a lower uoltage) than BSA. Thus a aoltage gradíent

and flow rate can be selected whích wíII retain IIþ but allow

BSA to pass.
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Figure 3.4 shows the increase in the retained BSA concentration
and concomitant decrease in eluting BSA after application of a blocking
voltage.

Figurc 3.4 ran RETENTATE (btue)
CONCENTRATION RISES as the BSA is
retained. Before the voltage was applied the

apparatus was equilibrated with the flow
(the concentration ín the filtrate (red)
stream equalled the feed). At time 0 the

aoltage was applied (and held constønt).
Study state was retched after three hours
ín this case. Thís experíment used BSA
only in ímm kís Acetate as the feed.

¡5

!

75

q

s

ó

6 l5 ã
Þsl ñcñ

Figurc 3.5 pH FLUCTUATIONS ínthe
retentate stream result from unstable oper-
ation when the external uoltage gradîent is
held constant. Under thîs condítíon the
operation of the CEF unít modífies the aolt-
age gradient in the thick membrane and the
buffer íon pumping elfects alter correspond-
ingly. The pH of the retentate at aaryíng
BSA (red) concentratíons îs shown. The

small uaiation of the pH of the same BSA
concentratíons in the bufler used. (5 mm tris
Acetate) is shown în blue. This expeiment
used BSA only ín ímm Tris Acetate as the

feed.

To investigate the po'ssibitity of pH fluctuations vrithin the appa-
ratus, the feed solution (O.259/LBSA & Hb in 5mm Tris Acetate pH g.O)

was doped v¡ith the pH indicator phenolphthareh. After equilibration,
upon application or increment of the electric field, large transient
fluctuations in pH throughout the apparatus were observed.. An alkarine
front v¡as observed to progress from the irrlet buffer charnber (anodic
side of apparatusJ through the thick membrane to the outlet buffer

!a

t.6

l.a

oi

q6

û4

t2

0

0 o5 r6
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chamber. An acidic front then traverseä in the opposite direction, leaving

tJee inlet, outlet and thick membrane acidic, and the electrode chambers
(which a¡e recirculated to each other) elka'line. The electric field within
the thick membrane fluctuated dramatically as the pH varied.
Phenolphthalein was removed for quantitative studies of the pH and

electric field fl.uctuations and dependencies.

In tests using BSA alone tJ:e drop in retentate pH upon trapping
of BSA w¿rs compared with the affect of varying BSA concentrations in
the Tris Acetate buffer alone. As shown in figure 3.5 the retentate pH

varies far more than that which can be accounted for by the infl'uence

of increasing BSA concentration alone.
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Fígure 3.6 nere¡'¡reTEpH (red)

AND POTENTIAL GRADIENT
(blue) ín the thíck membrane are

Iínked to etch other. Positíue feedback
mechanísms result in large fluctua-
tions în both when no attempt is made

to hold the potentiol gradient within
the thick membrane constant. The Y
oxis represents pH and 6 x u/cm
wíthín the thick membrane. Thîs ex-
períment used BSA only in ímm Tis
Acetøte as the feed.

Fìgurc 3.7 srenrn opERA-
TION results when the potentíal gra-
díent withín the thíck manbrane ís

held constant. The pH of the retentate

oaer a 4 hour period is shown. The

externøI potential was aaried man-
ually oaer thÌs period, to maintain a

constant potential gradient ín the
thick membrane. Thís experiment
used BSA only ín Smm Trís Acetate as

the feed"

Figurc 3.8 rrun cEF FTLTER
retched equílíbrium after three hours
runníng. This figure shows that the

stable conditíon contínued. for up to 6

hours when the expeiment was ter-
minated. The stable operatíon
requíred feedback control of the exter-
nal uoltage to keep the potentíal gra-
dient ìn the thick membrane constant.
Using BSA only the concentration in
the retentate (red) and feed (blue)
streams is shown-
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To exa:nine the relatÍonship of electric fi.eld strength q¡ithin the
thick membrane a¡rd tJre retentate pH, measurements were taken for a
six hour period following application of a blocking voltage. The applied
external voltage was held constant througþout all of these experiments.
As shown in figure 3.6 the fi.eld strength and pH exhibit d mi:ror
symmebry. To determine causality, the external voltage applied to the
electrodes u¡as manually varied to maintain a constant fi.eld strength
within the ttrick membrane" Apart from a minor pH transient in the ûrst
hour, o¡reration was stable, although the retentate pH stabilized a whole
pH unit lower than the feed solution, this is shocm in fi.gure 3.7. In this
experíment the BSA concentrations in the output streams had 51¿þilissd

after 3 hours. This is shown in ûgure 3.8.

Atthougþ attempts to separate BSA and Hb in an apparatus with
a thick membrane consisting of glass beads alone proved parüaly
successful tJ.is v¡as not pursued.
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Discussion

The principal a¡rd practice of electrophoretic û.ltering has been
demonstrated. Retention, concentration and separation of protein
sarnples have been demonstrated, and althougþ the overal performance
was predicted, several operating ¡rarameters indicate a more complex
interaction of forces than initially envisioned..

certainly the permeability of a thick membrane for a given
protein at constant buffer pH and fluid velocity can be uniqueþ deter-
mined by the applied counteracting electric field. The rear chalenge lies
in technical aspects of predicting, measuring and maintaining pre-
determined pH and electric fietd strength v¡ithin the inlet side of the thick
membrane. The model for the thick membra¡re used in the described
apparatus is a thin layer of gel filtration media. In such a get it is known
tirat i-rre net ûuid veiocity rrithin the gei ireacis is etlective\y zcro.Also the
penetration and residence time within the gel bead.s is inversely pro-
portional to stokes radius. It is arso known that dispersion at right angtes
to the hydrodynamic gradient (ie pressure drop and bulk fluid flov¡ì is
minimal in gel beds packed u/ith small particles. Although not experi-
¡¡s¡tally determined, it is expected that uncharged. gel beads do not
significantly distort the elechic field lines and therefore electromotive
force acting on enkapped ions. under such conditions even ions with
the same charge to mass ratio but differing hydrodynamic rartii ca¡r be
separated.

It is expected that tl.e apparatus described u/ould perform ade-
quately with a thick membrane which offered no selective modification
of electric or hydrodynamic gradients experienced by entrapped ions.
One such test performed v¡ith gla.ss beads alone in the thick membrane
yielded some separation but was þarnpered by the large size [o.5mm)
beads used. such a membrane wor:ld serve only as a region of lemina¡.
tow in which solution electrophoretic mobility would be the only criteria
on v¡hich ions could be separated. This last example provides the clearest
picture of the basic underlFng principals and requirements of the cEF
technique.

First, a thick membrane is required. size exclusion filtering,
where permeability through a membrane is determined. by size alone, is
best implemented with a thin membrarr,e, with selection occurring at the
surface.
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Oppo,sed to this CEF requires that an ion ENTER tJre membrane,

which provides a characteristic environment fie' laninar flow), where

setectivity is determined by the interaction of electric and hydrodynamic
gradients. Thus in CEF the membrane provides an environment in which
the selection process takes place, and while the membrane may modify
the selection process it is not the major determinant.

Second, althougþ tJ:e selection process occurs Y¡ithin a matrix
(thick membranel, collection of retained samples from within the matrix
is not necessarJ¡. Removal of separated species from a matrix is the

demise of hatf of all the possible electrophoretic purifi.cation methods.

The second half of electrophoretic methods are of the'free flov/ category,

their demise is turbulent flow and mixing.

The CEF technique suffers from no such drawbacks. The CEF

method relies upon diffusive and active processes to expel retained ions
from the high pressu¡s (inletl side of the membrane. Therefore high
resolution separations are performed in a la¡ninar flow region, witJ.in a
matrix, and yet do not suffer from problems of sample recovery. The more

finely tuned the CEF membrane to 'just'reject an ion, the further the
ion will penetrate the membrane before being finaly rejected. Also, as

the throughput increases (increased flow rate accompanied by increas-
ing eleetric field strength) the degree of penetration before complete

rejection will increase. This is in a martner completely analogous to the

criteria for good efñciency in gel chromatography; efficiency increases

with decreasing flow and decreasing bead size.

The generation of heat and wasted power consumption are the
nemesis of those who try to scale up electrophoretic processes. There

are obvious ways to reduce power consumption:

minimizing unnecessary voltage drops (path length) outside the crucial

separating component; and

reducing power loss to conduction of cur¡ent by 'useless' ions such as

buffer species.

There are practical tirnits to which path length and buffer con-
centration can be reduced. Ultimatd, inherent efficiency and heat
removal capacities of the core process a¡e the determining factors. It is
in this area v¡here the CEF process has proven to be particularly
successful. In direct contradiction to expectations, as the ûlter traps ions

efñciency increases. Before experimenting, it was expected that retained
ions would increase the conductivity within the thick membra¡re, requir-
ing higher external applied voltages (and therefore current and power)

to maintain a constant electric field strength u¡ithin the membrane.

Exactty tl.e opposite was observed to occur. As retained ions increaserl
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in concentration tlre potential gradient within the thick membrane
increased! Therefore to maintain a constant electric fi.eld strengþ within
the thick memþ¡¿¡1s the total externar voltage must be reduced. conse_
quently a higher percentage of power goes direcily into the separation
zone within the thick membrane. This cor¡ld expl,ain the unstability
observed when applyrng a constant externar voltage. The increase of
retained ions increases the electric ñeld strength y¡ithin the ürick
membrane which in turn increases the retention of ions. The serne
situation q¡ould apply in reverse: ie. should the electric fietd strength
within the thick membrane start to falt (while some ion is being retainedl
the retention of ions will decrease and further reduce the electric field
strength" This is a classical positive feedback loop. positive feedback
loops a¡e cha¡acteúzæd by extrerne and unpredictable 6s¿illafi6¡s. [5
shown earlier the introduction of sufficient negative feedback into t]re
loop (to stabilize the electric fietd strength v¡ithin t]le ürick membrane)
stabilizes overâll o¡reration. A plausible orplanation of the physical
causes for such a surprising result are tied in with, and supported by,
the observation of the selective ion pumping effect observed. The ion
pumping effect manifested itself as a rise in combined electrod.e buffer
pH (both eathodic and anodic electrode buffers are inter-recirculatedJ
accompanied by a drop in retentate and eluent pH. The drop in retentate
and eluent pH are simply explained. The elution of acidic buffer ion
(Acetate) from tlle apparatus is retarded in the presence of the electric
fi.eld, while the elution of the basic buffer ion (TrisJ is facilitated"
Therefore the pH, within t]:e chambers ex¡reriencing a net fluid flow, is
decreased. Due to simple charge attràction, the increased. Acetate con-
centration attracts an increased concentration of Tris ions to the other
side of the electrode buffer membranes (these low molecular weight
(35001 membranes have sig¡ficant boundary layers and ion and poten-
Li t gradients acro.ss them). conduction crithin the apparatus is pre-
dominated by the excess of anions, this includ.es the anions which are
retained. As the retained ions increase in concentration they become the
predominant species within and immediately above the thick membrane,
exduding by charge repulsion other anions [ie. acetateJ. By the very
action of the cEF apparatus, these ions exhibit no net migration through
the thick membrane, therefore blocking the current and passage of other
anions.

The initial resr¡lts described here are sufûcient that an apparatus
capa.ble of 10's to I00's of g¡nms per hour tlrroughput has been built.
Also constant delta V feedback power supplies have been d.esigned. and
constructed which will vary the electrode voltage to maintain a set
potential drop across the thick membrane. To tl:e best of the autJror's
knowledge, the technique of 'cEF is the most effrcient a¡rd. highest
resolution electrophoresis system which is practically scaleable.
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Enhøncement

Spectrascopy i:s amongst the more venerable of the analytical
techniques that have been allied to the relatively new science of protein
chemistry. The following chapters will introduce, describe, develop,
analyse and discuss some methods of spectroscopy as applied to protein
analysis. The techniques described permit the reliable extraction of more
information than has been previously available from'normal or deriva-
tive spectroscopy', and involves judicious emplo5nnent of instrumental,
data coÌlection, algorittrmic and computational procedures to this end.

I would like to dispel any misconceptions at the outset that tJle
title "Spectral Enhancementn may conjure to mind.Information content
is similar to Entropy: In a closed system order/information cannot
increase. The methods to be described merely process the raw spectral
data into a form where the human eye and brain can easily identi$ the
information contained within the original data set. On the contrary, ALL
of the methods described pay the price for any data manipulation by
suffering from some degree of signal-to-noise degradation [entropy
increase)"

The methods described stem from three hypotheses that may be,
and will be, subjected to rigourous testing. The thesis is structured
around these hypotheses.

After a general introductory chapter, the tlree hypotheses and
the methods stemming from them will be covered in separate chapters.
In the final chapter I will discuss the work and its implications.
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Soeclrol Enhoncement INTRODUCTION

The ultraviolet absorption spectra of proteins provides one of the
easiest and most widely used sources of information obtainable on
proteins. In their pure form all proteins have a characteristic Absorptivity
at a given wavelength. Measurement of the optical Absorption at given
wavelengths provides the easiest means for tJ:e determi¡ration of protein
concentrations. As proteins ca¡not practically be obtained pure of all
other molecula¡ species [ie. bound water), it is not possible to accurately
determine protein concentrations simply by dissolving a known weight
of 'pure'protein in a known volume of liquid. Often if a protein is dried
down too much, particularly in the absence of some salts, ttren the
protein will undergo irreversible aggregation and conformational
changes which render it insoluble. For ttris reason alone, accurate
quantitation of proteins is best carried out by solution spectroscopy in
the ul.traviolet wavelength range. In fact, methods for determining the
Molar Absorptivity [el of proteins entirely by solution procedures have
been shown to be superior to ottrer methodsr

While the peptide bond itself absorbs light significantly below
210nm, there are too many other possible contaminants that absorb in
fhia rarian mol>ina aal..|ia- õñ^^tr^^ã^--:*--^^I^^l ^] tl-^^^ -L^J, u^.¡¡r r¡r5 evruqv¡¡ ùl^rvl^vÈçv¡/J ulJ^4uutjcll clL Lrrcùc Þllut L

wavelengths. For example, o:rygen has a significant absorbance below
210nm and also m¿uly of the salts, buffers and soluü.ons used in protein
work absorb in this region" In the region above 2IOnm only three of the
twenty normal amino acids found in proteins have significa¡t absorban-
ces. These are the aromatic amino acids; Phenylalanine (PheJ, tyrosine
[fyr), an¿ tryptophan (TrpJ. However, the Motar absorptivities in the 240
- 300nm range of these arnino acids vary considerably. At 248nm the
absorptivity of Phe peaks at e = ItO.62 determined for N-acetyl
Phenylalanine which is repre-sentative of Phe re-siduss incorporated into
proteins3. The e of tyrosine is quite sensitj.ve to solvent effects4 but can
be accurately determined from the e of a representative protein u/hich
has no tryptophan to interfere c/ith the tyrosine absorbance (phe does
not signiñcantty interfer"l. ryr*he incorporated into proteins has a
peak e = 1 330 at 27 6nm6 .The e of tryptophan is also moderately sensitive
to solvent effects but has been accurately determined in 6M GuHCl

1 Thomas A Bewley. Analytical Biochemistry 723,5Á5(1982)
2 Mihuiyt,n.I"Ctrem.Eng.Data73,779-782.(7968)
3 Rodney L.Iævine,M"Marcia Federici, Biochemistry 21,
2æ0-2æ6.(7982)

4 Soli,N.J,&Herskovits,T.T,Anal.Biochem.54,37G378.(7973)

5 Rodney L.Levine,M.Marcia Federici, Biochemistry 21,

2604-2æ6.(1982)

6 Mihalyr,E.J.Ctrem"Eng.Data13,779-182.(7968)
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solutions and is representative of tryptophan incorporated in proteins.
The e of N-acetyl tryptophan in 6M GUHCI peaks at 28lnm, e = 5620.
The relative differences in the Molar Absorptivities of the three aromatic
arnino acids can be seen graphically in figure 4.1.

0,
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e50 ?60 0 e80 e90 300 310

Figure 4.1 THE RELATIvE ABSoRprIvrrrES
of the three arcmatic amino acids are uery dit'ferent.

Phenylalanîne (red) has only one sixth the absorb-

ance of tyrosine (blue), whích has only one quarter

the absorbance of tryptophan (green) at the same

concentrations.

Clearly, given
roughly equal molar
quantities of tJle tlrree
a¡omatic erninq acids,
tryptophan c¡ill domi-
nate the spectrum be-
tween 240-31Onm. In
addition to being the
bulkiest and most hy-
drophobic amino acid,
tryptophan is the rarest
of the normal amino
acids with tyrosine and
phenylalanine occurr-
ing three times as fre-
quentlyl. Even so, in
general the spectra of
many proteins are
dominated by
tryptophan with a

significant contribu-
tion from t5rrosine and very little contribution from phenylalanine. This
gives rise to the "averagen protein having a maximum Mola¡ Absorptivity
in the region of 280nm.

In addition to absorption, ligþt scattering has a significant
contribution to the measured apparent absorption of proteins. The larger
a particle, tl.e more it will scatter light. This light scattering is a function
of the inverse ratio of the wavelength of light to the particle fmolecular
weigþt) size and is quite significant at28O nm for proteins of 10O0Mw.
The light scattering contribution to any protein spectrum can be deter-
mined by fitting a straight line on a log-log scale to the apparent
absorbance of the protein above 320nm.In this re$on the only sigpific-
ant contribution to the apparent absorbance is light scattering. The ligþt
scattering contribution can then be extrapolated back into the
wavelength region of interqst (14G-300nm usuallyÌ2.

1 Handbook of Biochem and Mol Biol,3rd edn.P¡oteins, Vol 3.(G.D
Fasman, ed.) C.R.C.Press, Clevland, Ohio. (1976)

2 Bewley,TA,Anal.Biochem.106,49-54.(1980)

4-5



Soectro I Enhoncement INTRODUCTION

Absorptivitíes given for proteins in tl.e 21o-310nm range are
therefore a surnrnation of cpntributions from the absorbances of aro-
matic amino acids and of light scattering. Figure 4.2 demonstrates the
significant cont¡ibution that light scattering makes to tlle spectrum of
PGH" (

0.30

0.20

0.10

0.00

250 260 270 280 290 300 310

Figure 4.2 LIGHT SCATTERING ís significant

for most proteins. In this typicøI spectra of PGH,

Iight scottering contributesl}% to the absorbønce at
280nm. The líght scatterîng ís determined from a best

lit on a loglog scale of the apparent absorbance be-

tween 320-350nm.
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coo-
CH

NH¡*
Benzene

Phenykrbnine

coo-
coo- CH

CH NHs*
NH¡*

Iyrosine Tryptophon

The absorbance
of the three aromatic
amino acids in proteins
is based on their
shared aromatic ring
structures [figure +.e)
and is therefore similar'.
Phenylalanine exhibits
a spectrum not vastly
different from benzene,
which corresponds to
the side group of

have a net effect [apa¡t
from other stmctural differencesJ of donating electrons into the ring
structure. In these cases this has the effect of narrowing the energJ¡
between the excited and ground states that determine the spectrain this
region. The net effect is a generar red shift of their spectra compared with
phenylalanine. It is also because of these electron donating groups tllat
the spectral properties of tyrosine and tryptophan are so solvent sensi-
tive [tryptophan only to a minor degree). The more electron donating
(proton withdrawing; basicJ the environment, the greater the spectral

changes. In the case of
tyrosine, v¡here the OH
group can be ionised at
moderate pH's(9-11),
the spectrum exhibits a
dramatic alteration
with the ionised species
having a spectrum red
shifted by lonm, as
shown in figure 4.4.

Figurc 4.4 znno ßotîd) AND sECoND DE-
RIUATIVE (dashed) SPECTRA OF TYROSINE. At
pH 8.0 (blue) tyrosíneis not chørged. Atph 12.8 (red)

tyrosíne is fully íonised and the spectra dramatically
red shifted"

Tryptophan ex-
hibits ¿ simìlar drastic
shift in one of its minor
absorption bands in
the presence of an elec-
tron withdrawing
(acidic) group" In the
presence of a carboxyl-
ate ion in the hydro-
phobic interior of a

0

300e80 - e90
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protein, the Lla band. of tryptophan undergoes a massive 12nm red
shiftl

Clearly, the spectrum of a given protein depends upon the
conformation and environment of the protein. This creates both pro-
blems and opportunities. The problems arisewhenwewant to quantitate
the protein irrespective of conformational and environmental changes
over wtrich we may not always have complete control. Under these
circumstances probable spectral changes add error and uncertainty to
quantity measures if tl e exact effects of environment and conformation
are not known. In contrast, opportunities arise when we analyse and
interpret the spectral changes apd correlate them to changes in confor-
mation and environment.

The literature in this area is frrll of examples of ingenious
methods of both difference and derivative spectroscopies to aid in the
accurate quantítation and conformational analysis of proteins.

It is u¡orthwhile to review this v¡ork as it has been applied to the
--^l-^:^ ^f --^¿^:-^:- 

¿L^ 
^-^-¿L 

ly^--^-^ õ---^- ñ^-:l--ar-¡rcUysrs Ur Pl'tJLçurS lll LI.tç \¡IUlryL¡l .f]'ulnlul¡E ùUlrçr .C <rrrrlry.

As an example of the use of difference spectroscopy used for
accurate quantitation of proteins, there is Bewley's elegant technique for
determining em's for proteins of known amino acid structure2. After first
removing all conformational efïects by enzyn'atic digestion, the differ-
ence spectrum of high and low pH titrations is used to quantitate the
exact molar quantity of t¡rrosine present. At287rnt, where the difference
is measured, phenylalanine does not contribute at all. Although the
spectrum of tryptophan does alter sligþtly with varying pH, it exhibits a
well deûned isosbestic point at287 and therefore does not interfere with
the measurement. As noted earlier, this method is the most accurate
reported to date for the determination of em's of proteins with the
restriction that the protein in question contains at least one tyrosine and
its amino acid composition is known.

As an example of the use of derivative s¡rectroscopy for the
determination of aromatic arnino acids, I refer to the work of Levine and
Federicis. They report on the succes.sfr¡l application of multi<omponent
analysis to the determination of the aromatic amino acid composition of

1 Bewley,TA,Choh Hao, Li. Æch of Biochem & Biophys" Vol233, No
7.219-277(19U)

2 Bewley,TA, Anal Bioctrem. 106, 49-54(1980)

3 Rodney L.Iævine, M Marcia Federici, Biochemistry 21,

26W2æ6(1982)
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proteins. In multi-comlrcnent analysis, a computer follows ân optirnis¿-
tion algorithm which seeks the best match between some combination
of model s¡rectra to the spectrum of the protein. To work successfirlly,
the spectra of the model compounds must be significantly different.
However this is not the case for the aromatic amino acids and the
problem was overcome by using the second derivatives of the protein
and model compounds. While their spectra appear sí m il ar in many wâys,
the second derivatives of the model compounds differ sigpificantly as
can be seen in figure 4.5.

Enh

250 ?60 ?70 e80 290 300 310
nm

of the three aromatic amino acids: 100uM each of the

N-acetyl esters ol phenylalanine (red), tyrosine
(blue), and tryptophan (green).

Chiro
Balestrieri eú all also
use tf..e second deriva-
tive spectra of dena-
tured proteins to
determine the composi-
tion of aromatic amino
acids. They do this by
quantitating the
second derivative
spectra in several
re$ons where the de-
rivatives of these arrrino
acids do not strongly

rescence spectroscopy
to quantitate tyrosine
and tryptophan has
also been reported2

Figure 4.5 secoNn DERruArrvE spECrRA l]iiï^lhe use or
second derivative fluo-

fphenylalanine does
not exhibit any significant fluorescence).

Chiro Balestrieri v¡as involved with the development of a very
elegant procedure for the determi¡ration of t5rrosine exposure (to the
surrounding solventJ in proteins3. Th" essence of the work is based on
tJe observation that while the t5nosine spectrum is heavily influenced
by the hydrophob.city [and therefore exposure to polar solution) of its
environment, tJre spectrum of tryptophan is relatively urnffected. Thus

I Balestrerie.C, Colonna G, Giovani. A, Irace. G, Servillo. L,.Eur. J.

Biochem, 90 43W0(7978)
2 Garcia-Borron.J,C,Erribano.J,Jimenez.M,IboraJ.L,.Analytical
Biodrem 725, 27 7 -285(19 82)

3 Ragone.R,Colorma.G,Balestre¡i.C,Servillo.L,Irace.G,.Biochemistry

23,1877-1875(1984)
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for proteins containing both tryptoptran and tyrosine residues, tJ.e
tryptophan second derivative serves ¿rs an internal reference. By exarn-
ining the ratio of the major tryptophan and tyrosine peaks in the second
derivative spectrum it is possible to calcr¡late the exposure of the
tyrosines to the surrounding solution.

More recently,
Bewley has reported on
the use ofsecond deriv-
ative spectroscopy to
demonstrate a hydre
gen bonding between
the single tryptophan
of HGH and a carboxyl
group buried inside the
proteinl. Carefi:l exam-
ination of the derivative
spectrumin the 300nm
region revealed minor
tryptophan transitions
(higher vibrational lev-
elsJ which can only be
accounted for by
tryptophan hydrogen
bonding to a carboryl
groupin a hydrophobic
environment2. Bewley

295 300 305 n¡r

Êì¡ttø Á. A cc¡-r¡xrrì rìDnfr-,{ TrÍrr. ^-^^!-^ ^ÍL'ôøtv z.v ¿Dvvttu uLt\rvatIvL ÐycLttal u)

HGH (red), and HPL (blue). The two sets of tríple
Iînes indícate the posítions of the Trp-Lla bands. The

red shíft of these bands ín HGH ís due to the índole
nítrogen of the Trp ín HGH hydrogen bonding to a
caúoxyl group in the ínterior of the proteín.

goes on to compare the
spectra of HGH to HPL

IHuman Placental
LactogenJ which have exactly the same stmctr:re with respect to the
aromatic amino acids. Interestingly, HPL does not have its one

tion. These features are shown in ûgure4.6 taken from Bewley's paper.
Bewley notes that ttrere is a tra¡sitory hydrogen bond to tryptophan
formed as the HPL is enzymatically digested. This study elegantly
iden"fies not only the r''icrornviroment inside tl.e protein suround.ing
one particular residue but also that a very similar protein is slightly
rtistorted with respect to the bryptophan environment in its native
conformation, yet sfill ¡stâins the carboxyl goup involved.

1 Bewley.T-A, Ctro Hao. L,. Arch of Biochem and Biophys. Vol233, No
1..279-227(19U)

2 Strickland.E.H, Billups.C, Kay.E," Biochemistry ZZ7, 6'L,8425(1933)

+1A



INTRODUCTION Spoctrol Enhoncement

This final example, more tl.an the earlier examples, leads to tJ e
questions: How much information regarding structure of proteins can
be obtained from their spectra?; a¡rd What is the best way, and limits,
to extract information from the spectra.

Beyond the simple obsàrvation that more features are observable
in the derivative spectrum (not just second d,erivative, but any deriva-
tive), previous authors have not add¡essed these questions. In 1988
when investigatin€ the folding pathway of PGH (Porcine Growth Hor-
mone) it became apparent that .there was far.more real information
available in the spectrum tJ:an others had previously extracted. At that

Figure 4.7 SnCo¡,to DERIUATIVE S?ECTRUM OF pGH at aarying digitat

fílter widths (1.0-3.5nm). Screen image from interøctiue specttal analysís soJtware

package deueloped by the author to run under SunWindows on Sun Workstations.

stage I had just developed an interactive spectral analysis package to
run on SUN workstations under SLIN Windows. I had also just collected
a series of very higþ resolution spectra of PGH in increasing Urea
concentrations on a Cary 24OO spectrophotometer. The software package
permitted very rapid comparison of the second derivatives of multiple
spectra with varying smoothing arrd resolution. Upon analysís of tJle
spectra two things became apparent immediately. 1. Although never
stated, all previously published derivative s¡rectra of proteinq-had used
methods that resulted in generating a VERY smoothed derivative (effec-

tive smoothing q¡idths between 2-7r;lo.ù.2. When tl:e smoothing of the
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derivative c/as reduced to below 2rtm f}.1-2.Onm) the resulting 'noise'
was not noise but instead reproducible features.

A representative screen dump is shown in figure4.7. In this
particular session, resolution enhancement as effective smoottring width
is reduced is demonstrated. As will be demonstrated in tJ:e subsequent
chapters, the fine detail seen in the rightmost portion of the second
derivative represents reproducible information"

It requires considerable instrumental and computational per-
formance to permit the extraction of fine detail from protein spectra. As
sri[ be shown in the following chapters, it requires the highest spectral
resolution from the best spectrophotometers available today, collecting
spectra over extended times [over 3 hours for one spectra spanning
6onm) to yield data of sufficient quatity to permit good high-resolution
data extraction. In addition, many of the procedures require consider-
able amounts of raw computing power for the spectral enhancement
procedures I will describe. Previous authors trave employed very large
amounts of signal smoothing, both instrumentat [arge band widt]r, and
low spectral resolution) and computationally (wide digital fltter widths)
to achieve reliable results. Many such efforts have also been limited by
popular but low resolution instruments and the low power of readily
available computers [mainframe, mini and personaf). In some cases the
instmments used are incapable of producing data of sufEcient spectral
resolution for subsequent high resolution enhancement. The more
modern (and popular) diode array spectrophotometers are onty capable
of lnm resolutions at best [normally only 2nmJ. Although these instru-
ments have inherent design advantages with respect to signal-to-noise,
the low spectral resolution precludes their use when high-resolution
spectral enhancement is to be applied fwhere I s¡ill show that resolution
of O.lnm or better is desired)"

In addition to tle instrumental and computation power limita-
tions, the application of many spectral enhancement techniques is
plagued by poor computational application of even applicability. The
spectral sig¡ral must be digitised before being processed by the computer.
Only in recent times has tåe accuracy of the analogue to digbf [A-Dì
converters risen to the point where they are capable of matching the
maximum S/N ratio of the instrument's optie-s and analogue compo-
nents" The best modern instruments are capable of S/N ratios of
approximately 1,000,000:1 or better, which is close to 20 significa¡rt bits
digtaf resolution. Unfortunately, many instruments capable of these
S/N performances are fitted with A-D converters of lower resolution
tfpically 16 bits). This is because their designers could not see any
improvement in tJle unprocessed signaf with higþer performance A-D
converters. As I v/itl show later [and is intuitively obvious] it is imperative

+12
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to collect the optical sigpal with as little distortion as possible. This
requires A-D converters capable of representing the 'noise floot' of the
instrument under optimrrm conditions. This is particularly true of most
modern instn¡ments that use chopper stabilised analogue and optical
systems to rapidly output a series ofvalues (most modern research grade

dual beam spectrophotometers have a chopper frequency of 1G'100H2J.

When long signal averaging tirnes are employed, the advantage of
averaging successive data points may be limited by the resolution of the
A-D converter, which is perfectly adequate for single (or small numbers
of averaged) data points. For instance: If a¡r instrument has a S/N ratio

of 1,000,000:1 (-2lI and is ñtted. v¡ith a 24 h¡Lt A-D converter, then it
will have 5 bits of 'excess' resolution relative to a single point reading.
Such an instrument would be suitable for allowing averaging of up to 32

(25 = O.32 s at 100H2 data rate) data samptes. Beyond that, add.itional
averaging is limited by the resolution of the A-D converter and the S/N
will not improve for longer averaging times.

In addition to all of these problems are computational con-
straints. As the spacing of tJ.e spectral data decreases þcreasing
spectral resolution) the number of points q¡ithin a set window size [set
nm width fll.ter window) increases" Therefore performing derivative and
other analysis on higher resolution data requires increasing rligital fitter
q¡idths. Ma¡ry authors have employed integer sets of weights to perform
various spectral analysis functions. Working entirely with integers
speeds up computing times. The problem is that as t}re rligital filter
yridths increase so do the integers and the normalisers" This is best seen

in the tables for least squ¿rres best fit to various polynomials and their
derivatíves first published by Savitkzry and Golayr. Whil" an overfl.ow
(over rangel calculation v¡ill flag an error in computers an underflow [a

division of a non-zæro value reduces to 0; ie. the result is below t.lre

smallest resolution of tl.e number format employed) calculation does not
flag an error. This can unknowingly lead to significant errors ¿¡ld limif
the accuraey of such implementations. For many of tlle procedures

described in the following chapters, it is necessary to perform all
calculations in the real domain with at least 64 bit long [20 digit
resolutionJ numbers. Using the shorter (and normal for rnicrocomputersl
32 bit real format can be a limiting factor.

Finaly there is the 'differential noise amplifi.cation factot' to
contend with. That is: When any transform is applied to a data set with
tJre net effect of narrowing/enhancing bands, the high frequency com-
ponents (including noise) are dis-proportionately increased. [This v/ill be

dealt with ft:lly in the fotlowing chapters and discussion but warrants a

1 Savitkzy. A, Golay.J, Anatyticål Chemistry, Vol36, No 8, ]uly 1964,

1672-L639
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brief explanation here.) This is most evident when tlle tra¡sforms are
applied or modelled in the Fourier (frequency) domain. Any band nar-
rowing [this indudes alt derivatives and derivative based functionsJ
requires an increasing high frequency component in the Fourier domain.
The converse is also true: Any smoothing lband broadenin$ function
requires a falling response in the Fourier domain. since normal spectrat
data is 'contaminated'v¡ith noise of equal and higher frequency than the
signar then the derivatives and other band na:rowed transforms of the
data will be noisier than the originar data. This is intuitively obvious
althougþ the consequences are not so obvious.

Fxperimental çhq4ge: The sigþal-to-noise ratio in the orieinal data is
improved two fold by averagþg for four "mes longer.

Analyticaf o-noise ratio in the bandrrarrowed factor of 2 x 'differential higþ
frequency

The 'difïerential high frequency amplification' for typical band
narrowing and derivative analysis can range from l0,s to IO,s of
thousands.

The practical consequence of this is that it appears that high
resolution band narrowing suddenly becomes possible with very high
s/N data. Below a threshold s/N of the source data fusually correspond.-
ing to a s/N of 2:L in the processed data where the signal just becomes
rliscernible above the noise), no useful analysis is possible but as the
s/N (ofthe source datal improves the s/N of the processed data improves
at a faster rate" The visibte changes in source S,/N are undetectable by
eye and yet the changes in the enhanced data are quite dramatic. This
is not a case of getting something for nothing and does not persist for
higher and higher s/N or greater band narrou¡ing. In both cases there
is convergence between the frequency profile of the noise and signal (in
the processed data not the source data) whicþ lirnifs the effect. un-
fortunately the s/N threshold in the souroe data for p€rmitting high
resolution enhancement is very high, requiring data collection +imes in
the order of r hour/3Onm on the very best instruments aveirable. with
no obvious improvement in the source data or vERy smoothed deriva-
tives it is little c/onder that other researchers have not previously
collected data suitable for the high resolution enhancement techniques
I will describe. But once having passed the s/N 'threshold.' c/here
analysis becomes possible, very small (almqsf insignificant seemingJ
improvements will dramatie¡lly irnprove the SrZN of the enhanced data.

Many of the concepts and procedures I will describe appear
obvious a¡rd intuitive in hindsight. But all of tlle above problems have
been contributing factors to the past ígporance of the proced.ures to be
given. In addition, it is often difficult to develop new ûelds and procedures
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where strong understa¡rding of the underlying principles from diverse
fields is reqrrired. The work I report on here unites significant principles
from Biochsmisfiry, Physical and Orgarrig Qþsrnisûy, Applied Mathemat-
ics, Numerical Analysis, Computing, Electrical Engineering, Optics and
Instrument Desigþ.

I commenced the work report-ed on in the following chapters on the
basis of three hypotheses as follows:

The First H¡rpothesis:

"The equal information hypothesis'.

It is possible to extract fuom/enl:ance the specka of molecules
in a liquid phase, detail/information approximating closety that avail-
able frorn non-entranced gas phase spectra of the same molecules.

The Second Hypothesis:

The amount of detai/information that can be extracted as a
consequence of the'equal information hypothesis'is sufûcient to iden-
üfy individual tyrosine and tryptophan residues and their environments
in complex proteins.

The Third

The contribution to the spectra of proteins from phenylalanine
residues can be extracted and quantfied v¡ith sufficient accuracy to
provide a method for the accurate quantitation of protein concentrations
inespective of normal conformational and enviror:menf a I variations.

4s_they must be, all three hypotheses a¡e testable for truth and
failure.

The first hypothesis would be supportsd ¡tilísing molecules
u/hcse spectra can be collected in both the liquid and gas phases. If
enhancement of the liquid phase spectra yields spectra not significarìuy
different from the gas phase spectra then the hypothesis is supported.
conversely, if it could be shown mathematicarly that it is not possible to
n¿urow a spectral peak (and thus enhance resolutionJ tJ:en the hypoth-
esis wor:ld be proven false.

It is important to note that the Equal Information Hypothesis
does not clairn to enhance Information. All tlre information a¡d detail is
available in the unprocessed spectmm. It is impossible to increase the
information content of the original isotated data set just as it is impos-
sible to increase ord.er in a closed system.
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The second hypothesis would be supported if a sin$e tyrosine or
tryptophan residue cor:ld be identified in a protein containing several
such residues. If it could be shown that the spectra of tyrosine and
tryptophan were identical under all conditions then the hypoÚresis
u/ould be proven false. It is important to note that the second hypothesis
does not sleirn that all tyrosine and tryptophan residues in a complex
protein can be individually identified. This may be possibte in some cases
but certainly not in all cases.

The third hypothesis would be supported if the concentration of
a protein solution was invariant as calculated from tfre enhanced
phenylalanine spectrum when the pH was varied over a wide range and
also as the protein was denatured with guanidine. Both of these condi-
tions are knov¡n to change tJ:e conformation a¡d spectra of proteins.
T.Iormal environmental changes' are defined as those conditions com-
monly encountered in protein chemistry and inc.lude: pH(I-lB); Dena-
turant concentration [GuHCl O-6M); Reducing agents (DTTJ; DNA
contamination (0-2.5vo). Tt,e third hypothesis would be proven false if
any of these conditions/contaminants significantly affected the ability
to quantitate the phenylalanine second derivative spectrum"
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lnlloduclion.

The human eye is exkemely good at identi$ing peaks and. valleys,
even in very noisy data. unfortunately t]:e eye does not have sirnilar
abilities in identi-Sing subtle changes in the second derivative [rate of
change of the slope) of a line. spectral analysis ultimatety red,uces to a
human observer exarnining a spectmm and observing the location and
ma€¡itude of peaks. Having ascertained that peaks a¡e observable, the
observer may employ tools of varying sophistication to locate and
quantitate the peaks.

The computer has no requirement to .see' peaks to identify
spectral com¡:onents. None-the-less, humans 5':ll program computers
to first generate the femiìier looking peaks and then analyse them. This
is because of our native ability to crudely describe the process and
features to use in identi$ing a þeak". This can then be described in the
form of an algorithm and programmed. we do not possess a similar
native ability or familiarity with the identification and characterisation
-a- Lai- r.-ur suuue rure snape crutnges, sucn as an lnllecuon point in the second
derivative. Wtrile such iden tfication and familiaríty can be learned and
proÊrâmmed into a computer, it remains a more desirable goal to fi.rst
recast the data into the intuitively familiar form- of peaks, and then
anaryse the peaks. unfortunately raw spectral data from molecules in
the liquid phase do not often exhibit many discrete peaks. As I will show,
the vast majority of the data is represented as subtle line shape changes.
The reason for this is that the spectra are composed of very many
overlapping peaks, usually gFouped in discrete regions. If a molecule is
volatile then a gas phase spectmm will reveal much more detail because
the component peaks are much n¿uroc/erand do not overlap as strongly.
The amount of apparent degradation in the information content is
demonstrated in the two spectra of benzene in gas and liquid phases. I
say "apparent" because in the liquid phase the component peaks are
blended together making it harder for the untrained observer to identify
them and extract all the information the spectrum encod.es.

The goal of t].e methods described in this flresis is to extract
spectral features to the extent that they appear as peaks. Further
quantitation and analysis of the extracted peaks is not discussed here
and it is left to the reader to choose amon€ the atready available methods
for this purpose.
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SpecÏroscopy bqsics

Absorption of rad.iation

The enerry levels of molecules are quantised; they may have

discrete values only as determined by quantum mechanical principles
and n¡les. The absorption of light by a molecular species can occur only
when the energr of the quantum of light, the photon, is matched
by an equivalent energ)i difference within the molecule. As a resr¡lt of
the ab,sorption of the photon, the rnolecule u/i[ be converted from a

low energ5z state, the "ground" state in thermodynamic equilibrium with
the surroundings, to a higher energy, "excited", state. The absorption
of visible-ult¡aviolet radiation produces a molecule in an electronic
excited state. However, simultaneously with the electronic energy change
the molecule may also alter its vibrational and rotational energJ¡ states,
which would involve only a fraction of the total energl of the photon
absorbed. Indeed, undergraduate texts dealing with speetroscopy
generally write the total molecular energy changen ÂFtotal, in tJ:e

uv-visible range as

."5.1
AEtot¿ = ÂE¿ss + AEvib + ÂErot

showing that such spectra involve simultaneous changes in
the molecular electronic, ÂEdec, vibrational, AEyi¡, and rotational,
AErot, energies. More specifically, a given electronic transition consists
of bands due to the simt¡ltaneous vibrational transitions and each one

of these vibronic bands, in turn, has a rotational fine structure.

Except for relatively small molecules in the gas phase, the
rotational structure is not resolved in general - it just merges into a

continuous band. Thus molecular uv-visible spectra, even those that
appear to an observer as completely structureless, are, nevertheless,
compased of a collection of vibronic bands belonging to the same
electronic t¡ansition.

Diatornic molecules

The simplest electronic-vibrational or vibronic band
structures occur with diatomic molecules which possess just one

fundamental mode ofvibration: bond stretching. A convenient way of
classiSing bands is by defining progressions; in a progression the

tr/l
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Vibroli<cnol þveb within

Vibronic
level¡
v0-v4

1

elecfionic
clole

r¿'O -v'2
honsit'lon

Glound slole 'y''O

Figure 5.1 ebsorption occurs when

the energy of a photon matches an energy

difference in the molecule. As a conse-

quence the molecule ís conaerted from
the low energy 'ground state' to an en-

ergised aibronic state.

1
tnergy

Tronsition¡
"2 to v'0-3

i'2

Figure 5.2 fne 'ground state' is determined
by the aaerage thetmal energy of a molecule
and ís not zero (for temperatures aboae abso-

Iute zero). The ground state that most closely

matches the mean thermol energA will be the

most populated in the absence of any exciting
energA þther than thermal). A decreasîng per-
centage of molecules will be în ground states

incrensingly t'urther øwøy from the most popu-
Ious state as predícted by the Boltzmann distrí-
butíon of thermal energíes about the mean
temperature.

vibratíonal euanturn m¡mber of one of the
electronic states is constant while that
of the other state progressively varies.
As an example, in a fv',0) progression
the quantum number of tJle lower state,
vn, is zero and that of the upper state, v',
varies by unit increments starting from
zæro. T}:e spectral transitions that belong
to the (d,0) and [r/,2) progressions a¡e
shown, respectively, in Figures 5.1 and
6.2"

The amount of light absorbed by
each band, the intensity ofabsorption,
is not uniform. Given that the electronic
t¡ansition of the diatomic molecule con-
sidered is allowed by the quantum me-
chanical 'selection rules', there a¡e two
factors that govern the relative intensi-
ties of the vibronic bands of that transi-
tion.

The first factor is the relative pop
ulation of the vibrational levels in the
ground electronic state of the molecule;
clearly the larger the population the more
light is absorbed. The population of the
levels, in turn, is determined by the
Boltznaa¡m rlistribution from u/hich one
concludes that at room temperature, for
the majority of molecules of interest to
biochemists, [v',0) progressions dominate.
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The second factor, often referred to as the FYanck-Condon princi-
ple, affects the relative intensity clistribution of bands c¡ithin a progres-
sion. In Figure 5.3 are shown two electronic states of a diatomic
molecule togetherwith their respective vibrational levels. In this figure
the ordÍnate is energz and the abscissa coresponds to the internuclear
rtistance between the two atoms of the molecule. Thus the horizontal
lines depict the complete change in internudear separation for the
vibrations of various energies; it should be noted that the equilibrium
internuclear
separations (the min-
ima of the potential
enersr curvesJ do not,
in general, coincide
for the various elec.-

tronic energy states.
We now observe that
the most probable
internuclear distance
for av = O state corre-
sponds very neaäy
to the minimum of
the potential energr
curve, while for v > 0

1
Enetgy

Ihe mo¡l
proboble

lronsition V'0 -

t (otomic seporotion)

Fígure 5.3 fne Franck-Condon princíple predícts

the vibrating mole- the probability of a transítion (absorption band) oc-

cule will spend ¡¡'" curring. The most probable transìtions are uertically,

greatest amount o¡ inuoluing Íearrangement of electronic states only. For

time at ¡re extrem es anA uíbronic leuel the most populated positions are

of the vibrational üs_ rcpresented by the lîne ends for a > 0 states and the

placement. Next, *. Iíne centre for u = 0 states. The r axis represents

recognise that, due ,o increasíng diatomic separation, with increasíng en-

their relative masses, ergA represented by the e axis'

elect¡ons move seve-
ral orders of magni-
tude faster t]:an atomic nuclei so that during an eiectronic transition the
internuclear rlistances remain sensibly the same; expressed in a¡rother
way, electronic transitions are vertie¡I. Thus, as shown by the thick
vertical line in Figure 5.3, the most probable transition and therefore
the most intense absorption band in a (v',OJ progression in this case is
(2,0) wilh intensities rapidly decreasing for both tf > 2 and v' < 2 as
shown by the two dashed lines.
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Polyatomies

The uv-visible spectra of polyatomic molecr¡les are ai"o vibro-
nic, consisting of series of superimpo,sed bands. The principles that
govern rlistribution of the intensity of the bands of diatomic molecules
apply here as well. However, since polyatomic molecules possess many
different fundamental modes of vibration, the number of possible
progressions that could contribute potentially to their absorption
spectra may be quite large. Fortunately, additional principtes related
to the symmetry of tJ:e molecular frnrnework and its clistortion by
certain modes of vibration prohibit any substantial absorption of
tight by a great many of the potential progressions and the spectra
of polyatomic molecules often remain manageable in complexity.

Band shapes

The vibronic bands of an electronic transition of the molecule
are generated by a common underlying mechanism; for this reason the
observed bands will Eenerallv differ in arnplitude and in energv [posi-
tion) but not in shape" This has two important analyticaf consequences:

it becomes possible to formulate an optimum extraction,/enhance.
ment procedu¡e that will apply to most spectra of like molecules and,
with minor modifications, to other spectra as well; and

such aproceduremaybe developed on thebasis of a single band with
either an assumed or experimentally determined shape"

These statements apply to procedures involving deconvolu-
tion/convolution functions whose effect is to increase the number of
observable high frequency components of the spectrum. Moreover, such
procedures, whetJrer applied in the normal [time or wavelengthJ domain
or in the Fourier ffrequencyJ domain, shor¡ld work equally welt in
principle on both single and overlapping bands. It follows ttiat knowing
the band shape and being able to accurately model it is of prime
importance in the development and evaluation of techniques of
spectral enhancement.

Of the various phenomena contributing to band broadening
in the uv-visible region there are just two of particular relevance in
liquids and solutions. First, tJ:e frequent colli.sions between molecules
with consequent exchange of energl lead to an uncertainty in t}re
precise values of energrlevels resultingin bandwidths at half maximal
intensity ("halfband widths") of the ord.er of 50 cm-r (1500 GFIz). The
theoretically predicted shape of such a "collision broadened" band is
I,orenøan (or CauchyJ; the explicit form of such a function is given
further belov¡. However, experimentally determined band shapes in
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the uv-visible region are much closer to a Gaussian functÍon also given
further trelow. This is attributed to further broadening arising from
Van der Waals interactions between the molecules in the liquid phase"
Such interactions modi$ molecular energy levels fin a semi<ontinuous
fashion about ttre meanl and the superposition of the conseiuential
family of Lorenzian bands produce the Gaussian resultantl. the
explicit forms of tl:e two bandshape functions normalised to unit a¡ea
are given by the formulae:

Inrenzart Y(x)

Gaussian Z(x) = _Þ
a.l2n -

In these formr¡lae 'a' refers to the position of tl e maximum of a
band and 'o' and 'b' a-re refered to respectively as the Gaussian and
Lorenzian band yridth parameters. The functions are described graphi-
cally in figure 5.4 with a=0.

t1
= ã 

'.(t;e1'

I L lx- a\zr[ 'J

Fígurc 5.4 rne Gaussian (broad

blue band) and Cauchy (narrower red

bønd) functions normalised to unity
heíght and area are shown. The
broader Gaussian band shape ís the

most commonly encountered ín UV-
VIS spectroscopy. The narrower Cau-
chy (also known as Lorenz) band is

only seen in some aapour phase

spectra and neaer in solution spectra.

1

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

0

-2 1 0 t 2

1 R.N. Bracewell, The Fourier T¡ansform and its Applications, 2nd ed.,
L978, McGraw-Hill, New York, p.
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The degree of band broadening typical of the liquid versus vapour
phase can be seen in figure 5.5.

A

t.8

1.6

t.4
1.2

I

0.8

0.6

0.4

0.2

0.

230 235 240 245 250 255 260 265 270

n[l

Figure 5.5 Vapour phase (blue) nnd solutíon (red) speetra of benzene demonstrates the dramatíc

band broailening goíng from gas to liquíd phases. The spectra were collecteil on a Varian Cary 3

spectrophotometer: slit band width 0.6 nm (solutíon spectru) and 0.2 nm (aapour phase spectra);

resolution 0.02 nm; samples øueraged 33 (uapour phase, 7 second) and 798 (solution, 6 seconds /
uaaelength step). The solution spectrum was recorded wîth a larger slit bandwídth and morc points

aueraged to increase the S/N to a leael where spectral enhancement is possíble.
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Methods Developmenl
a

A spectrum is, in principle, the measured absorbance, A, the
dependent variable, given as a function of the wavelengþ, )'., the inde-
pendent variable. However, in practice the spectrum consists of tJ:e
discrete set: { Ar , Ài } so that, in contrast to the ideal, the independent
variable is not continuous, it is granular. Thus, the maximum spectral
resolution of the spectrophotometers used for this study was 0.O2 nm
and thiç value sets the lower limit for the wavelength- or 'rme-granularity

in this work. Having allowed for their granularíty it r¡itl be assumed,
however, that tl.e precision of the i,,¿is high and their standa¡d deviations
are negligibly small.

Similarly, it E'ilt also be necessary to take into account the
passible magnitude-granularity of the measured values of the absorb-
ance as well as the precision of the Ai.

In order to address the problems associated with the enhance-
ment of the spectra expressed as a set of granular and imprecise pairs
of numbers, a model for the bandshape must be selected. In view of its
prevalence in uv-visible spectroscopy this will be taken to be Gaussian.
The Gaussian form given by eqn (5.3) which is normalised to unit area
contains just 2 parameters, the position of the band maximum, a, and
the bandwidth parameter, o. If the normalisation of the area is relaxed
an additional parameter, I, the maximal Íntensity, needs to be intro-
duced. In this work an additional quantity, refered to as the banrllimit
parameter, 0, rv"ill also be used. The need for such a parameter arises
from the practical limiþfio¡ of measuring a band between ûnite bound-
ary limits speofied by 0 even though theoretically these limifs are at
infinity"

As a further parerneter we shall need to specify the convolution
ì¡¡idth parameter, denoted here by P, that defines [þs limifs of the
convolution function to be used"

Given tlìat À is granular, the numbers of steps, na, nß and np,
that will span t].e distances d, 0 and p, respectively, provide an equivalent
description of the bandwidth, bandlirnit, and convolution width
parameters. Note that gfanularity bears an inverse relationship to tJrese
numbers; thus, for example, the smaller no the less points are collected
for a given o and the larger the granularity. We also note that the
convolution vvidth is expressed alternately in terms of the integer, m,
with np = ()rn+ l).
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The first step in developing op'rmum enhancement techniques
is to address the computational constraints to determine what is possibte
and best, utilising suitable models, before tackling experimental data. I
will commence the description of the computational methods by first
characterising the most widely used cu:rent methods; sec-ond derivatives
obtained by convolution.

As has been pointed out earlier, the second derivative of the
spectrum has been extensiveþ utilised Ín the analysis of proteins and
other molecules. The methods mqst comrnonly used to generate the
second derivatives have been electronic (simpte RC [resistor capacitorJ
circuits). Unfortunately this approach leads to ma.ny errors and u/ill not
be considered here. [Major amon€ the errors is the time polarised nature
of all RC circuits (they ca¡not look into the futureJ, whereas digitaf
flltering post data collection can implement sJ¡mmetrical ñlters.) The
favoured approach is to collect the data with no analogue smoothing or
other processing and then to apply all smoothing, derivative and other
functions digita[y. The most popular form of generating derivatives and
smoothing the data has been tJee application of convolution functions
such as those first d.escribed by Savitsky and Golayl. Henceforth I c¡ill
describe these procedures and all others of tl e same type as Iæast
Squares Polynomial Procedures [LSPP)" They have in common the
premise that over a set window siz.e l2m +I) the input data (X(il, a set of
díscreet valuesl can be fitted to a polynomial function (of order i : P, (x)

J by least squares criteria. Savitsky and Golay demonstrated that sets of
convolution coeffi.cients (Cj j=-m".+mJ could be generated, for any order
polynomial or its derivative, and these would yield the least squares
solution for the centre point. That is, the output set of integers [Y[i), the
output set on values) is related to the source data by a convolution

".5.4
m

j=-m

Where the set of input values is X(Ð i = 0..n

The next most comrnon method for manipulating the spectral
data is to transform the data into the Fourier domain, where simple band
narrowing and smoothing functions can be applied before performing
the inverse t¡ansform to yield the enhanced spectrum. The Fourier
transform translates data from the "me domain into the frequency
domain and back. There are a number of advantages to performing
spectral enhancements in ttre Fourier domain, not the least of which is
the intuitively simple nature of the band narrowing and smoothing
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functions. Band narrowing involves emphasising the higher frequencies
by simply multiptying tl:e Fourier data by some increasing function.
Conversely, smoothing involves attenuating the higber frequencies by
simply multiplyin€ the Fourier data by some decreasing function.
Numerically there are a number of problems encountered wheir imple-
menting the Fast Fourier Tra_nsform (FFT), althougþ computational
demand is not one of t]:e problems and often ISpp teke longer to perform
simil¡r tasks. The major problem v¡ith the FFT is that it assumes that
the input data set is one cycle of a cyclic function. This mea¡s that the
FFT is well behaved only if the data 'wraps around'. This is demonstrated
in figures 5.6 and 5.7 .lnthe case of the ,non+yclic'data, such as shown
in figure 6.7, an FFT folrowed by an inverse FFit does not return the
originar data. The data a¡e contaminated qrith very large amounts of

Figure 5.6 The FFT assumes thøt
it ís gíuen one cycle of a cyclic waae-

form that 'wraps around' smoothly to
the next cycle. If the source data ís
límited in frequency lesponse to s and
the data has been sampled at interuals
less than 1/(2s) and the dato set
smoothly wraps around then the dís-
creet FFT întroduces no errors at aII.

Figure 5.7 ftte FFT wiII introduce
large amounts of hígh frequency noise

when presented with a data set that does

not wrap around smoothly. The large
amounts of high frequency noise repres-

ent a large discontinuíty when the input
set ís considered cyclic. The solution is to

fit some polynomial to the end points (eg.

the fírst and last 3 points) and subtract
this from the source data. If necessary the

FFT of the polynomîal can be extracted
to yield a'correct'Fourier transform of
the ínitial source data"

spurious high frequency noise.

I,SPP is by far the more coutmon method applied to spectral
anarysis at present. I have found it useful to combine tJ:e two techniques
by generating Fourier transforms of both the spectrar data and the ISpp
convolution function and then performing the convolution in the Fourier
domain. often ttris is faster than LSpp alone u/hen large window sizes
are involved a¡rd it has the distinct advantage of allowing one to see the
frequency response of the LSPp convolutíon function.
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All of the possible procedures for performing spectral enhance-
ment share cornmon goals and límitations impo.sed when using experi-
mentally derived data. The primary goaf is 'l¡and narrowing'to the degree

that the majority of bands in a spectrum are resolved; and the primary
l imi tations in tl:e source data are g¡anularity in both time and magnitude
domains.

Computing.

All code fragr'''ents are given in AT&T V2.O C++ compatíble code.

Code has been principally written in Pascal, C and C++. The most recent
code for validating the analysis reported in this thesis was written in
C++. The compilers used were [in chronologlcaf order) Compass Pascal

ICP/M version by PolydataJ, VAX Pascal IVMS version by DEC), Turbo
Pascal Vl.x through 5.x[MS DOS version by Borland], Deûnicon C (Green

Hills C for DSI 32032), ftrrbo CV2.O (MS DOS version by BorlandJ, IIÀIIX
C ÍSUN 3,260 and 4/1O versions by SUN under Sun\r¡indowsJ, and Turbo
C++ V1.0 (MS DOS version by Borland).

The computers employed were (in chronological order) Apple IIc,
Medfly (Apple tre and CP/M compatible), VAx 750 a¡d 780's, Aquarius
(IBM PC XT compatible,S MHz 8086 CPU), Olivetti M24 (IBM PC xT
compatible, 10 MHz V30 CPUJ , Definicon DSI32 [processor board for IBM
PC, lOMHz national 32032 CPU), SUN 3/60 and 4/LA workstations,
various Microbits workstations (mU PC compatible, l2MHz 80286
through 33 MIIZ 80486 CPU)"

The bulk of thework was performed on aMicrobits PC compatible
l2Olvftlz 80386, 2Olfrlz 80387, 8Mb RAMJ, prog¡irmmed in lurbo CV2.O.

Precision.

Wherever possible a long double real number representation q/as

utilised. The real nt¡:r.ber formats available were:

Type

float

double

long double

Bits

32

æ
80

Digits p¡ecision Range

B 3.4 x 1o-s to 3.4 x 1os
10 1.7 x 1o-æ8 to 1.7 x 103æ

20 3.4 x 1o-ææ to 1.1 x 104s32

The float format was¡ never used due to its low precision. The
double format was only rarely used for input and output when tJee

compiler did not adequately support I/O of long double. All internal
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calculations u 'lised the long double format and c¡ere ca:ried out by a
fl.oating point processor.

The int and long int integer formats were never used other than
as index counters. Earty experimentation showed. that using integer
based algorithms led to unacceptable errors mainly due to und,erfl.ow
errors¡ which were not detected.

Generating Gaussian and Derivative bands.

The second derivative of the Gaussian function has the form:

5"5

'a

Éu*=ttî 
') # .-+r-')"

The algorithm for generating a Gaussian band is:

#define REAL long double
#define LONG long int
#define Pl 3. 1 41 59265358979323846
void peak(REAL datal, REALtr, REAL sigma, REAL height, ¡nt datâlooints)
(

REAL ar€a = height / (sigma * sqrt(2 * pl));
REALT=0-tr;

for(int j= 0; j. datal¡oints; ++j)
datatjl = area * exp({.S * sqr(t++ / sigma));

Ì
oprimisi¡g by strength reduction yields the algorithm actually used.:

void peak(REAL data[, BEALtr, REAL sigma, REAL heighr, int datajoints)
{

BEAL area = height / (signra * sqrt(2 * pl));
REALT=0-t;
REAL a = (sqrt(O.S) *r) / s¡gma;
REAL a_step = sqrt(Q.S) / sigma;

for(ir¡t j = 0; j . data_points; ++j)
{
datatl = area *expCsqr(a));

a += a_step;
)

)

S"1;f,äl¿åi.","1.;[h 
reduction yietds the tunction used to generate the
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void dpeak(REAL data0, REAL tr REAL sigma, REAL heighÇ int dataJcoints)
{
REAL area = heigh / sqr(signn);
REALT = 0 -ù;
REALa=t/sigma;
REALa_step= 1/sigma;
l=0-tr

lor( =9'¡ < data3loints; ++j)

{
REAL a_sqr = sq(d;
data[i] = area' exp({.S * a-sqr) * (a-sqr - 1);

a += a_step;
l

)

5-'i"1



R]VIS ERRORS

Let D(x) denote ftre true derivative described by eqn 5.5 and
De(x) denote the derived derivative determined. experimentany.

I¡r those cåses where the goar is to d.erive the second derivative
of a Gaussian peak, accuracy can be assessed by comparison with the
true derivative.

The measure of rerative error between t].e true and derived
derÍvatives must be independent of the three parameters, o, a and the
maximal band intensity, which describe the Gaussian p"ak. It u¡ould be
convenient if it were possibte to determine t,,e error based on the ratío
of the derived and true derivatives. The RMS sum:

MA ALS ond M DEVELOPMENT

s2 = 
-l--(3_ 1)

A robust method for determining the relative error is to normarìse
tJee difference of the sum of squared deviations:

s2
2ú

+0.5Ê

) (Dtto - Daro)
-0.5ß' t

2
I

¿=
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REAL rms enor(REAL datal Û, REAL data2[, REAL height, REAL sigma, int data--¡rcints)

{
REAL s = 0;

for( = g' j < data-1rcints; ++j)

{
REAL temp = datal ûl - data2[j];
s += 5qr(temp);

)
5 = sqrt(s / (REAL)datajoints);
retum(sqr(sþnn) / height' s);

)

Convolution.

The convolutions described in the chapter on derivative methods

u/ere based on a third order polynomiel as described by Savitzky and

Gol"yl. These authors tabulate these convolution integers in their Table

VI for m = 2."L2, where we recall the relationship nl3 = 2m + 1. Convolu-

tion wid.ths were required for m up to several hundred. The sets of

convolution integers are sJimmetrical and are therefore fully described

ty cj, j = o..m and the normaliser cn. For increasing m the following

atgorithm returns the convolution set:

#define OERIV2-CENTRE-tsASE -2
#defìne DERIV2-CENTRE-STEP 2
#define DERIV2-CI-STEP 6

#define DERIV2-CI-BASE -3
REAL gen-2deriv-ci(int m, REAL cit)
{

¡nt j; f general courÌter *l

REAL s = 0; f cumulative counter */

Ê* generate cenùe coeffìcient */
l=m;
while( > 1) s += j-;
ci[O] = DERIV2-C ENTR E-BASE - s * DER I V2-CE NTR E-STE P;

f* generate renraining coefficients */
REAL step = DERIV2-CI-BASE;
forQ=1'j<m; ++j)

citjl = citj-11+ (5t6p += DERIV2-CI-STEP);

f* generate normaliser */
5 = sq((READc|IOD;
for( = 1' j < m; ++j) s *= (2 " sq(cit));
retum(s / 6.0);

Ì

No attempt.was made to determine the derivative for the m end

points at the stårt and end of the source data set. The size of the source

data set was alc/ays larger by 2m points ttran required to allow for the

loss of m points from each end. To avoid problems when graphing, the

end m points were set equal to the m+lth point in from each end
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respectively. The diagrams presented in this thesis do not display the m
end points where convolutions were involved.

In those cases where smoothing was required, a third order
pol5momial model was used as tabulated by savitzþ and Golayf in their
Table 1. As for the derivative coeffi.cients, the following function gener-
ates sets of coefñ.cients for any m:

#defi ne SMOOTH_CENTR E_BASE 5
#define SMOOTH CENTRE STEP6
#defineSMOOTH Cl STEP 10
#define SMOOTH Cl BASE -5
REAL gen_smooth_ci(int m, REAL ci0)
(

¡nt j;
REAL s j 0;

f* generate cente coefficient */
j= m;
while( > 1) s += j-;
Ci[O] = m * SMOOTH-CE NTR E_STEP + SMOOTH_CENTR E_BASE;

f* generate remaining coelficients */
REAL step = SMOOTH_CI_BASE;
for( = 1' j < m; ++j)
' citjl = ci[j-1] + (5tgp += SMOOTH_CI_STEP);

f* generate normaliser */
s=0;
for( = 1' ¡ . ¡; ++j) s += ciljl;
retum(s * (LONG)2 + (LONG)c¡[0]);

Ì

1 Savitkzy. A, Golay. J, Analytical Chemistry, Vol 36, No. 8, JuIy 19(/.,
7627-1,639
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The function for the convolution is:

void convolute(REAL source[, REAL desfl, ¡nt po¡nts, REAL ci0, REAL normaliser, int m)
{

int x;

for(x = m+1; ¡ i (points - i); ++x)

{
REAL sum = 0;
for(¡ntj= 1;j < m; ++j)

sum += (source[x+j] + sourcelx-jD * ci[¡];
sum += sourcelx] * ci[o];
ifbn) then sum /= norm;
des{xl = sum;

)

for(x = 0; x < m; ++x) des{xl = sourcelm+1];
for(x = points; x > po¡nts - m; ++x) des{xl = sourcelpoints-m-11;

l

FFT.

The FFT was implemented as described. by Press et all. The only
modification made was to subtract I from all array indexes" This is
because an n element array in C is indexed O..n-I v/hereas in Pascal and

Figure 5.8 rnn HALF-
BANDWIDTH mea-

urement is shown. This
re is fast end easíly ap-

ied to any peak shape no mat-

how distorted.

Fortran the indexing is from 1..n.

Band NarrowÍng Assessment.

Before examining the band narrowing ability of a proposed filter
we must define the measures by which the performance of the fiIter can
be assessed.

There are three factors to consider:

Band narrowing"

1 P¡ess. H, ef al. Numerical Recipes, The art of Scientific Computing.
Cambridge University Press, 1987.

F,,il
peok
height

Hof height
peok wklth

Hof
peok
heighl
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Band distorbion.

S/N degradation.

Band narrowing is the desired effect wtrile both band rlistortion
and S,zN degradation are detrimental side effects which limit the degree
of usefi:l band narrowing that can be achieved

Because of the distortion of the band shape as a result of the
band na:rowing procedures, it becomes necessary to introduce a practi-

cal measure of narrowing. I have
used the ï/idth at half height to
monitor narrowing which will be

expressed as 9ó narrowing rela-
tive to the input band, referred to
as the "relative band width", and
denoted by ð. The full height is
taken as the band peak down to
the first mirümurn as depicted in
figure 5.8. The accuracy of the
half width measure is refined by
interpolation as shown in the fol-
lowing code fragment.

Figure 5.9 pn,q,x DIST?RTION is REALhaÌr-heishr-width(REALdata[,

mensured as a penk excess %. This para- foNG 
ooinæ)

meter, which ís the percentage of the aþs¿- LONG j;

lute area beyond the filst miníma, is easily lEîi iÎÏ,;*t"'
measured ønd independent of band shape. 

points /= 2;

/fünd bottom of peak
j = points;

while((data[jl > data[j-10 and j) j-;
il() half_height = datalpointsl - (datalpointsl - dataljl)/2;
else hatf_height = datalpointsl/2;

//refine half height width by interpolation
j = poinrs;
while(datal-jJ > half_height);
hhw = points-j-l;
þþv'¡ += (i¿þ[j+1] - half_height) / (data[j+11- ¿ata[j]);
retum(2*hhw);

l

Noise degradation is expressed as a S,/N degradation factor.
Althougþ simple sounding, the S/N degradation factor ís not trivial in
its determination" The procedure employed was:

Two data sets were generated: First the noise free gaussian band; Second
thenoise.

The RMS of the noise was determined and a S,/N ratio relative to the
band maximum determined.

Peok

\tÅt)\v
ofeo
Peok
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FFT's we¡e performed on both data sets separately.

The two data se[s were convoluted with a band narrowing fitter and
transformed back to the time domain.

The RMS of the noise was determined and a S,/N ¡atio relative to the
nar¡rowed band maximum determined.

The s/N degradation is t}re ratio of the origþal and finat s/N ratios

The noise generator used is part of the Turbo C compiler and
uses a multiplicative congruential random number generator with a
period of 232 to return successive pseudorand.om numbers between 0
and a specified maximum. The ra¡dom number generator was seed,ed.
with a number determined from the processor clock. A targe sample of
random sets were transformed to t]:e Fourier domain and checked for
random phase and power spectra. The random number generator per-
formed well with no evident order in the phase or lrcwer spectra.

For quantitation of t].e peak distortion I have introduced a new
parameter, peak excess. As described in the chapter on Band narrowing,
the form of peak distortion on band narrowing is oscillating side lobes.
frlô^rt' +l-ô -^I^].'-,^ ^-^^ :- ¿L^^^ ^rJ^ l^L-- - -r t-v v*^J u¡ç rv*qyç accr ul LrrcÞç ùl(rc ruLt:s auus co[rprexrty ano oetracts
from the goal of band narrowing. The peak exc€ss is defined as the
percentage of totar absolute area included in these side lobes" For
computational simplicity the definition is reûned to: The percentage of
total alsolute area beyond the first minimum [central band. extent) from
the band centre. This is depicted in ûgure 5.g and explained fully in the
follpwing code fragment.

REAL peak_excess(REAL dataû, LONG pcints)
{
REAL peak = 0;
ÞFÂl aw^^-- - n.r rs r! e^wgJg - v,

LONG j;

points /= 2;

j = points;
while((datafl n dataü-11) and j) peak += fabs(dataü-D;
if(!j) retum(1.0); //100% peak
while(-j) excess += fabs(datatj};

retum(1 - þeak / þeak+excess)));
l

The overall procedure for analysing the perforûrance of a given
filter is best described by the following code fragment.
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REAL rms(REAL dataû, LONG poinls);
void noise(R EAL amplitude, REAL data0, LONG points);
void peak(REAL datal, REALtr, REAL sigma, REAL he¡ght);
void realtft(REAL datafl, LONG n, LONG isign);
void fft_gaus(REAl dataO, BE Lù, REAL gamma, LONG points);
void fft_gaus_sq(REAL data0, REAL r, BEAL gamma, LONG po¡nts);
void fft_exp(REAL data[, REAL r, REAL g, LONG points);
void fft_e_sqx(REAL data[, REAL t, REAL g, LONG points);
R EAL ha tf_heig ht_widt¡ (R EAL data [, LONG pci¡nts);
REAL peak_excess(REAL data[, LONG points)i

main(int argc, char *argdl)

{

LONG points = 256;
LONG fpoints = points / 2; // number of complex points for FFT
REAL*pl = new REAUpointsl; // noise free gaussian peak
REAL rp = new REALlpointsl; // gaussian poak
REAL temp = new REALIpointsl;
REAL sigma = 20; // gaussian variance
REALT = 128; // gaussian mean
REAL heigil = 1; // gaussian height
REAL gamrna = 2 * M_l I / sigma; // founier variance of gaussian
LONG j; i/ general counters
REAL t = 20; // flter paramete
REAL g = P9' // filter Parameter
REAL phw; // gaussian hatf width
REAL h_w; // half width of fihered peak
REAL pp; ll % valid peak
REAL rms_no¡s€; // unfiJtered n rrse

REAL rms_fn; // rms filtered norse
void (*filter)(REAL data[ , REAL r, REAL gamma, LONG points);

5-21



MATERIALS ond METHODS DFVFIOPM ENÏ

// select fher to be tested here
fher = fft_laus;

for0=0' ¡ < pointsi ++j) p[j] = 0;
ror(=9' ¡ < po¡nts; ++j) p1[] = 0;
p€akþ, t, s¡gma, heþht);
phw = half_hei ght_widfr þ, points);

noise(1.0, p1 , points);
rms_noise = rmsþ1, points) / pþointsl;
t= 10;

// nested loop for testing two parameter filÞrs
for(g = 2' g < 1@0000; g *= 10) {
cout<g<1n';

for(t=5't<20; t+=1){
memcpy(temp, p, points * sizeof(REAL)); // get copy of noise free band

realtft(temp, þoints, 1 );
fitter(temp, t, g, points);
reafft (temp, fpoints, -1 );

i/ l-f- I tnþ roun€r oomarn
// convolule with fitter

i/ lnverse FFT back lo tirne domain

h_w = half_height_width(temp, points); // determine half height widlh
pp = peak_exc€ss(temp, points); // determine band excess
REAL height = tempfipoints]i llheight of nanowed band

nremcpy(temp, p1, po¡nts'sizeof(REAL)); // get copy of noise
reafft(temp, fpoinrs, f ); ll FFT
fifter(temp, t, g, points); ll ilter
reafft(temp, fpoints, -1); // lnverse FFT

^^ a^ - 
-^/.^-^ 

^^i-.^\ , L^:^L.. ,, r^.^-:-^ ôtrrrrrÞ_rrr - rrrrJ\rÞrrrp, l!ilrrù/, rrvrvtrar ,t u9t9tiltrtt9 9ttl

REAL nr = h_w / phw; // detennine nanowing as %
rms_fn = rms_fn / rms_nolse; // determlne S/N degradation
cout < t <'\t'< nr.'\t'. rms_Ín . '\t'. pp <'\n';

lllt
Iilg

)
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Spectroscopy

Spectra were collected on either a Varian Cary 22OO or a Cary 3
spectrophotometer" Unless otherwise noted, temperature control was
used and set to 25 C. The benzene vapour phase spectrum was collected
at 90 C in a nitrogen at'nosphere with 0.2 nm slit width, 0.O2 nm
resolution and síg¡al averaging time of 1 s (33 samples on Cary 3).

Solutions of proteins were alwa5rs centrifuged and filtered througþ aO.22

¡r ñIter immediately prior to analysis. Unless other.wise noted, cuvets
were capped, matched I rnl quartz with a lcm path length. Other
nominal settings for solution spectra were: 0.6 nm slit band v¡idth
(triangr:lar slit); O.O2 nm step; 6.0 s averaging time (198 sarnples on CarSz

31. AIl data were exported as ASCI pairs of x and y data. All protein
refolding solutions were allowed to equitibrate for at least I hour prior
to analysis.

Reagents.

All solutions and reagents were of analyticâf grade unless other-
c¡ise noted. Solvents were of spectroscopic gfade.

Analysis and Graphing.

All results were output as 19 digit ASCtr n 'rnbers in a format
suitable for direct import into Excel [Microsoft spreadsheetJ. All charting,
statistical and other final anafysis were then carried out in Excel" Any
non-trivial reduction or merging of results was performed by coordinat-
ing programs written in C prior to the results being imported into Excel.
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This, and the next chapter v,¡ilf deâf with the first hypothesis

The First H nEoual Information Hvoothesis"

It is possible to extract from/enhance the spectra of molecules
in a liquid phase most of the detail,/information that wor¡td be available
from a non-enha¡rced gas phase spectrum of that molecr¡le.

Tests:

The first hypothesis would be supported u'ílísing a molecule
whose spectrum ca¡r be collected irr both gas and liquid phases. If
enhancement of the liquid phase spectnm yielded a spectrum closely
resembling its gas phase s¡rectrum, the hypothesis would be supported.
If it could be shown mathematically that it is not possible to narrow a
SFecfJâl band (and thus i::cro-asp ¡a¡lnfinnì ftran fho lrrrmthcsis vnr:!¡.l

be proven false.

The basis for this hypothesis is that while the envkonment (gas
vs. liquidJ may change, the causal factor generating the spectrum
(absorption of photons by a molecule) does not change. The environment
may rlisf6¡¡ (ba¡rd broaden) all of the absorption bands and may even
shi-ft some bands, never-the-less the great majority of bands will still be
present. Same molecule, same information, at least in principle. Due to
band broadening in solutions, the casual ohserver may think the Lnfor-
mation content is considerably less than in the vapor phase but this is
not the ca.se. The information is there, but it is smeared out, with many
bands whichwould be resolvedin the gas phase now overlapping. There
is no question of retention of all the information in going from the gas
phase to a solution, but rather a question of to what degree the smearing
effects can be reversed, given experimental data contaminated s¡it}r noise
from various sources.
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Result:

The hypothesis is supported and demonstrations are given of
enhanced liquid phase specka rx¡hich closely match tJee corresponding
vapour phase spectra. The penalty for the resolution enhancement is
degradation of the signal to noise ratio (S/NJ" The liquid phase spectrum
requires data collection times some 200 times longer to reduce the SrzN

to a level v¡here, after enhancement, the spectrum looks similar (and has
a sirrilar S/N ratio) to the corresponding vapour phase spectrum"

The figure 6.1 demonstrates the ability of the enhancement
techniques developed in resolving the liquid phase spectrum of benzene.

Fígure 6.7 The enhanced spectrum (green), deriued from the solution spectrum (red), closely

matches the aapour phase spectrum (blue)" The enhanced spectrum was generated with a 1.0 nm (51

point) cubic second deríuatîue conuolution as described in the text. The uapour phase spectrum uas

measured under nítrogen against a nítrogen reference at 90 C. Benzene was díssolued in ethanol for
the solution spectrum which was referenced agaínst ethanol at 25 C. The spectra were collected on a

Varian Cary 3 spectrophotometer: slÌt band. width 0"6 nm (solutíon spectra) and 0.2 nm (uapour phase

spectra); resolution 0.02 nm; samples aueraged 33 (aapour phøse, 7 second) and 798 (solution, 6

seconds ,/ waaelength step) " The solutíon spectrum was recorded wíth a larger slit band,wìdth ønd more

points aaeraged to íncrense the S/N to a leuel where spectral enhancement ís possible.
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$rhy second derivatíves ?

Figure 6.2 shows a Gaussian ba¡rd and the second, fourtJr and
sixth derivatives of the band all normâlised to the sârne height. The
desired featr¡¡e of the even derivatives is the narrower central peak. The
odd derivatives are also band owed except that they are non-sJrn-
metrical, making visual interpretation of odd derivative spectra difficult"

Fígurc 6.2 Second (red), fourth (green) and. síxth (orange) normalised de-
riuatiaes of a Gaussian (black) band.. Each successîue higher euen deríaatîue
adds one more síde lobe and narrows the central band.

As can be seen, the higher the order of the derivative the greâ.ter the
degree of band narrowing. The drawback to derivatives is the generation
of the negative [osciJlatin$ side lobes" The higþer the derivative order;
the larger the magnitude a¡rd number of side lobes. These computer
generated ¿nd nqrmelised derivatives do not show the relative ampli_fi.-

cation of noise as the derivative order increases" This amplification is
proportionar to the rate at which the peak arnplitude of the derivatives

falls 6ff, whieh is { where n is the order of the derivative" Taking all ofsn - --
these factors into account, it is not beneficial to go beyond tl.e second
derivative. Going from the second to fourth derivative introduces far
more noise than the sligþt ímprovement in band narrowing warrants.
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Figures 6.3 and 6.4 demonstrate the resolution enhancement for
simple two band overlaps gained from the second derivative.

Figurc 6.3 The second deriuatíve (solìd
red) resolaes two ouerlapping Gaussianbands
(solid blue). The indiaiduøl Goussian bands
(blue dots) and ind,iaídual deríaatiaes (red
dots) are ølso shown.

Fìgurc 6.4 The resolution oJ two Gaussian
bands of unequal area ís quite dramatic. The
two Gaussian bands are separated. by the same
distance as in the accompanyíng fígure. The
second deríaatiae (solid red) resolaes two oaer-
Iapping Gaussían bands (solíd blue). The indí-
uídual Gaussîon bands (blue dots) and
Ìndíaidual deríaatíues (red dots) are also
shown"
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Granularitv

What is the effect of granularity in the x and y axes (time and
magnitude)? Hov¡ does this'lirnit the ability and extent to which the data

may be enhanced?

Time granularity

It is possible to eliminate [in practical terms) the granularity in
the magnitude by dealing whotly in reat numbers (20 signiñcant digitsJ.

It is not practicel to reduce the granularity in the time axis to the same

degree [this would require a 0 lband limit parameter) of 1020 points).

Therefore the relationship between the ability to accurately extract the
second derivative from a computer generated (real numbers) band for a
varying number of points (time granularityl in a band provides an
absolute best llaseline to compare ail subsequent performances to.
Figure 6.5 shows the experimentally determined relationship between

the number of points in such a band and the accuracy with which the
second derivative can be extracted. In this experiment an optimal

eonvolution v¡id.th parameter to band width parameter 
Ç4o) 

,aUo [deter-

Fígure 6.5 fne accuracV of the second deríutiae extractíonby LSPP íncreases

(decreasing error) as the number of data poínts used to represent the band

incretses. This fìgure shows experímentally determíned error, In(s), ín the second

deriaatiue as a lunction of ln(m) (the conuolution width, B = fun+7). The ratio of
mlno roas held constant at 7. In spectral terms thís means that once an optîmum

conuolutíon wídth parameter ($ expresseil ín nm) has been determined, the hígher

the resolution (more poíntdnm) the better the LSPP wíll work.

minatíon of the optimum ratio will be demonstrated shortlyJ was main-
tained while the band v/idth parameter, ou w¿ts increased. the relatÍon-
ship was determined to be

-2.6

-2.8

-3.0

-3.2

01 0.9 1.1 1.3 1.5 1.7 1.9
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6l
s(o) = e(-o.56 ln(no) - 2.rr)

where s1s¡ is the RMS error in the extracted second derivative. A
band lírnit para-rreter of 0 = 6 o describes the entire band for practical
purposes.

It is important to consider tJ:e case of bands represented with
very few points. It is impossible to reduce the convolution v¡idth para-
meter of a third order LSPP derivative convolution below 5 points [m=2J.
The efiect of reducing the Ê/o ratio to beyond certain lirnifs can be seen

by comparing figures 6.6 and 6.7. For a constant band width, as the
convolution u¡idth increases so the derivative c/ilt be smoothed out more
and more to the point depicted in figure 6.7, where the derivative is
actually broader than the bandl Therefore if the data are too coarse (very

granular) in the time domain then band narrowing by derivative pro-
cedures is not possible, This also applies to all of the other procedures

I have studied: There is an absolute minimum requirement of spectral
resolution below which no band narrowing (spectral enliancement) is
possible. For the present it is clear tllat the absolute minimum for some
band narrowing using LSPP is 7 points per band [figure 6.6 np=71.

Fìgure 6,6 eband wíth a wídth

of no = 7.33cøn just be narrowedby
LS PP differentíatíon. The conaolu-

tion wídth useil here (nlJ = 5) is the

mínimum possíble lor a third order

s eco nd deriuøtiu e p olynomíal.

Fígure 6.7 ror aera natrow
bands, the deriuatiae generated by

the procedures described in thís

chapter is actually broader thøn the

origínal band. Thís band shownhas

a no = 0.5"

1(1034

-2 488{41
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In the next experiment the band width was ûxed and the convo-
lution width was varied. The error in the derived. d.erivative is plotted.

against the u¡idth ratio defined ar¡ rrr = #. o" the ratio increases much

above I fthe convolution s,idth is wider ttran the band widtlù, the
derivative becomes smoother. This smooilring introduces an eror a¡rd.
as figure 6.8 shows, it is better to use the na¡rowest convolution width
possible. The error due to smoothing depicted in figure 6.g is

62
E(wò = 

"(2'I 
In\u:ò - 2'9).

combining these equations we can arrive at an equation which
given band and convolution widths predicts the RMS error d.ue to
smoothing alone (no mag¡itude granr:larity yet).

Magnitude granularity

Magnitude gfanr-'larity is a nnuch rncre serious problcm than fime
granularity. In the time domain (wavelengþ or v/avenumber for spectra)
there are discrete points, and a minimum intervar at which data may be
collected. Nevertheless the location of these points is accurately defined
with little eror associated with their position (the spectral accu.racy
always significantly exceeds the minimum selectable interval between
data points). This is not the case
for the response [magnitude).
Given an accurately selected
wavelengtJe the possible response

[absorbance) is continuous.
Therefore the granularity intre
duced by the A,/D conversion in-
troduces a considerably larger
error than the eror in ttre selected
wavelengths. In essence, al-
thougþ tl-e time domainis granu-
lar it is not in error c¡hereas the
response domain granularity
represents an error.

Described more formally:
A spectmm is described by two
variables. Experimentally either
variable can be very accurately
defined for some set of equally
spa.ced but fixed values. With only

û1

ú

t

Ð @ @ t4 oa ta

ln(wr)

Figurc 6.8 es the conuolution width
parameter, þ íncrenses for a fixed band
wídth, no, so the error in the deríaatiae
increases" These results were obtaîned
wíth a band wídth, no = 20, using a noíse

free band. The error íntroduced øs þ in-
crenses is due to smoothíng and ís accom-
panied by a decrease ín S/N of the
deríuatiae for noisy data as shown in fíg-
ure 6.70"
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one degree of freedom only one variable can be accurately known [set)
so that the second variable will only be approximated within tJ:e resolu-
tion for that variable"

All spectrophotometers use wavelength as tJ:e input variable and
the absorbance as the ouþut variable. It would be quite easy to construct
a spectrophotometer with the absorbance as the input variable and the
wavelengtJr as the output variable. However this would not improve the
overall performance or quality of experimental spectra.

Given the high accuracJ¡1 [20 bit resolution) of modern research
instruments, it is v¡orth considering the reasons why the spectral ba¡rds
recorded may have a significantly lower resolution. nirstly the full
resolution is scaled to cover the maximum absorbanc€ range of the
instrument. On most high quality research instruments this will be an
ahsorbance of -0.5 to 4. This means that an instrument with an
absorbance maximum of 4.0 and a 20 bit A/D converter will only have
18- bit resolution for a peak absorbance of 1.0. In any relatively complex
spectra (in a liquid phaseJ, the spectral envelope s¡ill be the summation
of many overlapping spectral bands. $pically a sin$e isolated band may
only have an absorbance maximum of íclo of the envelope. This now
reduces the resolution for that single band by another 4+ bits to 14- bits.
It is quite likely that for any number of reasons it may not be possible
or desirable for the absorbance to exceede 0.1, which now means that
our average spectral band has approximately only 1O bits resolution.
Should we be interested in a minor band or if the instmment does not
employ the highest quality 20 bit A/D [some older machines have as low
as 12 bit A/D's, althougþ 16 bits is common) then the number of bits
resolution per spectral band may drop to 5-9 bits.
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Clearly it is sensible to consider the performance of band nar-
rowing techniques for resolutions of 5 bits upwards to cover all eventu-
alities"

Figure 6.9 and 6.10 show the error in deriving the second.
derivative for varying magnitude fnumber of bitsJ granurarity as a
function of InQuò. Figure 6.9 is a tog:log version of figure 6.10 and
demonstrates tlle superposition of tl:e 'ime and magnitude granularity
effects which have approximately equal slopes of opposite signs.

or
7

I
1

ût

{t {.r ¡.a 42 0 û2 ca o!

ln(wr)

0@
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0ü I
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13
0

{6{844420020a0€08
ln(wr)

Figure 6.70 The error in the deríu-
atiae is determíned by two faetors. One
is the error due to smoothing, shownbg
the dashed line, whích is the same as ín

figure 6.8" The second is due to noise,

represented here by decreasing bits
resolution" The results obtained here
(and elsewhere) are the same when ran-
dom noíse of equiualent peak-penk (p-
p) excursion is used instead of
sígnifícant bíts resolution (íe 5 bits
resolution = p-p S/Ì{ of 32). All other
parameters were identícal to those used

to generate fígure 6.8"

Figure 6.9 This figure ís the same as

figure 6.10 with a !ínear y axis (error).

It seraes to híghlight the VERY rapid
degradatíon of the deriaatíue away from

the optimum (9 = 1) at lower"m
resolutíons (hígher S/N).
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Extrapolating the error contours in ûgure 6.9 from the left fsmall
convolution width) gives a set of zero intercepts plotted in figure 6.1I.
The average slope of these extrapolations is -2.7 .lheexpression describ-
ing figure 6.1l is

Figure 6.77 The ln(ml) = 7 in-
tercepts of the data (extrapolations

of the resolution error from smaller

ln(wr)) depícted in fígure 6.70 are

plotted here. As described in the text

this fígure demonstrates the

relationshíp b etween the íncreasíng

error ønd the reducîng S/N (increas-

ing bits resolution) for any gíuen

. -mra.trc ot 
-.'nõ

63
.E(intercept) = e(-0'33 intercept - 0'65).

From this equation it can be seen that the er:ror contribution from
magnitude granularity alone (ignoring the effects of smoothing; convo-

lution v/idthJ is proportional to 
"*/t 

*h"." N = the number of bts
resolution.

For any given number of signiûcant bits resolution the error is

proportionalto e-2'7ln(urd ¡o. [convolution width < band. variance), and

.2'r tn\wò for (convolution wid.th > band width).

The exact form of these relationships is not as important as the
trends and their practical impact. The net conclusion is that there is an
optimum ¿¡rr ratio of 1 for the best results over a wide range of band &
convolution widths, and signifi.cant bit resolution. Furthermore the
lower the number of significant bits [ower S/NJ the more critical is to
select the correct convolution v¡idth. Finally as the mrmber of significant
bits exceeds 12, the convolution width selection becomes less critical,
v¡ith smaller widths being better.

Using a convolution u¡idttr of 1.0 nm: Figúre 6.1 at the begining
of tJle chapter depicts the spectral enhancement of the solution spectrum
of benzene in ethanol, and compares it u¡ith tJ:e vapour phase spectrum.
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lntroduclion

There are fundamental differences between LSpp and FFT pro-
cedures which render any attempt to com¡rare the two techniques
directly rlifficult. Eì,oth techniques are applied here to the enhancement

extract a well deûned function of spectral bands fthe second derivative)
while [practioqlJ FT]l methods are desigþed to narrow the bands only,
without predetermining the ouþut ba¡rd function. Both methods are
constrained by noise gain and smoothing errors. Frowever, while the
accuracy of tlle ISPP methods can be assessed by comparison v¡ith a
known band functÍon, the FFit procedures developed here have no single
output band function as¡ a goal. some irútial trial comparisons of LSpp
and FF r methods both perfo g second derivatives proved futile (a¡r
FFT based approach to second derivative generation fares very badly
compared to LSPP proceduresJ

Figure 7.7 The enhanced spectrum (green), deriaed from the solution spectrum (red), closely
matches the aapour phase (blue) spectrum. The enhanced spectrum was generated. with a Gaussían

fílter n¡ = 75, n^¡ = 23as d.escribed ín the text. The aapour phase spectrum uns rneasuÍed under nítrogen
agaínst a nítrogør reference ot 90 C. Benzene was dìssolued in ethanol for the solution spectrum which
was referenced agoínst ethanol at 25 C. The spectra were collected on a Varian Cary 3 spectrophoto-
metet: slít band wîdth 0.6 nm (solution spectra) and 0.2 nm (uapour phase spectra); resolution 0.02
nm; samples aaeraged 33 (uapour phase, 7 second) and.198 (solutíon, 6 seconds/wauelength step).
The solutíon spectrum was recorded with a larger slìt bandwîdth and more poínts aueraged to increase
the S/N to a leuel where spectral enhancement is possible.
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It is a decidedty non-trivial task to design and carry out mean-
ingfrrl tests of the relative performance of the various FFll filters devel-
oped.This chapter chronicles two major tasks: First the development of
tJ:e concept of, and practical approaches to, ideal band narrowingi a¡¿
Second the implementation and evaluation of the fllters developed.

The net result is shown in figure 7.1. Close comparison with the
equivalent figure illustrating the LSPP method and shown at the begin-
ning of the last chapter reveals a significant improvement. What is not
obvious from this ûgure is the robust nature of the ñlter used and its
excellent performance with respect to S/N maintenance for a given
degree of spectral enhancement.

Fourier methods

Ideal smoothíng and band narowing.

As noted earlier, convolution and deconvolution in the Fourier
domain simply involves the multiplication or division of the successive
members of each function. With this simple fact in mind I will address
tJ:e next question.

What is the ideal fgaol) in spectral enhancement, given that the
source spectrum consists of overlapping Gaussian bands?

The answer is: To narrow the band widths, without distorting
their shape or area, to an extent that the majority of the bands no longer
overlap.

The LSPP covered in the previous section rlisfoft the band shapes
and areas. In addition any derivative method will introduce extra peaks
in the form of side lobes.

Using Fourier methods I have devised a way of narrowing tJ:e
bands without changing their form or aÍea. Unfortunately the method
is not applicable in its pure form to real data as it is very sensitive to
high frequency noise. However ttre approach does provide a general
method for smoothing arry data of known function without distorting
the function form or area.
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Iæt;(x) be the sourc€ function of some known form. Iæt¡fn(x) be
a function of the same form a¡rd area as fix) but with a narïo'wer
bandwidth.

We seek a transforming ftrnction which, by convolution, relates

Jn&) to j,x).

If the Fourier transforms Fn(a) and F{ø) of the function exist then
the problem is solved. in the form I

..7 "I
F¿(a)=fIø).f(a)

where 7(a)is the transforming functíon sought in the Fourier domain.

We now consider;(x) and¡fn(x) to represent Gaussian bands of
the same area differing only in banduridth. Centred at x=0 and
t1s¡1¡alised to unit area the functions are given explicitly as

.7.2

(.')'

J"ó

1

-flx) = =e2Õ42rÍ,

r I lxìz
f"(x\ = ,fu "-"4"")

L la\z
F(a) = enli)

Here the parameters o and on define the bandv¡idths. For exam-
ple, the bandwidths at half maximal intensity are given by o/e8lñCÐf and
on{8h[Ðf, respectively.

The co¡responding Foi-rner tra_nsforms are evaluated [append.ix
A) as

74

76
I

Fn(a) = e-z (,'l'

*ith t = o-l and ln = o[1. The independent variables in the two
domai¡rs are related by

1 R.N. Bracewell, The Fourie¡ Transform and its Applications, 2nd ed.,
1978, McGraw-Hill, New York, p. 108
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76
2n
ct,

Thus the Gaussian function has the important property of having
the same form in both the Fourler and tlme domalns. As the Gaussian
function is always non-zero tn both domalns, a transformtn¡g functlon
must exlst and is given by

7.7
t z(t t\

r(a) = e-to v"-7)
7.8

-t
:Þo

zl z z\cr [on-o J

eo

For smoothing (band broadening), o'n ) o and T(o) has the form of

.7.9
2

d"

For enhanclng (barrd narrowing), on ( o and T(q,) has the form of

."7.LO

For on = o, as required, T(o) = l.

Since a Gausslan function retains its form ln both the time and
frequenry domains, it is evident that convolutlon of a Gaussia¡r. function
with another (unity area) Gaussian functlon results ln tdeal smoothing.
That fs: with no distortion of shape or area; the only parameter affected
is the b and width, o, whlch lncreases. Thts method is practtcal and works
well on real world data.

Unfortunateþ the converse process of ideal band na:ro\¡¡ing, as
given above, ls not practicalþ appllcable for any stgntficant nanowlng.
The reason for this ts the ecponenttalþ lncreastng frequenry response
required for ideal band narrowing. If left unchecked, an exponentially
increasilg frequency response results ln an output of effecttvely pure
noise. Howeveç accepting that we live in a real world where the source
data are already comprorilsed, there ls a way to closeþ approach ideal
band narrowing. The questlon that requires ariswerjng ls: Can the high
frequency response be attenuated tn a way that does not slgnitcaltly
detract from ideal band narrowlng, and is thls practical to implement?
The answer is a-imost; but there is a comploc trade-off between S/N,
band nanowleg and band distortlon (stde lobes). To achleve band
narrowlng of noisy data some combinatlon of S/N degradatton and band
rìlstortionmust be accepted. A cholce between S/N degradation orba¡rd
distorLion can be selected at wlll. It is even possible to band narrow and

7-5



BAND NARROWING

lncrease S/N at the same tlme, but the trade off ts signlficant band
distortlon (stde lobes).

Practical band narrowing.

Consider smoothing fl¡st: While the signal (Gausslan) jn the
Fourier domain falls off wtth tncreasing frequency, the noise spectrum
remai.ns flat (forwhlte nolse) at allfrequencies. Beyond some upperltmit
the Fourler power spectrum effecttvely contains only nolse. Clearly we
can lgnore thls noise uslng a cutoffftlter to llmtt the frequency response.
If the cutoff ls set at a frequency where the S/N ts below 2 then there
will be no signlficant loss of lnformation at the same time as the noise
is reduced. Ðven wlth such a cutoff filter it is not possible to lmplement
an oçonentlally increaslng frequency response. The reason is that the
last potrrts Just before the cutoff are glven the most weight and also

contaln the most noise. Thls results ln an unacceptable degradatlon of
the overall nolse content.

Brlefly then the problems caused by sharp cutoff filters are: the
greatest welght is glven to the frequencyJust below the cutoff; this one
frequency may now dominate the entlre filtered spectrum. In the extreme
we end up wlth a notch filter (the ultlmate bandpass filter) whlch passes

only one frequenry. Unless the source data was a pure sinusoid of this
frequenry then thls filter ls useless.

Clearly the frequency response must be attenuated smoothly to
reach zero response at the cutoff point. Ideally attenuatlon should match
the rate at which the S/N falls off. Obviously the S/N will decrease at
the same rate as the functton decreases. Thus for a Gaussian band we

arrlve at an attenuatlon filterwhich we demonstrated earlier ls the tdeal
smoothlng ftlter: the Gaussian ttself of the general form glven by equatlon
7.2.

Turning next to band narro\¡¡ing, the ideal response to narowing
a Gausstan is glven by equatlon 7.9. However, if one combtnes the real
smoothtng functlonwith the ideal narrowtng functlon the two cancel; for
a Gaussian band it ts not possfble to implement ideal smoothing and
tdeal band narowlng stmultaneousþ. One is obliged, tÏerefore, to
consider non-ideal filter functions.

The ldeal smoothing and na:rowing functions do not alter the
shape of a Gausstan band. Ttrls ts no longer true for arry other filter
function: relatlve to the ldeal there wiil be an i¡rcreased frequenry
response centred at some frequency, f, say, in the Fourler domaln. On
corrvolutlon wlth a Gausstan band" and transformatlon back to the time
domaln, thts w1ll have lntroduced a cycllc modulatlon, of frequency f ln
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the Gaussian band. This modulation'will generate side lobes, such as
those seen in tJre even derivatives of tlie band.

Filter Functíons.

In this work I compared t]e effect of three distinct fi.lter functions
[which approach the ideal in different waysJ on band narrowing of
Gaussian bands.

The first fllter function to be considered here is based on requir-
ing the optimum form of band narrowing, equation T.g, atlow frequen-
cies; the optim¡¡¡ ¡erm for smootþing, equation 7. 10, at high frequencies
a¡td a gentle transition between the two forms. A fllter function fitting
these reqr-rirements is a Gaussian barid, denoted by FG(a), centred at
some non-zero frequency, f, referred to as the peak location.

Explicitly, the filter function is

."7.rr
FG(a) = explþ:Å

["J

Instead of the ba¡d width parameter, 16, it is more convenient for
tJee computations to use a "gain factor", g, defined by

..7.12

t

g= FG(fr
rq0)

and related to ttre band v¡idth parârneter of the ñtter function by

..7.13
2

"t J=

The effect of the filter, in addition to smooüring and band
narrowing, is the superposition of a cosine function on tf.e Gaussian;if
the original Gaussian is the firnction Z(x) tl,.en, as shown in appendix B,
the resultant function c¡i]l be of t]re form:

..7.r4
z(x) . cosÍ,x)
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The second fllter functlon may be called the Fourler derivative

filter and has the form stmilar to that recoÍrmended by Cameron and

Moffatt1.

.7.L5

FI{cr) = c/

where the smoothtng function is defined by srnc(x) : st¡(Vx, C ls

the cutofl polnts for smoothing and p is the EVEN derlvative power (for

example, p=5 ts a smoothed 6th derivatfve).

The thlrd filter function ls a combination of the ideal smoothing
form, equatlon 7. f O, wlth a band narrowing form of a lower power than
the ldeal according to equatlon 7.9:

(t(oY\ "7 '16

F{a) =..n"-fl.'rJJ

In the followtng sections the results using the three filter func-

tions on band na:rowireg of a Gausslan band will be described. The

Gausstan band used for the comparisons was of untt hefght with
no = 20 in a 256 point daia set; aü points wcrc useri irr caici¡iating the
Fourler transforms.

Ttre Gausstan fllter, FG(c¿), and the derivative filter, FD(o), each

requlre the choice of two parameters. These filters were first exarnined

independentfy 1rr order to find the optimum values of the parameter f,

the optlmum Gausslan fitter peak locatlon and C, the derivative cutoff
potnt. Subsequently the parameters f and C were kept fixed at their

optimum values and the three ftlters compared by varying only one
,- ^^^L ^^^^. i^¡- * f^- a-hÀ t-'^rrôõ¡ôñ ñ^rt'âr ñ fnr f'nc

uil'l ¡1lrrcLtrr lll trac,crl ud.Þç. É<urr, Èi, rur Lr¡v uquÐor4¡' l/v w w^ ' P ' ¡v¡ L¡¡v

derivatlve and smoothrng, yfor the exponential filters respectiveþ.

1 D.G.CameronandD.J.Moffatt,AppliedSpectroscopy,l'987,YoL.
47,539-54

,r.r[ä
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Gaussian fïlter.

Initial tests to determlne the valtd extents over which the
parameters should be varted indtcated the followtng ruurges:

Gain factors, g, of 1O to IOO,OOO,OOO.

Fllter peak locatton, f, of 5 to 20 untts.

Figure 7. 2 sh ows the relatlonshtp of b and narrowing to filter peak
location, f, for decreastng gafn, a. It can be seen that the minimum
reduced band width decreases wlth tncreasing galn and that there fs an
optlmum filter peak location for any given gain factor. The minimum
achievable reduced band wldth goes from O.8 to O.4 for gains of IO to
1OO,0OO,OOO. The relatlonshlp between the mlntmum band wtdth reduc-
tion posslble and galrÌ is shown in figure 7.3. Clearly tt ls extremely
difficult to achieve 50o/o or better reduced band width.

ô

8096

6oic

1ù*

I I 12

I

'16

ô

0 2 1 6

log(g)

Figure 72 The reduced band
width decreases as the amplification
increases. Frombottom to top thelines
depict the reduced band width t'or de-

creasing log amplificøtion of 8..1. For
any giaen amplification there is an

optimum (minimum reduced band

width) filter position ff). As the am-

plit'ication increases this optimum oc-

curs at increasing filter position (f).

Figure 73 The minimum reduced

band width for eøch amplification is

shown. The aalues shown correspond

to the minimø for each amplification
shown in the praious figure.
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Fig¡ure 7.4 shows the relationshtp of band excess to filter peak
locatlon, f, for decreaslng gain, g. It can be seen that the band excess

decreases as the ftlter locaflon ürcreases for a given gain. For a given

filter locatlon tl:e band excess lncreases as the $ain lncreases.

Flgure 7.5 superlmposes the band excess at the specifìed gain
values obtalned from fìgure 7.4" on the band narrowlng graph of flgure
7.2-

Figute7.4 The narrowed band ex-

cess falls off with increasing filter maxi-

mum and decreasing amplification. ln
increasing order the lines depict the peak

excess for log ømplifications of L..8.

excess,
ô

teh

i01É

teß

1096

'| 2 3 1 6 7 ¿

log(s)

Figure7.5 This graph combines the

reduced band widths (upper line) frcm
the preaious figure with the correspond-

ing band excess (lower line)" It can be

seen that a reduced band width of 55Vo

can be achieoed before the band excess

exceeds 40Vo "

Ðxcess

i01{

¡096

0

4 I 12

t
16 2(
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Figure 7.6 shows the relattonshtp of S/N degradatlon to filter
peak locatlon, f, for lncreaslng galn, g. As ex¡lected the noise lncreases
wlth lncreasing fitter locaüon and gatn.

For the parameters shown ln ftgures 7.3 and 7.5, the S/N
reduction is shown inflgure 7.7.
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Figure 7.6 The S/N degradation, Fígure 7.7 The log(SND) inueases
sND, increasesasbothamplificationand linearly with the log(amplificøtioù for
filter location increase. From bottom to the optimal filter locations.
top the lines depict the SND for log ampli-

fications of L ..8 .
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Derivative fïlter.

Inrtial tests to determine the valid extents over which the
parameters should be varled lndicated the following ranges:

Derlvative powers, p, of 2to 6 and surl cutoff points of 10 to 20

unlts

ô

t00l

ffi

60ra

a0!a

10 il t3 1a lõ 17 l! t9 m

c

excess

;o*

;o!a

t01

ß
toil12t31415la17lt1923

c

SND

læ

'10

Lt

fo il f2 13 r.a 15 16 17 lt l9 æ

c

Figure7.8 The reduced band

width continues to decrease as the

sin? smoothing cutoff point in-
creases for any of the deriaatioe
pouers shown. From bottom to top

the reduced band width is shown for
decreasing pouerc, p=6..2.

Figure 7.9 The band excess de-

creases up to a smoothing cutoff of

16, after which the excess remains

relatioely constant. From bottom to

top the lines represent increasing

Powets, P=2..6.

Figure 7.70 Between filter
cutoffs of L2..L6, the SIN degrødation

remains relatioely constant for all
power deioatiaes. From bottom to

top the lines represent increasing

pouers' P=2..6'
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The three flgures Z.B, Z.g and Z.1O depict the reduced band
\Mldth, band excess and s/N degradaflon respectlveþ. of partrcular note
ts the relative flat region tn the s/N degradatton below a cutoff of 16 and
band excess above a cutoff 16. Very clearþ for a Gaussian band with
n6 = 20 there is a opümum cutoff of 16.

I

f.
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Fldng the cutoff at 16, the results of this filter are summarised

irr figures 7.Il artd 7.L2.

Figure 7.77 Selecting a cutoff of 16

as optimal, the reduced band width
(upper line) and band excess (lower

line) are shown relatioe to detiaatiae

pouer.

Figure7,72 For an optimal smoo-

thing cutoff of 76, Íhe SIN degtadation

rises logarithmically with lineatly in'
creasing derioatio e pow eL

ô excess

3 1

p

SND

10

1

1

1

p

53
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Exponential fi.lter.

Initial tests to determine the valid extents over which the
pararneters should be varied indicated the follov¡ing rariges:

Gaussian band width term, 1 ¡ of 2 to 5.5

The larger value means less smoothing.

Figures 7.13 and 7.14 depict the reduced band \pidth & band
excess and S/N degradation respectively.

Figure 7.73 rae band excess (louer
ine) ís independent (and low) of reduced

nd wîdth (upper line) plotted øgøinst

e Gaussian smoothíng width, n¡. It is

t practicol to use this líIter to reduce

e band width below 70%

Fígure 7.74 fne exponential filter
an extremely poor S/N performance.

increase of the log(S/N degrad.ation)

roughly linearly proportíonal to the

íncrease of the Gaussian smoo-

íng wídth (incrensíng ny = Iess smoo-

We know t]:at a filter of the form eot q/ould, not rlistort the band

shape.As figure 7.13 shows, a fllter of the form é stightly distorts the
band. When the ideal smoothing function [t]re Gaussian) is applied, we
fi.nd that the band distortion is independent of the degree of smoothing.
Unfortunateþ the price to pay for the minor band rlistortion is a large
degradation in S/N performance.
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Comparative performances.

Figures 7.15 and 7.16 compare the performances of t}re three
functions. For the derivative and exponen 'eI ñlters, the x axis represents
derivative order and rq'respectively. For the Gaussian ñlter the x axis
represents 1.4log(g) + o.25. This linear scaling of the log[g) term maps

narowing of the derivative filfs¡ rneLing visual comparison of the two
ûlters easier. No simple mapping relationship could be found for ilre
exponential filter.

Fìgure 7.75 fhe performance of the three

filter types is compared; Gaussian (red), de-

ríuatiae (blue) and exponential (green). The

upper curaes in each case are the reduced

band widths and the lower curaes are the

band excess. As noted ín the text, there exists
a lînear relationshíp between amplífication

factor of the Gaussían filter anil the pouer ol
the deriaatiae filter for the same reducedband
wídth. For each filter the x axis represents:

exponential, ny deriaatiuet power; Gaussian,

1.aog(6) + 0.25

Figure 7.76 rne S/N degradatíon ís
shown ín the same colour scheme and axis as

for the preuious fîgure.
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If S/N is not a problem and moderate amounts of band narrowing
c¡ith minimum band distortion are required then tJ:e exponentirl filter
is the best. However it would be extremely seldom that the arnount of
S/N degradation that this ñlter introduces could be tolerated.

The Gaussian and derivative filters appear to follow tJ:e sa"'e
trends, the major difference being the trade-off between better band
shape and greater S/N degradation in the Gaussian ûlter. It is important
to note that the S,/N of the source data can nearly always be improved
u¡hile tl.e band distortion cannot be changed for a given frlter. Empirical
tests indicate that a band exc€ss of greater tban4O96 is intolerable. As
the band excess rises above this point the side lobes become so large
that for multi band data (real spectra) they become indistinguishable
from true centre bands. Experience also indicates that a S/N degradation
ofjust over l0O can be accommodated for spectra recorded on state-of-
the-art instruments (with integration times of 2 to 8 seconds per point).
This means that the exponential frIter can be used to achieve reduced
band widths down to 65%. Further band width reduction down to 50%
can be achieved with the Gaussian filter. Due to severe ba¡rd distortion,
the derivative flIter should not be used to achieve any more than 60%o

reduced band width. Where S,/N is a limiting factor the derivative ñlter
is generally best, althougþ the tradeoffis poorer band shape.
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Discussion

The exponential fllter is not practie¡l because of its poor noise
performance [ve-ry large s/N degradation). However it is interesting to
note that an exponential combined with the ideal smoottring function
gives a constant band shape regardless of the degree of band na:rowing.

The Gaussian and derivative filters perform similarly, with the
Gaussian trading band narrowing ability for S,/N degradation relative to
the derivative ñlter. since there exists a simple linea¡ rerationship
between the order of the derivative filter and the gain of the Gaussia¡r
filter, and also between the gain of the Gaussian filter and its optimum
location, then: A sing¡le fiIter function can be constructed that is a
weigþted sum of the two fllter types. Recalling the notations for filter
parameters:

".7.r7
T = Gaussiân filter band width.

..7.18
f = l1¡rts.qiqn r'¡pal¡ lmqfinn

7.t9
C = Derivative filter surl cutoff,

".7.24p = Derivative filter power.

".7.2LL tf\z
g = gain = n\l

and the input parameters defined as:

o = Gaussian band width.

ô = reduced band width.

."7 "22

..7.23
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The followlng optima have been found for a Gausstan band with
no = 20:

The optimum cutoff, C, for the derivatfve fllter ts 16 which is related
to no by:

320
lr=-

no

For a glven gain, g, the optimum peak locatton, ry[ of the Gausslan
filter with nsigmo-Ll2O fs, þ fìgure 7.2 approÅrnately:

..7.24

..7.25

7.26

.7.27

.7.28

g = 16(+f- o)

so that, in general,

nr= 
[#"]tønIo(s)+6);

The relationship between the band narrowing, ô, and p, shown tn
figure 7.15 may be appro>dmated by:

Iqg(ô - O.35) = -O.O886p - O.28

so that,

As shown tn figure 7.15, the relatlonshlp between the dertvative
power, p, and the Gaussian g n factor, g, for the same band
narrowtrìg is:

p= L.4 tcgr0(g) + O.25
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Glven all ofthese ¡elattonshlpsu/e cannowwrite allthe necessaÐ/
parameters enttrely ln terms of the two fmput parameters no and nô.

For the dertvattve fllter:

..7.29
320
rKt

For the Gausslan filter:

.7.30

= ff tr*rors)+6)

Introduci:rg an additional parameter, a \Ã/eighttrìg factor, r, we
can combine the Gaussian and derlvative filters and w-rite the equation
descrlbtng "the general enhanclng flltet'', GF(t 

" 
nõ, no; o) :

..7.3r
GF(t,r6,no;0) = Ff,(o)t + FC(a)(l - t)

= r.,p sùtê Qc rrx) + (t - r) era+lg-4. _ 2 [ Tr ]
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Figure 7.17 shou/s the enhanced benzene spectra generated by
applyrng ilre above general enhancement equation in conjunction with
a windowed FFT algoritlun. A significant number of spectra of differing
samples have been analysed with thÍs algorithm. In all cas¡es a 100%
Gaussian filter was found to be best. In general a reduced band width
of 6I% was optimum. With the reduced band width set at 619ó, o can
be varied to include more high frequency com¡ronents [smaller o : larger

T = higher frequency) which increases the effective band narroc¡ing. The
op'jmum FF.T window size was found to be the smallest available (64J

with the current algorithm. This coresponded to I - 3 nm for the data
sets examined to date.

The vapour phase spectrum ofbenzene s/as als6 enhanced and
found to contain much fine detail not observed in the vapour phase
spectrum (not shown here). The vapour phase spectrum shown in figure
7.17 is very moderately enhanced to aid in the comparison c¡ith the
enhanced solution spectrum.

Fìgure 7.77 rruc, ENHANCED LIQUID PHASE SzECTRUM closely matches the uapour phase

spectrum. The aapour phase (blue) spectrum wøs moderately enhanced (FFT wíndow=256, õ=0.75), while
the liquid phase spectrum (red) was significantly enhanced (FFT window=256, õ=0.61).
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APPENDIX

ta)

We seek the Fourier transform .FTs) of the unit area Gaussian band.centeredatx=0.

Fïs) = I: #"+rs" ezbrrs dX

ds

..7.32

7.33

..7.34

.7.36

- rt*)

I la\z
F\a) = "-rlr)

Z(x) = i_*;ziê<" 
- d2 

"-zo'"x
ds

(àl__
I (4o12

If we put , = 
þi 

. ua*"") with dr = #dx, the integral becomes

oÐtc e dx

F(s) = fie-2("o"12 i _o, dt- = ¿-2(ros)2

This resr:tt may also be written, by defining q. = 2Í,s arñ. y2 = o-2, ,"

tb)

We seek the inverse transform Z(x) of a Gaussian function
centered at s = a'in the Fourier domain

ry oÉ.

= i_* e-lzf o'(s - a)2 - 2rvs¡)

putting¡ r = a) v¡ith dr = onÐ ds, we now have:þ'-o
¿....:

o^12 ')

z(x) = "-|uta" .2ítcax # i: dre
2-r

I
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The methods developed in the previous chapters have been
applied to the analysis of the unfolding and purification of pGH. These
reported analyses address the second a¡rd third hypotheses which are
restated here.

The Second Hypothesis:

The arnount of detai/i¡formation that can be extracted as a
consequence of the "equal information hypothesis" is sufficient to iden-
üfy individual tyrosine and tryptophan residues and their environments
in complex proteins.

The Third Hypothesis:

The contribution to the spectra of proteins from phenylaranine
residues can be extracted and quantified urith sufûcient accuracy to
provide a method for the accurate quantitation of protein concentrations
irrespective of normal conformational and environmental variations.

The second hypothesis would be supported if a single tyrosine or
tryptophan residue could be identified in a protein containing several
such residues. If it could be shown that the spectra of tyrosine and
tryptophan rvere identical under all conditions then the hypothesis
would be proven false. It is important to note that the second, hypothesis
does not claim that all tyrosine and tryptophan residues in a complex
protein can be individuarly identified. This may be possible in some cases
but certainly not in all cases.

The third hypothesis would be supported if the concentration of
a protein solution was invariant as calculated from the enhanced
phenylalanine spectrum when the pH was varied over a wide range and
al.so as the protein v¡as denatured with guanidine. Both of these condi-
tions are lmown to change the conformation and spectra of proteins.
Trlormal environmental changes'a¡e defined as those conditions com-
monly encountered in protein chemistry and includ.e: pH[l-I3J; Dena-
turant concentration (GuHCl O-6M); Reducing agents (EXLTJ; DNA
contamination fG-2.5%). The third hypothesis would be proven fatse if
any of these conditions/conta:ninants significantly affected the ability
to quantitate the phenylalanine second derivative spectnm.
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n0 u5 200 æ0 ãF :t{t0

n¡

Fígure 8.7 THENORMAL (black), ENHANCED (red), AND SECOND DERIVATIVE (blue) SPECTRA

OF PGH. The deriaatiue and enhanced spectra ue optimised ond constrained primarily by the S/N of the

souÍce data. Comparing wíth the enhanced spectrum, many of the bands cøn be seen as aery minor features
(inflections) in the deriuatiue spectrum" The deriuatíae spectrum was generated by LSPP methods; narrower

conuolution widths would prouide greater resolution of bands but cannot be used due to unacceptable

degradøtion în the S/N. The enhsnced spectrum wøs generated using FFT methods wíth a pure Gaussian

filter functíon and øn FFT wíndow of 64 points (0.04nm/point)" The grcups of bands seen ín the enhanced

spectrum coíncide wíth the minor feotures ('bumps') ín the normal spectrum.
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Resulfs summory

Both hypotheses are amply supported by the data and analysis
presented here. using enhanced u-v spectra I have demonstrated that
at least two distinct steps are involved in the unfolding of pGH and. that
these two unfolding steps po.ssibly involve separate (but overlappin$
domains of the PGH.

Using the enhanced phenylalanine spectra it has proven possible
to quantitate the protein irespective of pH [t-IS), denatura¡rt fGuHCl
0-6M), DNA contamination fG2.5%) and reducing agent contarnination
[0-10mm oxidised DrT].

Figure 8.2 r¡'trueNcËD iPECTRA OF SIX DIFFERENT aRE?ARATIONS show the retiabilíty of the
method. The spectrø are of PGH (7mg/ml, 20mm Na Borate buffer pH9.1, 25 C) ín uarying [GuHCt] (0.25M,
0.5M, 7.0M, 1.25M, 2.0M, 2.1M). It ís uítal to demonstrate that this d.egree of enhancement yields relíable
high S/N spectra whích can be used for further analgsis. Note the group of four penks centred at 2BSnm.
These penks are not sîgnificantly affected by the de¡uturation of PGH and theír peak locations are constant
within 0.04nm (the resolution of the ilata) ín all preparøtíons from 0 to 6M GuHCI.

0.001

0

001

270 275 280 285

nm

æ0 295 300
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Figure 8.1 shos's a PGH s¡rectrum, the second derivative and
enhanced spectra. The arnount of detail revealed in the enhanced

spectrum exceeded alt expectations. It is important to confirm that this
degree of enhancement is reliably achievable and not prone to artifacts
or poor S/N performance. FÍgure 8 .2 shows enhanced spectra of
PGH in varying concentrations of GuHCl. Clearly the S/N is good and
the enhanced spectra higfrly consistent. The important feature is tJ:e

repeatability of these spectra and the reliability and precision with the
30+ bands can be identified. Many re$ons of t]:e spectrum can be seen

to be changing while others are unchanging. Over 30 individuat bands
can be observed between 27O - 300 nm. Detailed analysis of several

regions within this part of the spectrum have shown that bands
separated by as litüe as 0.8nm [fi.gure 8.13) can be easily resolved. In
addition, shifts of these bands by only 0.5nm are sigpifieant and easily

detected (figure 8.I3J. In fact the four major bands between 284 -287ttrt
[v¡hose position is not affected by denaturation) demonstrate a positional

accuracy which equals (and may exceedJ the resolution of the source

data, O.04nm.
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lnlroducÌion

Mea^suring the conformational stability of proteins, and more
specifically the unfolding/re-folding pathway, is of practicar concern for
two main reasons: First, because stabiliþ is usualy the factor that most
limiþ their usefuIness r and second, because very high level intrace[u-
lar production of recombinant protein often results in the protein
accumulatinÉ in a denatured form requiring subsequent refolding for
activity. cornmercial applicatÍon of recombinant proteins often requires
both of these problems to be addressed. In the case of pGH manufacture,
the dissolution of insoluble indusion bodies and tl:e subsequent refold-
ing are crucial for an economic proce.ss. Following refolding, long term
stability in the form of sloq¡ release formr¡lations is arso vital for
commercial acceptance.

Denaturation curves, such as figure 8.3, are used to determine
the ÂG. Determination of tl:e conformationar stability requires measure-

¡ar Frïe¡it ol t-he tree energr cirange ,aG, upon denaturation. For a two state

Figure 8.3 rue ABS]RBANCE OF pGH AT 290nm us [GuHCt] shows a
sharp hypochromic transítíon between 2.4 and 2"BM GuHCt. This crude measure-
ment hides a complex ínteraction ìnaoluing a number of different bands and
transítions (both hypeuhypo-chromic, and waaelength shífts) occurríng in thís

0.62

0.6

0.58

0.56

o.u

0.52

0.5

0 1 2 3 4 5

lGuHCll
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mechanism involving only folded and unfolded states Pace eú aI define
ÂG as:

81
ÂG= -R?ln(IO = F"lU

Where Kis the equilibrium constant, .Fais the fraction unfolded

continues to zæro concentrations and to use a least squares analysis
and extrapolate from tJ:is linear region back to zæro denaturant
concentration.

Referring to denaturation studies, workers in the field often state
something similar to this: these experiments sometimes reveal addi-
tional features of a protein such as the existence of domains or the
presence of stable folding intermediates' 2. Wtrile this is true, it implies
a general limitation in the data that often does not exist. A more accurate
statement v¡ould be: With appropriate analysis and good quality data,
denaturation Studies nearly alwa5rs reveal additional features of a prot-
ein, such as multiple unfolding events and domains. Iæt us consider
this, and the ramifications for spectral enhancement further.

Proteins are complex molecules, with biolo$cally active species

varying in size from as few as several amino acid residues to thousands
of residues. Of particula¡ current commercial and research interest are
extracelh,¡lar hormones. These proteins tend to fell i¡f6 the 5,000 to
50,000 Mw f50-500 arrino acid residues) range; are often globular; and
may have more than one domain"

îhe number of widely employed spectroscopic techniques that
are applied to tJ:e analysis of such proteins is mercifully short. Most
widely applied are tJee spectral techniques involving: UV absorbance,
fl.uorescence, circular dichroism, light scattering and refractive index.
The last two of these measurements [tight scattering and refractive indexJ

are typical of "bulk phenomena" c/hichinvolve the behaviour of the entÍre
protein as essentially a single entity. (Other sirnil¿¡ examples of bulk
phenomenon techniques would be setflingvelocity & hydrodyna:nic radü
measurements and chromatog¡aphic or electrophoretic migration
patterns.) In contrast, tJ:e techniques of tIV absorption, fluorescence and
circular dichroism are capable of giving information regarding the fine
structure v¡ithin a protein. This is because these techniques detect sin$e
¡minq acids and their su:mmed result within any protein. Sometimes,
with the right protein and technique, it may be possible, with fluores-

2 N Paceet ø1. Protein Structure: A Practical Approadr'. ed T.E

Creighton (1989) IRL Press, Oxford. ch L3, p 31L
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cence for example, to tune into a unique amino acid (sueh as
tryptophan). Even in such circumstances, this type of technique is still
providing "ûne defail"in the respect that evenif only one chemical goup
is targeted this does not necessarily reflect the state of the entire protein
but only the local microenviroment of the goup being detected.

I have chosen a Guanidine Hydrochloride denaturation study to
explore the ar'"ount of information the new spectral enhancement tech-
niques, developed in the preceding chapters, can yield. Figure g.B shows
the absorbance at 290nm for varying GuHcl concentrations. This figure
is typical of the extent of information gained. from absorption
spectroscopy in denaturation studies to date. It conveys no information
whatsoever about the underlying phenomenon. In particular it d.oes not
indicate whether a sin$e or multiple site phenomenon is beíng observed.
The next section of this chapter will examine the fine dsteil obtainable
from the enhanced spectra. while preliminary and general conclusions
regarding the unfolding of pGH are given, the main intent is to demon-
strate the amount and quarity of detailed informatíon available from
enhanced spectra.

PGH has 12 phen_vlaranine. z tyrosine and I tryptophan residues
which make up for the vast majority of the uV absorbance (240-300 nm).
As noted in the introduction to this section of the thesis, Ûre contribution
from phenylala¡rine was expected (and v¡as found to beJ independent of
conformation. The 265-305nm re$on of the spectrum is dominated. by
the tyrosine and tryptophan contributions and, as ex¡rected., contained.
bands that were highly dependent on conformation.
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PGH unfoldinÉ.

Brems et al. and others have published a considerabre number
of papers describing the use of LIV absorbance and second derivative
spectra in denaturation/refolding studies of BGH. In all flrese reports
the most detailed information extracted from Ûris and supporting data
was the presence of a sin$e 'associated' intermediate. The absorbance
of PGH at 29onm (figure 8.3) indicates a single unfolding phenomenon
with a mid point at 2.7-2.8 M GuHCl" This is similar to BGH, which
Brems demonstrates has a mid point of 9.5 M GuHCl.

In the following table the column headings denote: variable =
indicates if ttre band changes in some way as the pGH in denatured;
Àn = the band position in native pGH (0M GuHCllt r¿ = the shifted band
position at intermedjate IGuHC!; TI = t]re [GuHc[ of the first transition
seen for that band; T2 = the [GuHCt] of the. second. transition seen for
that band; Group = grouping of bands by proximity.

As an initia-l step in +åe analysis of the enhanæd s¡rectra, the
spectral band positions (from data shown in figure g.I) from 27o to Boo
nm v/ere tabulated. with the data set used here, above B00nm the s/N
ratio is too poor to conûdently locate specific bands. The region below
27ois dominated by phenylalanine and is relatively unchanging. of the
43 bands identified, 21 were found to change significanily as the pGH
was denatured [variable bands). I have grouped most of the bands into
4 groups, A-D, based simply on proxirnity initially. Groups C and D were
clearly observed to shift fwavelength) as the pGH is denatured. All other
bands exhibit changes in intensity as ilre pGH is denatured. There
appear to be several hyper variabte regions which, due to rapid. changes
and perhaps poor s/N, defied attempts ¡e ¡eriably identify spesffc bands
and their movement [mean band locations are given in t]re tableJ. The
acconapanying table idenfiffes the bands fin native pGtü, their shifted.
positions and whether they change fvariable bands) as the pGH is
denatu¡ed (asterisked bands). Of the 2l variable bands, the intensities
of 17 (vs. changing [GuHc!] v/ere examined closely and. t]¡e transition
points t[GuHcq) annotated in the table. of these 17 bands, 7 exhibit 2
transitions; or, expressed alternative)y,7 exhibit involvement in a tlrree
state unfolding vrith an observable intermertiate state between native
and denatured states.
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Num

ber
Vori-

obþ ,rn 1,i T1 T2
Group

Comments

1 271.2

2 273.3 Hypervorioble,

J 274.3 Hyper Vorioble.

4 275.2 2.+2.7 3.4"3.7 A

5 276.1 2.+2.8 2.&-3.1 A

6 276.9 2.7-3.1 3.4.0 A

7 277.8 A

I 278.7 2.2-2.8 A

I 279.6 2.T2,8 A

10 280.2 0.G1.5 2.ç2.8 A

11 280.8 Hyper vorbbÞ.

12 281.4 Hyper vorbble.

13 282.3 1.&3.6

14 283.3 2.+2.8 2.&3.0 B

'15 2U.0 B

'16 2U.4 B

17 285.7 3.È3.8 B

18 286.3 287.0 3.È4.0 c Shifts once.

19 286.6 287.3 3.H.0 c Shifts once.

20 I 287.5 3.5-3.8

21 287.9

22 288.8

23 290.2 289.7 2.+2.6 D ShifÏs lwice,

24 291.0 290.5 2.ÁÞ2.6 D Shifts twice.

25 29'1.8 291.3 2.+2.6 D Shifts twice.

28 t 292.9 Vorioble: S/N low.

27 293.7 2.T2.8 3.2-3.6

2B 294.5 2.T2.7

29 29s.0

30 t 296.0 Voriobþ: S/N low

31 292.8 Voriobþ: S/N low

óz 297.t Vorioble: S/N low

Table 8.7 32 BANDS haue been documented ín the 270 - 300nm region of the

PGH spectrum. The bands haue been numbered from 1 - 32 by increasing

wauelength. The second column (Variable) índicates those bands which are ob-

seraed to change as the [GUHCI] is íncrensed. The columns titled ]u n, ønd ]u i
record the band locations in the natíue (0M GuHCI) and intermediate states (0

M GUHCI) oÍ PGH rcspectíaely. Columns T1 ønd T2 record the IGUHCI] runges

oaer whích distinct transîtions in the bands are obserued. The 'Group' assign-

ffients are ørbítrary and largely based on physícal proximity and uniformity of

intensíty of bønds"
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AII of the observed tra¡rsitio¡rs a¡e listed in the following table in
order ofincreasing [GuHcL]. The first pair of concentrations indicate the
start a¡rd fuúsh of a transition, and the third concentration the mid point
of tl:e transition. There are six distinct sharp transitions and two slower
transitions. The sharp transitions
span no more than 0.3 M variation in
IGuHCû. There are two major [both
sharp) transitions: the first centred
at 2.5 M GUHCI f l0 instances); the
second centred at 3.8 M GuHCI [6
instances). There are no sþniûcant
transitions observed above 4 M
GuHCl, although many of ttre vari-
able bands exhibit a gentle transition
in the 4-6 M region which taken as
an average is significant.

I have chosen Z examples of
variable bands whose intensity
changes u¡ith [GuHC!. In the order
presented in figures 8.4 to 8.10,
these Y¡ill be the bands located at
278.7nm [2.5M sharp transition),
282.3ng¡ l2-4M slou/ transitionJ,
287.5nm (3.5M sharp transition),
276.1nm, 283.3, 293.7, 2TG.g lg
state transitions centred at 2.9, 2.9,
3.0 & 3.2M). All of these figures show
the intensity change normalised to a
scale of l, rÃrith I representing the
native stuate at OlVl GuHCI.

Table 8.2 rnn [GuHCr] FoR
TRANSITIONS ol the 23 uaríable
bands lísted ìn table 8.7 are lísted in
íncreasing [GuHCl]. The [GuHCI]
for the start, fínísh ønd midpoint of
the transítions are documented. Based

on símilarity of transitions eíght (A-
H) transitíon groups are proposed.

Num
er 'sto.r Finish Mid point Tronsi-

lion

1 0.0 2.6 1.3 A

2 1.8 3.8 brood B

3 2.O 3.0 brood c
4 2.3 2.9 2.5 D

5 2.4 2.ô 2.5 D

ô 2.4 2.6 2.5 D

7 2.4 2.6 2.5 D

I 2.4 2.6 2.5 D

I 2.4 2.6 2.5 D

10 2.4 2,6 2.5 D

11 2.4 2.7 2.5 D

12 2.4 2.8 2.6 D

13 2.4 2.9 2.6 D

14 2.8 3,1 2.9 E

15 3-1 3.5 -1.3 F

16 3,2 3.6 3.3 F

17 3.4 3.7 3.5 G

18 3.5 4.0 3,7 H

H19 3.5 4.0 3.7

20 3.6 3.8 3.7 H

21 3.7 4.0 3.8 H

22 3.7 4.0 3.8

23 3.1 4.0 3.8
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I
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Figure 8.4 fHn 278.7nm BAND TRANSITION undergoes a sharp trønsítíon
centred at 2.5M GUHCI. Transitíons at this GUHCI concentration ore the most

common.

Figure 8.5 fun ZSZ.2nm BAND TRANS,ruON undergoes a gentle transition
between 2 to 4M GuHCl.
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1
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Figure 8.6 rne 287.snm BAND TRANSITI]N undergoes a sharp transitíon
centred at 3.5M GuHCl. kansitions at thís GuHCI concentratìon are the second
most common.

Figure 8.7 rnn z76.rnm BAND TRANSITI)N undergoes o number of truns-
ítíons, íncluding transítíons centreil at 2.s and 3.sM GuHCt. Thís band exhibits
sígnificant ttansítion states at 2.8 and 3.2M GuHCI.
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1
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Fìgure 8.8 fnf Z83.3nm BAND TRANSIT/O N exhíbits two sharp transitîons
between 2.4 and 3.0M GUHCI resulting in ø'transitíon state' centred at 2.8M
GuHCl.

1
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06
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o.2

0

0 1 2 3 4 5 6

lGuHCll

Figute 8.9 fHn 293.7nm BAND TRANSITION exhíbíts a broad transîtíon
støte centred at 3.0M GuHCl. The gentle transítíon t'rom 3-3 to 6M GuHCI is a

feøtured shared by mony of the uarìable bands.
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Figure 8.70 run 279.9nm BAND TRANSITI)N exhíbîts a aery broad inter-
medíate state between 2.9 to 3.5M GuHCl"

While it is easy to determine the ÂG for the unfolding of pGH from
its absorbance at 290nm vs [GuHCl] (ûgure B.s), the varidity of this must
be questioned in view of all the difrerent denaturation curves, only some
of which are shos¡n here. which set of data and transitions should be
used the determine the stability of the pGH? one can average alt of the
fnormalisedJ denaturation curves and csme up with a "gfobar" denatur-
ation curvewhich hopefi.rllywould be representative ofthe entire protein.
Flowever, there is no q¡ay of determining the correct weighting for the
various denaturation curves and therefore the vatidity of any composite
curve. The only valid approach I could suggest is (where possible) to
determine the ÂG for each individual variable band; group tl.e results
relative to the major transitions (2.6M and s.BM); and average these
groups. This wor¡ld give an average AG for each transition.

Presented with this wealth of detailed information it may be no
longer valid to select a singte wavelength [A2go nm) simply because it is
easy to see the absorbance change as the protein is denatured. This Ís
particularly so when considered in conjrrnction v¡ith the next section
which shows that a number of complex changes are occurring to the
bands centred at 290nm.

8-16



PROTEIN ANALYSIS

8-77



PROTEIN ANALYSIS

The 29onm Triplet of bands.

I have focused attention on the triplet of bands located at29O.2,

291, and 291.8 nm. This triplet of large bands exhibits a sharp blue shift
of 0.5nm at 2.5M GuHCI and a red shift at4.25]sÍ GuHCl. The blue shift
is associated with a significant drop in intensþ which is pardally

reversed when the bands shift back at 4M GuHCl. The O.8 nm spacing

between the three bands is maintained from 0 to 4.0 M GuHCl. At the
 .2áMtransition the band spacingis altered. Tlee29O.2 band is smeller

than the others and suffers from a hi$er S/N as a consequence. Figure

8.11 shows the peak wavelengths of the ttree bands vs [GuHCU. In
character with all transitions observed between 2.3-2.9 M GuHCl, the
first tra¡rsition is extremely shar¡r, occurring over little more than 0.2 M

GuHCl. The intensity of the bands clearly changes at the first transition.
Unfortunately the S,/N of the intensity is very poor above 2.5M GuHCl.

The intensity change vs [GuHCl] is shown in figure 8.12. The colour

coding in the two figures [8" t I , 8.I2J is consistent to aid in comparison.
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Figure 8.77 e VERY SHARP RED SHIFT IS EXHIBITED by aII three bands

(292.8 red,292 blue, 297.2 green) between 2.4 - 2.6 M GuHCI' The intermediate

state responsible for the red shift is maintained up to 4.25 M GuHCl, where øII

three bands blue shift by díJfercnt amounts. The 292.8nm band ís smøIler than the

other two bands and has o lower S/N.
o
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Figure 8.72 e sHARp HYPocHRoMIC TRANsrrroN IS ExHIBITED by

aII three bands (292.8 red, 292 blue, 297.2 green) at 2.5 M GuHCl.

8-19



PROTEIN ANALYSIS

Figure 8"13 shows sarnple sp€ctra in the tl¡ree regions at O.25,
3.0and6MGuHCl.

This irs a¡ excellent exampre of the power of tl:e spectral enhance-
ment methods developed here. The easily resolved bands in this triplet
are only 0.8 nm apart and the shift is only 0.5 . In the first state
(0'0-2.4 M GuHcÐ the band locations vary by no more than 0.04 nm!
Let us consider the various phenomena that this one example demon-
strates.

First, hyper- and hypo-chromic effects.

aJ Not accompanying shi-fts in the position [wavelength) of the bands.

In the o - 2.4 M state, ar three bands exhibit an identicar
hypochromie effect. To a smaller degree (not shou¡n well in fi.gure g.12,
but quite evident in a¡rimations (this v/ill be discussed later] of the
spectra vs increasing [GuHc!) the bands exhibit ari overâil h5rperchro-
mic effect above 4.5M GuHCl.

bl Accompanyng shjfts in the position [wavelengthJ of the bands.

This is to be expected when tJ:e energz revels (g¡ound arñ./or
excited) are altered. The first transition at 2.5M GuHCI is accompanied
by a sharp hypochromic effect" The second transition at 4.26}/- GuHCI

Fìgurc 8.73 s¿¡vtpLE iaECTRA AT 0.25M (black), 3M (red) and 5.5M (blue)
GUHCI exhibit the unuelength shîfts (red, then btue) and hyporhyper-chromîc
shífts.

29t 291.5 292 292.5 293 293.5

n!t

0.001

0

-0.00t

289.5 290 290.5
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is accompanied by a smalter h5rperchromic effect (again this is not shown
well in figure 8.I2, but is very evident in animations of the spectra vs
increasing lcuHcill

second, shifts in band location as a consequence of alterations inground and/or excited vibronic levels.

a) At2.6 M GuHCI we see a shift to lower wavelength in all threebands. The shift is an identical 0.5 nm ior 
"tt 

th.;E b;-d*
b) At 4.5 M GuHCI the three bands shift to higher wavelengths, butnot to the same degree.

These various effects are due to changes in the tocar microenviro-
ment of the ab.sorbing group. In the first stâge lO - 2.4 M GuHCI) the
vibronic levels are not artered, but the probability of the vibronic
transitions responsible for the observed. bands are reduced resr:Iting in
the observed hypochromic effect. At the first transition the local
microenviroment cha'ges suddenly, resulting in a shi-ft in either the
ground or excited vibronic states correspond.ing to the three bands. In
view of the fact that all three of üre bands shift by an identicar amount,
the change is probably affecting either a single ground or excited vibronic
state.

If it is a single excited vibronic state then the three bands result
from transitions from three equally spaced ground states to the one
excited state. At the first transition an increase in the energJ¡ of the one
excited state would result in the observed identicar blue shift of the three
bands.

Alternatively, the three bands may arise from transitions from a
sin$e ground state to three equally spaced excited states. A decrease in
the one ground state would atso res'lt in the observed id.entical blue
shift of the three ba¡rds.

At 4.26 M GuHCI the bands red shi.ft, but not in a coordinated
manner as for the 2. 5 M GuHCI transition, which implies a more complex
transition pattern in this region.

8-2t



PROTEIN ANALYSIS

Discussion ot Variable Bands.

The eirn of tl.e work reported here was to demonstrate the

quantity and quality of data províded when applFng the enhancement

techniques developed in the previous chapters. specificaly, the airn was

to support the second. hypothesis and strive to identi-ff bands from

individual ¡mins acid residues.

lUrtthe2T}-29o n¡n region exa:nined, PGH has 7 tyrosine residues

and one tryptophan residue contributing to the overall spectrum' In this

region the existenæ, of 23 variable bands has been reported. Of the 17

variable bands whose intensities v/ere ex¿unined closely [listed in the

second table), 8 distinctly different transition types were observed (A-H

in the second. table)" of the 17 variable bands, 7 c|early exhibited 2

transitions. Considering the eigþt transition types observed and combi-

nations of these, aJI L7 of the reported variable bands undergo a unique

denaturation pathway. How can this be when there are only 8 arnino

acids contributing to the spectrum in this region? The answer is simply

that of all the multiple bands arising from a singf.e residue, not all v¡ill

¡ndergo the same changes (or change at alll in respo4se to the same

change in the residue's microenviroment. I cannot claim to have un-
covered sufficient information to uniquely identi$ all of the 8 amino

acids involved,, or even to link one of the arnino acids to specific bands.

However I d.o feel that the quantity and quality of the data revealed is of

the right order so that with further clariSing analysis most [if not alt) of

the residues ìrill be assigled to specific bands and transition eombina-

tions at some stage of the denaturation"

Towards Ûris end I have desig¡ed [and Patente¿i zo analogues

of PGH. The analogues were designed to frllût several purposes: reduce

aggregation during manufacture; increase binding (and hopefully'activ-

ityJ to the GH receptor; and purety as analytical tools. A significant

number of these analogues have been produced and some proven to fulñl
their intended roles. However I have chosen to strictly adhere to reporting

the rigorous development and application of the techniques of spectral

.enhancement and not to report on the ever diverging work I have

performed on PGH refolding througþ to succssful fi.eld trials. OtÏrers

are currently working on the unfolding/refolding of PGH utilising the

spectral enhancement techniques and PGH analogues I have developed.

3 Provisional Patent covering all of these analogues and their

applications limits any detailed dirussion here
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Protein Q-uantitation

Turning nos¡ to the validation of the third hypothesis, I w.ill
consider the spectral region of 25O-27O¡rm which is predominated by
conbibutions from phenylalanine residues.

Figure 8.14 confirms the fact that the intensities of enhanced
bands are linearly related to the intensities of the source bands. This
may app€ar trivial but it is vital to confirm experimentally. The band
chosen for the quantitations is located at 265nm and, as v¡ilf be shown,
is not affected by the various conditions examined fpH, IGuHCU, DNA &
e¡irlisqd DTT conta¡nination) .

Having demonstrated a linear relatíonship between the peak
intensity of tJee chosen enhanced band to pGH concentration, the
following tests were performed: while holding the.PGH concentration
constant the following v/ere varied

DNA contamination (salmon sperm) : O-2.5o/o relative to pGH;

DTT (oxidisedJ contarnination: O and l0mm;

lGuHCIl:O-6M; and

pH:9-13.
1

0.9

0.8

o.7

0.6

0.5

0.4

0.3

o.2

0.1

0

0 0.2 0.4 0.6 0.8 1

Figure 8.74 rnn ENHANCED SeECTRA rS euAN-
TITATM and can be used for quøntitatíng the [PGH].
Using the 265nm'band. a standard curue of peak height us

IPGH] is generated. The scale factor ís deriued from the slope

of this líne. HaaÌng t'irst establíshed the quantítatiae nature
of the enhanced, 265nm band, subsequent experiments held
the IPGH] constant and aaríed the environment.
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The intensity of the 265 nm enhanced band was measured from
the peak at265 nm down to the valley at267 nm"

The individual spectrum in the following ûgures are colour coded
for clarity, with the colour code legend arrearing on the figure. lfowever,
it is the overall variation due to the various conditions that is important,

purpose of finding a constant element for analysis.

Fìgurc 8.76 coNrAMr
NATION WITH SMALL
AMOUNTS OF DNA
seuerely dístorts protein
spectra making normal
sp ectro scopîc quantitatíon
ímpossible.

Fígurc 8.75 wcnnest
NG pH ¡ONISES TYRAS-
INE residues and shífts the

peak absorbance m 280 to
295nm. PGH quantitation
based on 4280 can aary by

oaer 40% wìth uaryíng pH.

t.4
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0.3

0.2

0.1
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The spectra for varying pH, DNA, DIT and [GuHC! are shown in
figures 8.15, 8.I6, 8.17, and 8.18. Looking at these sets of spectra it is
easy to appreciate t]:e very considerable problems facing protein chem-
ists in quantitating a known protein under such varying (and often
unknown) conditions.

Figure 8.77 oxtorsED
DTT (upper spectrum) ab-
sorbs signífìcantly oaeÍ a

wíde range (as do most ox-
idised SH groups) making
p r o t ein q uantitatí on ímp o s si-
bIe.

Figure 8.78 ne¡'l,qrun
ATION UARIES THE
SPECTRUM of PGH by 10-
20 % at most of the
wauelengths iho*r, mnking
accurate quantitation díffí-
cult for ur*nown conforma-
tional states of PGH.
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0
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Fìgure 8.20 utcn pH HAS
SIGN/FTCANT EFFECT ON
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ured as 265nm peak to 267nm
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The enhanced spectra fuom 25O-270 nm for varying DNA, pH,
and [GuHCU are shown in figures 8. 19, 8.20, and 8.2 1. Jt is irnmedíately
evident that the intensity of the 265 nm peâk - 272 nm valley remains
remarkably constant under all of the varying conditions.

I have tabulated the standa¡d deviation around the mean for the
protein concentrations determined from the enhanced 265 nm band
(shown in figures 8.19, 8.20, and 8.2I). This is compared to tJ'.e %
variation from tlle maximum to minimum absorbance (of tJ.e rau¡
speetra) at 28O and 265 nm. In conjunction with the ûgures just
presented, the following table demonstrates the stability of the intensity
of the enhanced 265 nm band - 272 nm valley in the presence of these
widely varying conditions.

DNA (C2.5%) pH (913) [GuHCll(G
6M)

IDM (G
10mM)

280Nm 1\eA 71% 2W lle/"
260Nm 29eÁ 27"Á 14% 178%

Enhonced 265nm bond 7% 5% 4% tÁ

Table 8.3 rn¿ PERCENTAGE CHANGE in quantitøtiue mensures as. the

Iisted enuìronmental changes are tabulated. The table summaríses the dato pre-
sented in fígures 8.16-8.21.
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Discussìon

I vrill discuss both electrophoretic and spectral enhancement
advances here and put both into the context in which they were
developed. From that starting point I will go on to consider some practical
implications of the two inventions and finalty future developments and
advances.

Recombinant Protein Manufacture

This brief section describes the circumstances which required
the development (and linkJ the two different processes re¡rorted on in
this thesis.

In 1982 I was given the opportunity and freedom to develop
commercial processes for the manufacture of PGH produced intracellu-
larly as inclusion bodies in E.Coli" In revievring the problems I was likely
to encounter in the large scale purification of PGH (and any protein) it
became apparent that all the current techniques had inherenf lirnìþ-
tions. gfilising combinations of chromatography and electrophoresis I
set about to design a scaleable high resolution process that s/ould be
easy to implement. Initially designed as a thought experimentjust to see

how much detail I could work out without setting pen to paper, I devised
the CEF process and initial device in their entirety. I predicted that the
process wor¡ld be controlled by three varÍables: pH, fluid velocity, and
voltage gradient in the thick membrane. I also predicted that tJre
limitation to the process would be v¡asted energJ¡, the consequent heat
production due to increasing conduction in the focused protein in the
thick membra¡re. Some rirne later I was given the go-ahead to develop
the process and, with the assistance of Nicholas Abbot (a recently
graduated Chemical Engineer from the Chemical Engineering tlept. at
Adelaide University), rapidly proceeded througþ 7 prototype apparati to
prove tJre process in all but one aspect. It was extremely fortu¡rate that
tlle one limiting factor I had postulated did not arise. The focused protein
did not increase tJee conductance [and therefore energr rlissipation for
the same voltage drop across tJre focused protein band) E¡ithin the thick
membra¡re, instead the conductance in this band rose sharply and the
apparatus' effi.ciency rose dramatically. Unfortunately after proving the
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technique and developing the apparatus and specialised power supplies,
support for the project was discontinued due to a lack of funds.

Subsequenüy, r. more work was put into tJ:e refolding of PGH,
I turned to the use of second derivatives as an anafyEcal tool. The early
development of an interactive spectral anafysis package on Sun work-
stations provided the insights needed to inspire the development of
;rnproved teehniques. In particula¡ the abitity to view a number of
derivative spectra, and alter the di$tal ûlter par".r'eters in real time
revealed order where it was not expected. I noted that, as the ñIter widths
were reduced, much of what appeared as noise u¡hen viewed as an
isolated spectrum was in fact repeatable and signiûcant bands q¡hen

viewed as a group of related spectra. The major problem wasi one of S,zN.

From that point on the dsfailsd second derivative spectmm has become
the key tool in identi$ring and follov¡ing the refolding of PGH. While
techniques such as X -ray crystallography and 2D NMR yield similar
[and greaterJ detail, I have not encountered any technique which pro-
vides such detailed information as spectral enhancement does in one
simple and quick manner and under such a wide range of solulion
conditions.

During the time of the development of these two techniques, I
personally developed a manufacturing process for recombinant PGH
which remains essentially unchanged to date. This work has taken me
to Biotechnologz centres in Stockholne [AIfa Laval) and MIT (Chemical
Engineering Department) in Boston to perform pilot production mns on
two occasions each. The production of PGH as (dry weight content of
PGH in) purified inclusion bodies went from l.2Kg to 5Kg over the course
of tJ:e four 1000L pilot runs at these sites. Over 100g of research grade
PGH has been puríñed to date and uFlised flor rese-arch and development,
and for a number of successfr.rl field trials here and oversieas. It was my
original intent to report on much of this work in this thesis. However
much of the work was of an essentially technical nature. I felt that it was
muchmore appropriatethat I report on the two signifi.cant new processes

I developed along the way.

CEF. Problems and solutions.

The serendipitous finding that the focused band in the thick
membrane decreases the conductance of the band and increases the
efficiency of the process may alse yield one of the mo.st serious problems
of ttre techrrique. In a number of the experiments performed the tHbl in
the thick membrane rose to very high levels and aggregation occurred,
foulÍng the membrane. Although this may have been a particular pro-
blem with Hb, it rnây alse be representative of a more general problem.
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The processes occurring in the apparatus are evidently considerably
more complex tha¡r is initially apparent. some exploratory experiments
using pH indicator dyes showed a complex pattern of high and low pH
bands/fronts tlrat move througþ the thick membrane, first'in one
direction and then back again as the apparatus approached equilibrium.
In addition, even thougþ the gel material used for the thick membrane
had no known interaction u¡ith the buffer ions, the operating apparatus
demonstrated a very significant ion pumping action a_fter reaching
eqt'ilibriu m. Also as noted, the thick membrane experiences consider-
able physical forces as equilibrium is reached and a stable focused. band
is formed. In alt cases the force acts to push the membrane back against
the liquid flow and is therefore an electrophoretically med.iated force. In
some of the early prototypes ftris resulted in the gel breaking out of its
confines and heading for the electrodes.

I believe many of these problems wor:ld be overcome if ttre
apparatus were developed to its conclusion as defined by these criteria:
to reduce the distance between the electrodes and the thick membrane
to a minimum; to reduce the depth of tlle thick membrane as much as
possible; to reduce the voltage to a level where gas is not evolved; to
maximise the surface area of the thick membrane within a minimum
apparatus volume; to maximise turbulence in the volumes enclosing the
thick membra¡re;and ûnally to d.esign a cheap and easily manufactured
apparatus.

All of these criteria could be met if the apparatus q/ere con-
structed as a spiral wound cartridge i¡ ¿ 5irni'lar manner to currently
available spiral wound fi.Itration cartridges. This wor:ld minimise all of
the distances to the degree where the applied voltage would. be low
enough to avoid evolution of gas; and it wor¡ld provide for turbulent flow
[as is achieved in spiral wound. cartridges) around. the Ûrick membrane.
with such a cheap and e¡sy to handle embodiment of the technique, low
resolutions could be selected to avoid membrane fouling and serial units
applied if greater resolution was required.
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Spectral snhansement. Problems and
solutíons.

The first very real problem in spectral enhancement is the

decision ofjust how much enhancement to apply before the SrlN becomes

¡nacceptable. Much of the problem is that the noise which is most

serious is of the sarne frequencies as the signal. It is not the high
frequency noise that is the real problem. It is a simple matter to suppress

both tow and high frequency noise wittrout disastrously distortiñg t}re

enhanced bands. As the higher frequency components of tJ:e bands being

enhanced are increasingly amptified in a selective fashion, it is the noise

at these very frequencies which is the problem. Clearly as the bands are

further enhanced and ttre band pass nature of the frequency filters is

n¿uTowed, the noise and signal components converge in frequency

envelope. The net result is an enha¡rced spectrum that looks good but
in v¡hich repeat spectra reveal movement of the (good, noise-free-lookingJ

band,s in both position and intensity. This is the hall-mark of noise of
the same frequency as the signal. An obvious solution is to collect a

number of specira oi tire sampie a¡rd. c<¡¡rcurren'ü51 enlia-rrce a-Ii of them

until the enhanced spectra begin to diverge. This is very time consuming

considering the length of time needed to collect one good quality

spectrum. I¡r cases such as the denaturation study reported in the
previous chapter, the experimental design provides a large number of

closely related spectra and this method is applicable [and was applied).

The procedure I am about to describe e1s6 56lys5 another related

problem, which is that the response axis of the entranced spectrum is
-,-.,--1 - . - ^trL^,-:L tL^:-+^-^:r.- ^f +1-^ ^-L-naa¡l lran¡lc ara

¿UIIIO.SL IngAIlIIfEfe,Sli. ¡llllrullgrr Lllç llLclrs¡LJ vr q¡v e¡arø¡vw

linearly related to the intensþ of their respective source bands, the scale

factor wilt vary witJ: every set of fi.lter parameters used. Compounding

this problem is tJ:e currently insoluble problem of deriving,¡" tto¡nalis-
ing factors from tle various fiIter parârnetersi. A solution is: To represent

the response axis in terms of S/N" This imrnediately yields a scale that

has meaning for any spectrum whether enhanced or not. The procedure

would be as follows:

The enhancement of tJee spectrum can proceed until the S,/N

drops to some predetermined level (say 5J" The validity of any enhaneed

spectrum is irnmediately apparent from the response scale, irrespective

94



of t].e enha¡rcement technique and parameters used. wtren the final
enha¡ce'nent parameters have been set, a second. scare of 'equivalent
absorba¡rce'co'ld. be added.. The scale can be determined by apprying
the enhancement proced.r:re selected to a computer generated nóise-free
band a¡d measurirrg the ratio of source/enhanced intensities.

These procedures qriu be implemented in the next version of the
sofLware now being written.

A very real probrem encountered. in the analysis of the spectra
used for the denaturation studies w¿rs 'information overload,. The en-
hancement worked well and presented. me with 3o spectra each with B0+
bands' Althougþ some enhanced. ba¡rds were relatively noise free and
unchanging, many smarler bands were noisy and many ba¡rds varied (as
intended) in res¡ronse to denaturation of the pGH. concurrent viewing
of the spectra presents the viewer with an ord.ered. ,mess, containing
nearly 1000 ba¡rds in a0 multi-coloured spectra. In addition to this
problem, the spreadsheet containing the spectra was over 0.5Mb in size,
which is well beyond the size wh.ich ca¡r be reasonably hand.led, even on
the computer utilised (2olvfrrz sB6 + gg7 pc compatible with BMb RAM
using Excel 2.lc under windows s.0 with a¡r additional 12Mb virhral
Rr\M av¡iiebleJ . Fortunately processing,;mewas not a problem and each
spectrum (2000 ¡nintsl required less fl:an 5 second.s to process.

The only way it was possibre to identi$ the va¡iable ba¡rd.s was
to fa-ll back on the eye's rema¡kable abirty to identify ord.ered. motion
against complex backgrounds. small segments of the spectra containing
3 - 6 bands were isolated for exarnination. The spectra were ordered by
increasing GuHcl concentration in the spreadsheet and when viewed
were drawn in series. This resulted in approximately a two second.
animation as the B0 spectra were disprayed. After viewing the
'animations'a number of ''m6s sigþificant variations were easily id.enti_
fied. This technique was ü:e only way to identify all of Úre variations
occurring. often very significant ba¡d va¡iations a¡d tra¡sitions viewed.
as animations appear very poor [noisy) when analysed as intensity
variations at one wavelength or shi-fts of peak locations.

Resolution of dilemmas such as ttris is centrar to scientific
analysis. So often 'scientific analysis' red.uces down to the statistic¡l
analysis of visually obvious trends in data:

putated
een t-I.e
of resr:r nt that

ThS a",t" m,ay then-be furlher manipulated and processed. in someo'e'.neo aIl(l reversible way to enhance the visuai trends a¡rdrelationships.
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The data may then be furLher manipulaled and processed in some
defined and ieve¡stble way to enhance the visual trends and
relattonshlps.

Ftnalty mathemattcal (statistlcal) models are fitted to the data to
valtdate and quantlff what was vlsuatþ obvlous"

Thus the frral results are endowed with scientific and quantifl-

able credlbflfty and relatlonshlps between vartables are valldated"

In prewlous research (un-publlshed software; comparry confiden-

tial to Applied Innovation P /L) I have had considerable success ln
dweloptng htghly automated chromatographic anaþsls software by

considerlng the vlsual processes by which the eye ldentifies a 'peak' from
'baseline drift' and 'artifact' (noisy spikes). I hope that in a similar fashion

I can determine the significant features and processes by which band

variation ls easlly tdentlfiable in the anlmatlons of serial spectra. Once

prograrnmed thts wlll result ln a repeatable and quantifiable method,

resulti:eg ln lmproved S/N for the band transition graphs. The reasonin$

belr:rg that: tJ:e arrlmattons of whole spectra appear less noisy than the

statlc plots of lndirrtdual band intensittes and posttion at a pureiy vlsual

level. Automatton of the vlsual processes should yield slmilar results ln
a quantftable form. I hope that thts will also lead to better ways for the

analysis of band parameters of sln$le or pairs of spectra. Such vlsual

properties as band centre of mass, quatlty of shape, and useful part (le.

the 'top area" slgntftcantly unaffected by the basellne or netghbourin$

bands) should all be cast algorithmically and quantifted..
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