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ABSTRACT

A fundamental requirement for understanding the function and
activity of biopolymers is a knowledge and accurate definition of
their structures, in particular their primary sequences. In cases
where data from nucleotide sequencing is available, it is often of
limited use, particularly in describing the important
post-translational modifications of expressed proteins i.e. whether
they are glycosylated, proteolytically processed, covalently
modified or disulphide bridged. Therefore, nuclecotide sequencing
techniques must be complemented by the use of classical and
non—classical protein sequencing methods. One such non-classical
technology that has contributed greatly to the elucidation of
structures of biologically significant compounds, is mass
spectrometry.

The work described in this thesis deals predominantly with Fast
Atom Bambardment mass spectrometry (FAB-MS), involving methodology
development with subsequent application for the solution of
structural problems. In combination with established protein
chemistry techniques the methods developed represent a significant

contribution to modern protein chemistry.

The first methodology development presented in this thesis involves
a novel chemical procedure, namely partial concentrated acid
hydrolysis, combined with a physical method of analysis, FAB-MS.

Under controlled conditions total sequencing of peptides of 2000



a.m.u. is possible. This method may also be applied to peptides in
excess of 2000 a.m.u. to produce short stretches of sequence up to
10 amino acid residues. The implications for general use in larger

molecules are examined and discussed.

Recent technological advances have made linked scanning a viable
mass spectrometric method for analysis of small quantities of
sample. Presented in this thesis is the first application of linked
scanning to direct protein mixture analysis in which the
rate-limiting step of purification is removed. Subsequently this
technique was applied in an investigation of the primary sequence
of the enzyme pyruvate decarboxylase. Linked scan analysis of an
intact digest mixture of the enzyme revealed a single base
difference to that in the nucleotide sequence as well as a
previously unrecognised post-translational modification, a blocked

N-terminus, the identity of which was characterised.

The methods developed were applied in major studies in the primary
sequence analysis of the industrially important enzyme D-xylose
isomerase, and in the structure determination of pyruvate
decarboxylases.
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CHAPTER ONE

INTRODUCTION

A knowledge of the fundamental chemical and physical properties of
cellular constituents is required for understanding fully the life
processes of the body. Proteins participate in such diverse and
necessary processes such as enzymatic catalysis, transport and
storage, co-ordinated motions, mechanical support, immunological
defence, generation and transmission of nerve impulses, and control
of growth and differentiation. It was during the early research
work of the last century, with attempts to unravel the mechanisms
of specific physiological processes, that it was realised that
proteins are ubiquitous throughout nature and essential to life
itself. It is highly appropriate therefore that the name protein
means "first" or "foremost". This name was designated by G.J.
Mulder in 1838, who made the observation:

"There is present in plants and animals a substance which is

without doubt the most important of the known substances in

living matter, and without it, life would be impossible on ocur

planet. This material has been named Protein."

The great diversity in protein function arises from diversity in
protein structure. The key to the structure of the thousands of
different proteins is the group of relatively simple building

blocks, amino acids, from which proteins are built. All proteins
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from those of the most simple prokaryotic cells, to
those of the highest form of life are constructed from the same set
of twenty amino acids covalently linked in characteristic
sequences. In addition to these twenty amino acids which are
camonly found in proteins there are some which are less frequent,
such as hydroxyproline, hydroxylysine and more complicated
structures such as desmosine, a derivative of lysine, fourd in the
fibrous protein elastin. However, it is the number and sequential
order of these amino acids which lends a protein its chemical and
biological individuality, with each protein posesessing its own
canbination of amino acids. The importance of sequence to function
can be illustrated by a number of examples in which a change in the
amino acid sequence of a protein, of possibly just one residue,
results in partial or total loss of activity in the biological
system in which it is acting. The molecular recognition of the
cause of sickle-cell anaemia, a human hereditary blood disease, was
one of the most successful scientific pioneering efforts, and which
alerted the scientific world to the genetic origin of many
diseases. It was found that the cause of sickle-cell anaemia lies
with genetically altered haemoglobin molecules. This genetic defect
in sickle—cell haemoglobin is the result of a mutation in the
beta-chain of the haemoglobin, in which the glutamic acid residue
present in position 6 of the normal haemoglobin beta-chain, is
replaced by a valine residue. This single mutation to the
beta-chain gene results in clinical symptoms such as shortness of
breath and heart murmurs brought on by physical exertion.
Similarly, recent research into connective tissue diseases has

identified a single base mutation of the alpha-1 chain of type I
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procollagen, that replaced glycine with cysteine [1]. This single
amino acid change has been found in a lethal variant of
osteogenesis imperfecta, a hereditable connective tissue

disorder.

1.1 Classical Protein Sequencing Methods

With the realisation that it is the amino acid sequence that
identifies a protein and distinguishes it from all other proteins a
concerted effort was made for the development of sequence analysis
methods. In 1950 Edman [2] introduced a method for the sequential
degradation of polypeptides from the N-terminus, which probably
still represents one of the single most important classical
sequencing techniques developed. The degradation is a cyclic
procedure, by which amino acid residues are cleaved one at a time
from the N-terminus of the peptide and identified as
phenylthichydantoin derivatives. There are three steps in each
cycle, namely, coupling of phenylisothiocyanate (PITC) to the
amino~terminal residue, which forms a phenylthiocarbamyl
derivative, cleavage of the amino-terminal residue via cyclisation
to the anilinothiazolinone and conversion of the thiazolinone
derivative formed to the more stable phenylthiochydantoin (PTH)
derivative, which may be identified chromatographically. The Edman
chemistry is summarised in Figure 1.1. For the coupling of PITC to

proceed, the N-terminal amino acid must bear a free primary amine.

However, it was found that the manual Edman degradation method had
a number of limiting factors associated with it such as, the number
of repetitive cycles permissible was restricted; identification of

these limitations initiated the development of an automated
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lst Step: Coupling
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2nd Step: Cyclisation

Ry
l .
CeHg-NH--C=S (ﬁ{a{oo—peptide Anhy. acid |
- I~
:NH c=0
N S

CH
|
Ry

PTC-peptide

1"2
CeHe-NH-C ————S + NH,CHOO-peptide
6’5 i ' 2
N C=0
\ /
CH
I
Ry
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CH N
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ATZ-amino acid Phenylthiohydantoin A.A. (PTH)

Figure 1.1 EDMAN DEGRADATION
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instrument. In 1967, Edman and Begg [3] published a description of
an automated protein sequenator, capable of carrying out
degradations of up to sixty cycles in a single run. This
achievement revolutionised protein sequencing, since the Edman
degradation could be repeated with high efficiency. The number of
cycles that can be accomplished is limited by the efficiency of
coupling, approximately 90%, by the purity of the reagents used and
the PTH detection methods available. Since 1967 instrument design
has improved greatly such that modern protein sequencers allow
sequence determination from as little as 10 picomoles of material.
The technical problems found manually such as, difficulties of
maintaining an effective barrier against atmospheric oxygen and
performing effective extractions are overcome in the automated
gas-phase sequencer. The reaction is carried out in an atmosphere
of argon, with reagents transported to the reaction vessel in a
vapour (the sample is loaded on a glass fibre disc), however, the
PTITC is delivered as a liquid. Also the anhydrous trifluoroacetic
acid though transported as a vapour condenses on arrival, hence the
nomenclature to a certain extent is misleading with reactions
taking place in the liquid phase. However, all manipulations are
precise ard exact allowing high sensitivity with efficient removal
of by-products. By-products are either flushed or evaporated away
allowing "clean" products to be isolated. One of the main
disadvantages of the manual Edman degradation method is the build
up of by-products. However, even with these conditions satisfied it
is not possible to indefinitely sequence a large protein by this
method because of less than perfect repetitive yields. Hence other

techniques are required to complement Edman chemistry, such as
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those which cleave a large protein into small peptide fragments,

which after purification are amenable to gas-phase sequencing.

1.2 8pecific Cleavages of Proteins

Since the early 1960s there has been a dramatic increase in the
methods available for cleaving a peptide chain, especially at
specific amino acid residues. When a particular amino acid occurs
infrequently in a peptide chain, specific cleavage at these
residues results in a comparatively small number of fragments,
which can be readily separated and purified. A large mmber of
chemical treatments has been developed over the years, however,
this introduction will be restricted to the methods employed in the
investigations presented in the chapters following. A frequently
used chemical procedure is the cyanogen bromide ((NBr) reaction of
Gross and Witkop [4] for specific cleavage of methionine residues.
Methionine residues, in a protein, are selectively converted to
hamoserine (and/or its lactone), with simultaneocus cleavage of the
peptide bond on the carboxyl side of the metlﬁ.onine, see Figure
1.2. In addition to the chemical methods, Edman degradation and
CNBr cleavage, discussed there are many enzymes which exhibit a
high specificity for peptide bond cleavage. Two such enzymes, which
have been extensively employed in protein sequence studies in this
thesis are trypsin and alpha-chymotrypsin. Both these enzymes are
serine endopeptidases, i.e. serine is found at the active site.
Sequence hamology is observed at the active site of enzymes of this
class. Alpha—chymotrypsin is relatively specific for peptide bond
cleavage on the carboxyl side of amino acids, tryptophan, tyrosine,

phenylalanine and leucine, which possess aromatic and hydrophobic
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|
R (“t:!—CH—CI)-
[ /
~NH-CH-C-NHCHQO- —NH-CH-C
/| Q{ g
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\ |
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Methionine residues are converted to a mixture of C-terminal

homoserine residues (II) and homoserine lactone residues (I).

Figure 1.2 CYANOGEN BROMIDE reaction.
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bulky side—chains; peptide bond cleavage is also occasionally
observed at other sites but with a slower rate of hydrolysis.
Trypsin is more specific than alpha-chymotrypsin, with cleavage on
the C-terminal side of lysine and arginine peptide bonds only.
Another enzyme with useful bond cleavage specificity is
Staphylococcal protease, (from the V8 strain), an extracellular
protease from Staphylococcus aureus. This enzyme is specific
for cleaving glutamyl peptide bonds, and under the correct
conditions aspartyl bonds also. There are a variety of enzymes
employed for protein sequencing with relatively little bond
specificity e.g. thermolysin and pepsin. However, the enzymes
widely employed in this thesis reasearch work have been trypsin,
alpha-chymotrpsin and V8 protease, chosen for their specificity,
since when dealing with proteins of unknown sequence, random

peptide cleavage serves only to complicate the sequence analysis.

The chemical and enzymic digestions discussed deal with either
N-terminal amino acid determination or peptide bond cleavage of a
polypeptide chain into fragments. The methods available for
C-terminal analysis are less satisfactory than those for N-terminal
residue determination. One of the most conv enient methods for
C-terminal analysis is by the use of carboxypeptidases. An example
of such an enzyme is carboxypeptidase B which is highly specific
for C-terminal cleavage of lysine and arginine residues only. This
enzyme is ideal for use in conjunction with trypsin in certain
strategies (see later), and has been widely implemented in studies

reported upon in this thesis.
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1.3 Mass Spectrometry

1.3.1 The Historical Role of Mass Spectrometry in Sequence
Analysis

Mass spectrometry is a technique which is gaining acceptance in the
field of micro-protein sequencing studies, sometimes as the method
of choice. As well as playing an important role in sequence
analysis investigations, other highly significant characteristics
of mass spectrometry lie in its a) sensitivity, b) accurate
molecular weight determination, c) mixture handling capabilities
and d) detection and characterisation of post-translational
modifications. It is now some thirty years since studies on small
synthetic peptides indicated the possibility of sequence analysis
by mass spectrometry [5,6] and twenty years since the first
successful analysis of natural protein-derived peptides and peptide
mixtures was demonstrated using N—écetyl N,0 permethyl derivatives
[7,8]. Mass spectrometry has thus played an important role in
biopolymer analysis for more than two decades and has been
demonstrated to be a valuable complementary technique to classical
protein sequencing methods, such as Edman degradation. In addition,
it is the primary method for the analysis of post-translational
modifications, for example, glycosylation [9], phosphorylation [10]
and carboxylation [11,12], where classical methods cannot give
data. The power of mass spectrometry in identifying and determining
the presence of post-translational modifications is illustrated by
the first characterisation of a hormone of insect neurcendocrine
origin. The structure of locust adipokinetic hormone, an
N-terminally blocked decapeptide, which could not be sequenced

classically was determined [7] by mass spectrometry. Mass
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spectrometric methods have been instrumental in many discoveries of
biological importance. Examples in which mass spectrometry has '
played a crucial role are the discovery of the X—carboxylation of
glutamic acid in the blood coagulation zymogens [11,12] and in the
characterisation of leukotriene D, [13], a campound of great
biological significance, associated with a variety of
allergen-induced hypersensitivity reactions, for example asthma.
However, there are a mumerous strategies and methods by which mass
spectrometry maybe applied to a problem, and not all possible
conbinations of pre-treatment, mass spectrometric type, ionisation
methods etc., will solve particular problems. The development of
sensible strategies for solving different types of problem is a key
feature of current research in mass spectrometry applied to protein
chemistry, and several chapters in this thesis will concentrate on
these objectives.

1.3.2 Mass Spectrometric Analysis

A molecule is analysed mass spectrometrically by using some means,
such as a beam of electrons, to ionise it and impart internal
energy, which leads to fragmentation. The way in which the molecule
breaks up is diagnostic of its original structure. Mass
spectrometry, (MS), is the production of ions from neutral
campournds, by a variety of different ionisation methods e.g.
Chemical Ionisation (CI), Electron Impact (EI), and Fast Atam
Bombardment (FAB). A mass spectrometer is designed to separate and
measure the masses of ions produced, by their mass-to-charge ratio.
In Figure 1.3 a reverse-geometry double focussing mass spectrometer

is depicted. When a molecule is ionised a molecular ion, MY, is
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produced which may contain sufficient internal energy to fragment
by the ejection of a neutral particle, N, with the formation of
fragment ion At. The ejected neutral particle maybe a radical or

a neutral i.e.

Subsequently if At has sufficient internal energy then further
decamposition may occur with the formation of B+, Creueen.. '

until there is not sufficient internal energy in any one ion for
further reaction. This stepwise decomposition is a fragmentation
pathway, which often allows the original structure of the compound
to be determined. The extent of fragmentation is therefore
determined by the amount of internal energy originally imparted to
the molecular ion and by the time allowed between ion fornation.and
detection. Hence, the mass spectrum represents the probabilities of
any particular fragment ion being formed. Any neutrals or radicals
produced are not recorded mass spectrometrically since only charged
species are deflected in a magnetic field. The equation of motion
of an ion passing through a mass spectrometer, with both magnetic
and electric sectors, equation 1.3.1, is included in Fiqure 1.3.

After the beam of ions has been accelerated through a potential of
4-8 keV away from the source it is divergent and slits are used to
reduce the spread. In a reverse-geometry instrument, as shown in
Figure 1.3, the ion beam on leaving the source passes through a
magnetic sector, which separates the ions according to their

mass/charge ratio. On passing through the magnetic field the ions
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experience a centripetal force from the magnet (balanced by their
own centrifugal force) and follow a radius of curvature according
to their mass/charge relationship. The focussed ion beam then
enters an electric sector which may simply be regarded as an energy
focussing device. This energy focussed beam then falls at the
collector. By considering equation 1.3.1 it can be seen that a
spectrum may be generated by scanning either the magnet or the
accelerating voltage. Magnetic scanning is preferable over varying
the accelerating voltage, V, (with the magnetic field strength, B,
constant) as the sensitivity of the ion detection decreases with
the decreasing accelerating voltage and sensitivity is a key factor
of any methodology to be applied to biological samples. Any
fragment ion formed outside the ion source will possess less
kinetic energy than originally imparted and thus, will not be
focussed by the electric sector and hence will not be detected.
This type of fragment ion is termed "metastable" and mumerous
techniques have been devised to detect these daughter ions, such as

linked scanning, which is discussed below.

1.3.3 Methods of Sample Ionisation

When discussing ionisation techniques it is important to
distinguish between "hard" and "soft" ionisation methods. These two
techniques differ by the amount of internal energy which is
imparted to the sample. Up until the late 1970s/early 1980s
electron impact (EI) mass spectrometry, a hard ionisation
technique, was the most widely used mass spectrometric method for
sequence analysis. Electron impact mass spectrometry has been
instrumental in defining the structures of a number of biologically
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significant compounds such as, Leu- and Met-enkephalin [14] and
1,25 dihydroxycholetalciferol [15]. This ionisation technique
involves the production of a stream of electrons from a heated
filament in vacuo, which is accelerated through a voltage, V,
across an ion chamber, so that the electrons have an energy, eV,
where "e" is the electronic charge. A volatilised sample, M, and an
electron of energy greater than the ionisation energy of M will
react if they pass close enough for the electron to impart
sufficient of its energy to the neutral species. Two main sequence
analysis strategies, utilising EI-MS, were developed;

(1) the direct probe analysis method [16], and

(ii) gas chromatography/mass spectrometry, (g.c./ms), [17,18,19].
During this period, the concept of analysing mixtures of peptides
generated from protein/glycoprotein digests was first introduced
utilising the dlrect probe method [8]. The great advantage of this
approach is that the rate-deteming step of purification is
by-passed [8,9,20,21]. The principle is one of fractional
distillation of the individual peptides from the mixture, using
either the probe or ion-source heater. This method is best suited
to mixtures of two to five peptides. A requirement for sample
ionisation is that it must be volatile and hence derivatisation of
peptides/proteins was necessary leading to the development of "fast
reaction" high yield acetyl-permethyl derivatives [22,23]. The
g.c./ms strategy was also developed to examine mixtures of small

peptides which are suitably derivatised.

However, there were several drawbacks of EI-MS arising from;

(a) the need to derivatise samples,
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(b) the relatively large quantities of sample required (greater
than 5 nanomoles), and

(c) the extensive fragmentation, due to the transfer of high
internal energy, so that often EI mass spectra do not extend to the
molecular ion, and thus valuable information is lost, i.e.
molecular weight. To overcome the disadvantages associated with
"hard" ionisation techniques alternative procedures were developed,
promoting the study of peptides by "soft" ionisation methods, the
most significant of which has been fast atom bombardment (FAB),
discussed below. This method of ionisation has been that employed

throughout this thesis research work.

1.3.4 soft Ionisation Techniques

One of the most successful soft-ionisation techniques is field
desorption (FD), introduced by Beckey in 1969 [24] . The principle
of FD-MS involves the ionic desorption of atoms or molecules in a
high electric field. The analysis of peptides by this technique
usually allows cbservation of M T and [MI—H]"', and may also give
rise to adduct ions such as [MtNa]® and [M+K]T. Field

desorption mass spectrometry, despite having proven to be a
valuable mass spectrometric method not only in the peptide field
but also for a wide range of biologically significant compounds
[25), was found to have some disadvantages; most spectra were
devoid of fragmentation data and the fragile filaments were easily
destroyed. However, by the late 1970s "soft" ionisation techniques

were widely recognised as powerful methods for bicpolymer analysis.

It was probably the introduction of secondary ion mass spectrometry
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(SIMS) that innovated the development of fast atom bombardment mass
spectrometry, (FAB), in 1981 by Barber and co-workers [26,27,28].
Secondary ion mass spectrometry involves the bambardment of a
sample with a beam of ions resulting in the formation of sample
ions which are then mass analysed. However, despite the
applicability of this technique there are some difficulties which
limit the usefulness of this method such as, charging effects at
the surface bombarded. To overcome this problem the surface is
bombarded by "hot" (fast) atoms instead of ions, this modification
of sample ionisation was termed fast atom bombardment mass

spectrometry (FAB-MS).

An advantage of FAB-MS over hard ionisation methods such as EI-MS
is that the need for peptide derivitisation is circumvented, the
sample can be directly loaded on to the target in the liquid phase.
This ionisation method together with the introduction of High Field
magnet technology [29,30], developed earlier, and other high mass
instruments [31], allowed machine design with an extension of the
resolvable mass range beyond 3000 Daltons, coupled with high
sensitivity. Using these techniques it is now possible for sample
analysis at the picamole-nancmole level. This ionisation method
allows the observation of an intense molecular ion, and hence
calculation of the molecular weight of compounds studied. Once a
molecular weight of an unknown has been determined, immediately
many of the possibilities as to the nature of the compound can be

1.3.5 FAB Ionisation
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In FAB-MS, ionisation is achieved by bombarding the liquid phase
sample with a beam of high energy atoms; in the original
experiments "fast" argon atoms were used. A beam of ions, Ar+,

can be produced by ionising argon atoms and accelerating the
resulting ions through an electric field. The resulting (fast) ions
are directed through an argon gas chamber where charge—exchange

occurs to give fast atoms, with excess fast argon ions deflected.

AT (fast) + P¥(thermal) —" A¥(ast) * AX' (thermal)

Other inert gases such as xenon were first used in this laboratory
[32] to produce a beam of fast atoms and ions, with xenon giving
three times the momentum of argon and resulting in an approximate
three-fold increase in sensitivity of the resultant secondary beam.
In fact, research here also led, in 1981, to the discovery that
atom generation is not necessary for FAB, and the fast ions
themselves give identical results. The FAB system used for the work
in this thesis is a fast ion system designed and manufactured by
M-Scan Ltd to allow close positioning of the ion gun and sample
target, thus maximising ion flux and hence, secondary ion
sensitivity. When a beam of fast atoms bombard a metal target
coated with a sample in a liquid matrix, the large amount of
kinetic energy in the atoms is dissipated in various ways, some of
which lead to volatilisation and ionisation of the sample. Best
results are usually obtainable by coating the target with a
relatively involatile polar liquid; commonly used matrices are
glycerol/thioglycerol and mono-nitrobenzylalcohol (MNBA). By

maintaining a suitable voltage gradient from the target either
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positive [M+H]' or negative [M-H]™ ions can be directed towards

the magnet of the mass spectrometer.

1.3.6 Peptide Fragmentation by FAB-MS

The way in which a peptide ionises on bombardment by fast atoms is
not fully understood, but the fragmentation mechanisms of peptide
bond fission were recognised by Morris and co-workers as being
identical to those produced by chemical ionisation [33]. Morris
et al postulated the protonation of the amide nitrogen of the

peptide bond, giving rise to several types of fragmentation [27].

(1) N-teminal acylium ions: in which cleavage occurs across N—Cu«

bond

0 0
I |

HyN———~CH-C-NH-CH-C-————CO0H

I

Ry Ro
ut
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7,
HZN-————(I{—CJIFH—!CH—C————-GDH
l
Ry H Ry
HoN-—NH-CH-C=0 ® N-terminal sequence ion

3

This acylium species may undergo further fragmentation with

cleavage across the Ce« =00 bond to produce an aldimine fragment
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ion;

®

R

Aldimine fragment ions are often observed in FAB mass spectra,
found a characteristic 28 a.m.u. (—00) lower than the N-terminal

(acylium) fragment ion from which it was derived.

(ii) C-terminal (ammonium) fragment ions; peptide bond cleavage by
the C 4 re—arranged hydrogen;
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Further fragmentation of the N~C«bond can occur with proton

transfer and charge retention, with the formation of a C-terminal

alkyl sequence ion;

CH,~C—000|H @
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0
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This alkyl species is observed a characteristic 15 a.m.u lower in
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mass than its parent quaternary ammonium (C-terminal) fragment ion.

Thus the presence of aldimine and/or alkyl fragment ions in a FAB
mass spectrum provides a means of distinguishing between those

signals corresponding to N- or C-terminal fragment ions.

The way in which a peptide sequence may be determined, from a FAB
mass spectrum containing N- and C-terminal fragment ions, is
illustrated by considering the simple schematic representation of a

peptide below;

N-terminal sequence ions
(a+l)* (a+b+H)*

H-——a——-———b—--l——c-————d-— -e———OH

- (e+H+OH)H *
C-terminal sequence ions

where a, b, ¢, d and e, represent peptide residue masses. Thus, if
fragmentation has occured at each peptide bond then by the mass

differences between each series of C-terminal fragment ions or the
series of N-terminal fragment ions the amino acid sequence can be

determined.

FAB-MS has been used to solve structural problems of a wide range
of compounds of biological interest, for example, the structure
elucidation of a cardioactive nonapeptide with a blocked
C-terminus, isolated from Aplysia brasiliana [34]. The recognition

and identification of this blocked C-terminus by mass spectrometry
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was of great importance since, in the absence of the blocking group
the peptide has no activity. FAB-MS studies on the human Calcitonin
Gene related peptide (hOGRP), [35], also provide an excellent

illustration of FAB-MS work.

Fragmentation of peptides is not always cbserved in FAB mass
spectra, which is the major drawback of this technique over EI-MS.
However, advantages associated with this method such as the
increase in sensitivity, the presence of a molecular ion species
(not usually a feature of EI) and the need for derivatisation of
peptides circumvented, are together of sufficient importance to
compensate for the lack of fragmentation. The fragmentation of a
peptide is dependent on probabilities, with no predictions
possible, and thus, every peptide examined by FAB-MS has its own

unique fragmentation pattern.

1.4 strategies Developed in This Thesis Research Work for
Peptide Sequence Analysis

Despite all the advantages of FAB-MS which make it preferable, in
most structural investigations, to EI-MS, the need for sequence
analysis is of the utmost importance thus, strategies have been
developed for application in conjunction with FAB-MS for sequence
studies. With this objective in mind, two methodologies have been
developed in this thesis research work for peptide sequence
analysis. The first method is a chemical procedure for the
production of peptide fragments from a parent molecule with
analysis of these fragments by FAB-MS. The second procedure is a

method of mass spectrometry for enhancing fragment ion formation
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and analysis, which has been applied for the first time to a
genuine mixture analysis problem, related to the study of an enzyme

sequence.

1.4.1 Partial Acid Hydrolysis for Peptide S8equencing

The first methodology, presented in Chapter Three of this thesis,
addresses primarily the production of peptide fragments for
sequence determination using partial acid hydrolysis. Partial acid
hydrolysis, as a method for investigating peptide sequences, has
been widely implemented over the past fifty years. Sanger, in his
Nobel prize winning sequence analysis of insulin used partial acid
hydrolysis to obtain structurally overlapping peptides, from which
he determined the protein sequence. However, a general criticism of
partial acid hydrolysis as a method for sequence analysis has been
its relative lack of specificity for peptide bond cleavage, which
arises from the susceptibilty of all peptide bonds to hydrolysis.
There are many studies reported in the literature evaluating bond
hydrolysis [36,37] which conclude that certain peptide bonds
hydrolyse at a faster rate than others [38]. Ancther well
established disadvantage associated with this technique is the
deamidation of asparagine and glutamine residues by acid treatment.
However, a fundamental difference between previocus methods of
partial acid hydrolysis and that presented in this thesis work is
that traditionally dilute mineral or concentrated organic acids are

used, whereas in the method developed here a concentrated

mineral acid is employed. The method presented in this thesis
exploits not only the lack of specificity of partial acid

hydrolysis for bond cleavage but also the deamidation of asparagine
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and glutamine residues is utilised as a positive feature of the
technique. However, it is the method of analysis, FAB-MS, of the
peptide acid hydrolysates, that determines those fragments observed
in the FAB mass spectrum. This method for peptide sequence
analysis, as developed here, has been applied to a wide range of
peptides with molecular weight varying from 1346 (substance P) to
40,000 daltons (alcohol dehydrogenase). This method was devised to
be applicable to the micro-sequencing of peptides, i.e. it is a
highly sensitive technique, rapidly providing valuable sequence
information which alone may solve the peptide structure or
contribute seminal sequence data, which combined with information
from other sequence methodologies will enable the complete peptide

structure to be elucidated.

1.4.2 B/E Linked Scanning/CAD

The formation of daughter ions by fragmentation of the parent ion
results in a fragmenation pathway, often allowing structure
determination. If this fragmentation occurs after the ions have
left the source and before they reach the detector then these
fragment ions are termed "metastables". There are three regions
where metastable ions can be formed, denoted the first, second and
third field-free regions, which are depicted in the diagram of a
reverse geometry mass spectrameter, Figure 1.3. Soon after the
introduction of FAB-MS in 1981, "linked scans" were investigated as
methods for studying fragmentation products formed cutside the
source. The results at this time were not encouraging for further
development. Reported in this thesis however, is work investigating

B/E linked scans for (a) pure peptide analysis, and more
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importantly, (b) direct mixture analysis [39]. The most

significant component of this work is the novel application of
two—-sector linked scanning to the sequence analysis of unknown
camponents of an unfractionated protein digest mixture, thus, the

rate-determining step of purification is removed.

There are a variety of linked scan methods for fragment ion
analysis. Focussing and detection of fragment ions may be achieved
by simultaneously varying combinations of the magnetic field
strength, B, the accelerating voltage, V, and the electric field
strength, E, of the electric sector, as discussed by Boyd and
Beynon [40]. The type of scanning used in this second methodology
for sequencing studies, is a B/E linked scan with the accelerating
voltage kept constant. This method of scanning was selected as it
enabled daughter ions (m2+) formed from a particular precursor

ion (m1+) to be studied. Collisionally activated decompositions
(CAD), using helium as the collision gas in the first field-free
region, enhance fragment ion production. When initially examined as
a potential method for sequencing, a major drawback was the sample
quantity required (greater than 5 nanomoles) cambined with the
manual operation of the linked scan performed. However, with the
current availabilty of new improved instrumentation and with the
development of sophisticated computer soft-ware for summed scans
(written at the request of this group) linked scanning/CAD as
illustrated in the study presented here, has been shown to be a
rapid and highly sensitive technique, ideal for fragmentation
enhancement, allowing sequence analysis of pure peptides as well as

those components of an unfractionated digest mixture.
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1.5 FAB-Mapping

The methodobgies developed in this thesis have been for sequence
analysis with an emphasis on fragment ion generation. However, some
methodologies utilise the lack of fragmentation in FAB mass spectra
as an advantage, for example, FAB-Mapping [41]. The concept of the
FAB-mapping strategy is to obtain a spectrum or "map" of a peptide
generated by chemical/enzymic digestion of a protein. The digestion
of the protein produces a number of peptide fragments which fall
within the resolvable mass range of a modern mass spectrometer and
hence, are amenable to examination. Thus, very camplex mixtures can
be directly examined without fear of the FAB mass spectrum becoming
uninterpretable, as the absence of fragment ions results in a
spectrum containing only molecular ions. It is therefore possible
to rapidly screen either natural proteins or the products of
recambinant DNA technology by implementing FAB-Mapping procedures.
Since the probability of two peptides from any digest of a protein
having the same molecular weight is low, the FAB-Map is thus an
accurate diagnostic, determined by the presence or absence of
certain peptide camponents, of the fidelity of the gene-derived
sequence. Each ion assigned in the spectrum can be confirmed by
chemically or enzymically manipulating the digest mixture in a
predictable manner e.g. Edman degradation, carboxypeptidases,
acetylation etc., followed by additional FAB-Maps after each
treatment [42,43,44,45]). Point mutations are usually visualised as
mass shifts with the numerical value of this shift revealing the
identity of the replacement amino acid. INA sequencing is an

extremely elegant and rapid procedure for the structure elucidation
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of large proteins. However, positive identification of initiation,
termination and intron codons requires comparison with amino acid
sequences so as to prevent misinterpretation of the DNA reading
frame. A non-terminating, sometimes non-sensical amino acid
sequence may be derived by simply missing or incorrectly assigning
one base when reading the DNA-sequence. The erroneous observation
of a termination codon is a second such error. Furthermore, it is
not possible for post-translational modifications such as
glycosylation and phosphorylation to be determined from the DNA
sequence. Therefore, an emphasis lies with methodology development
for providing a means for rapid checking of partial peptide
sequence derived solely from the DNA coding information, from which

it is possible to interpret incorrect protein structure.

Conversely, FAB-Mapping techniques can be implemented for the
generation of small stretches of peptide sequence, typically
between six to twelve amino acid residues, from a protein of
unknown sequence, to employ in the production of synthetic
oligonucleotide probes to screen a gene library. Methionine and
tryptophan containing peptides are favoured for probe generation,
because unlike other amino acids they do not have degenerate codes.
Methionine residues, in general occur infrequently in protein
sequences hence, protein cleavage with cyanogen bromide (see Figure
1.2) has the advantages of (a) generating large peptide fragments
which are reduced in secondary and tertiary structure which can be
further digested with enzymes, and (b) producing methionine

containing peptides.

FAB-Mapping techniques are ideal for generating peptide fragments
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from large proteins and have been applied to complex problems such
as human low density lipoprotein APO B [46,47]. As well as being a
highly sensitive method involving direct mixture analysis, a
definite advantage of the FAB-Mapping procedure is that there is an
equal probability of observing C-terminal as well as N-terminal
regions of the protein, unlike alternate methods of analysis such

as automated gas-phase sequencing.

1.5.1 Applications of FAB-Mapping
Two major studies in this thesis, employing FAB-Mapping techniques,
have been the primary sequence analysis of two proteins D-xylose

isomerase and pyruvate decarboxylase. D-xylose isomerase

Arthrobacter strain B3728, molecular weight 43 kDa [48], is an
enzyme of industrial J:mportance for catalysing the conversion of
D-glucose to its sweeter isomer D-fructose. This reaction is the
basis for the modern industrial production of high fructose syrups.
An important feature of this study was that it allowed the
otherwise uninterpretable X-ray crystallography data to be solved.
This study elucidated approximately 80% of the primary sequence of
D-xylose isomerase prior to the determination of the gene sequence,
which was itself corrected using this data. This is believed to be
the first study in which medium resolution X-ray crystallography
data has been interpreted by utilising mass spectrometric data to
define sequence and molecular weight. The FAB-Mapping strategy was
also successfully implemented, in conjunction with other
methodologies, some developed here, to the primary sequence analysis
of pyruvate decarboxylase, isolated from wild type yeast,

Saccharomyces cerevisfae. Pyruvate decarboxylase, molecular



46

weight 60 kDa [49,50], is responsible for the production of ethanol
from pyruvate by anaerobic glycolysis (alcoholic fermentation) in
organisms such as yeast, this reaction is of great industrial
interest.

Due to the phenamenon of supression [27] of certain peptide
camponents in a digest mixture by others, on FAB-MS analysis of the
mixture, the need for purification methods such as High Performance
Liquid Chromatography (HPIC), remain invaluable for sequence
studies. Classical sequencing techniques such as automated
gas-phase sequencing may be used in combination with mass
spectrometric methods for the sequence determination of purified
peptide camponents. Reverse-phase HPIC has been the main method of
fractionation implemented where needed in the FAB-Mapping studies
reported in this thesis. Reverse-phase chromatography involves a
stationary phase in which long-chain alkyl groups are immobilised
on silica microspheres, and a mobile phase which consists of a
mixed organic/aquecus solvent. By applying a solvent gradient the
larger and more hydrophobic peptides are retarded on the column,
eluting in high percentages of organic solvent.

1.6 High Mass Analysis

Classically molecular weight estimations of large proteins are
obtained by gel filtration or SDS-polyacrylamide gel
electrophoresis, with cal ibration against a standard set of
proteins of known molecular weight [51]. Techniques such as mass
spectrometry provide an accurate and highly sensitive method for

molecular weight determinations. However, before 1977 it was
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difficult to analyse molecular weights in excess of 1000 a.m.u. by
MS, though the mass range amenable to mass spectrometry has
increased rapidly during the past decade. From the equation of
motion of an ion passing through a two-sector mass spectrometer
(see Figure 1.3) it can be determined that mass is directly
proportional to both magnetic field strength (B) and the radius of
the magnet (R), thus, there are two options for extension of the
mass range of the mass spectrometer, i.e. an increase of either B
or R. Most instruments currently working at high mass are high
field (HF) mass spectrometers. The advent of HF-MS [29,30] and then
desorption-ionisation techniques such as FAB-MS [26,27,28], allowed
the mass range to be considerably extended, with resolvable
molecular ions being observed beyond 3000 a.m.u. Studies into the
application of FAB-MS to molecules in the mass range 5000-8000 Da,
showed that small proteins such as insulin and monellin [52] are

amenable to direct analysis.

A second option for increasing the mass range is to relinquish the
use of magnets, as for example with plasma desorption mass
spectrometry (PD-MS). This approach utilises radionuclide
ionisation (2520f plasma desorption) for rapid heating. A fission
fragment (252Cf decays to two fission products) on impact with
the sample causes a localised "hot spot", of about 10,000°K. This
large amount of energy in the sample results in rapid
volatilisation before decomposition can occur; ionisation occurs
through ion-pair formation and ion/molecule reactions, with
analysis of ions by a time-of-flight mass spectrometer. Plasma
desorption has proved successful for the analysis of proteins, with

molecular weight
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determinations up to 23 kDa [53].

Recently mass spectrometry has been extended for the study of high
molecular weight biopolymers, based upon electrospray
ionisation. This technique has been applied in this thesis, and
has been instrumental in determining the molecular weights of
subunits Al, A2 and B of the enzyme pyruvate decarboxylase.
Electrospray ionisation, (ESI), was initially introduced in 1968 by
Dole et al [54] but has been recently revived by Fenn et al

[55,56] and others. ESI is a soft-ionisation method capable of
producing multiply charged molecular ions and hence, according to
the mass/charge relationship, the charged species is detected
within the resolvable mass range of the instrument. The signal
cluster is characterised by its bell-shape formation related to the
nunber of charges carried. The optimum instrument design for ESI is
not a conventional two-sector mass spectrometer, but a quadrupole.
A quadrupole consists of four precisely arranged parallel rods.
Between each pair of opposite and electrically connected rods a dc
voltage and a superimposed radio-frequency (r.f.) potential are
applied. Under the influence of this combination of fields, ions in
the analyser undergo complex trajectories [57,58,59]. With the
r.f./dc voltage ratio constant, the voltages are varied to effect
separation of ions according to mass. The mass range of new
quadrupoles is approximately 2000-3000 Da, so that a large protein
carrying multiple charges, e.g. a protein mass 100 kDa with 100
positive charges will be observed in the spectrum at m/z 1000 thus,
lying within the resolvable mass range of a quadrupole. A

simplistic diagram of an ESI-MS design is shown in Figure 1.4.
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ESI-MS as applied in this thesis has allowed a molecular weight
determination, for the first time, for each of the isolated monomer
units of pyruvate decarboxylase, previously estimated within +3000
Da, to a value within +5-20 Da (+0.02%). The results obtained were
from less than a nanomole of sample denbnstxating the sensitivity

of the procedure.

The work reported in this thesis demonstrates the broad
applicability of mass spectrometry as an analytical tool, when used
in a concerted strategy in combination with other complementary
techniques for sequence analysis of proteins and peptides of
biological significance. Recognising the current needs for advanced
sequencing technologies, two methods, linked scanning of enzyme
digests and concentrated mineral acid partial hydrolysis, have been
deveioped and subsequently applied to problems of relevance in the
field of protein chemistry. A third component of this thesis has
been the study of two enzymes, D-xylose isomerase and pyruvate
decarboxylase, which as well as investigating their primary
sequences, has demonstrated how mass spectrometry can significantly
extend and complement the data yielded by other methodologies such

as X-ray Crystallography and DNA-sequencing techniques.



51

CHAPTER TWO

FAB-MAPPING TECHNIQUES APPLIED TO THE PRIMARY SEQUENCE ANALYSIS

OF D-XYLOSE ISOMERASE, Arthrobacter Strain B3728

2.1 Introduction

This chapter describes FAB-Mapping research which was essential in
determining the sequence and crystal structure of the industrially
important enzyme D-xylose isomerase, Arthrobacter strain B3728
(48]. A number of bacteria contain D-xylose isomerases that
catalyse in vivo the isomerisation of D-xylose to D-xylulose and
also convert D-glucose to Ij—fmctose under certain conditions
[60,61]. The conversion of D-glucose to D-fructose is the basis for
the current industrial production of large quantities of high
fructose syrups. Commercially used in an immobilised form D-xylose
isomerase converts glucose to its sweeter isomer fructose, to give
a product virtually identical with "invert sugar" produced from
beet and cane. A secornd major commercial interest lies in the
production of ethanol from xylose occurring in several yeast
strains, in particular, those belonging to the genéra

Pachysolen and Candida. However, the industrially used

yeasts of the genus Saccharomyces are unable to produce ethanol

in this way. Work is currently directed towards introduction of a
bacterial D-xylose isomerase gene into a suitable yeast host

[62,63,64,65]. Due to the commercial importance of this enzyme a
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protein engineering programme has been initiated on D-xylose
isomerase, Arthrobacter strain B3728, investigating the

primary, secondary, tertiary and quaternmary structures.

In the absence of an initial primary structure a tentative sequence
was built up, combining information derived from X-ray
crystallographic techniques [66], the N-terminal sequence, 15
residues, determined by gas-phase sequencing in this group, and by
probable sequence homology studies with other D-xylose isomerase
enzymes; Bacillus Subtilis [67], E.Coli [68],

Streptomyces violaceoniger [69] and Ampuriella sp [70] (see
Figure 2.4, page 82). However, it proved impossible to fully
interpret the X-ray crystallographic data, and thus the crystal
structure, by these means, and Professor Blow (Biophysics) sought
collaboration from this group on the primary structure
determination. A mass spectrometric approach was employed for the

sequence analysis investigation, reported here.

Fast atom bombardment mass spectrometry, FAB-MS, introduced in 1981
[26,27,28], has played an important role in biopolymer analysis.
The development of FAB-MS, combined with High Field magnet
technology, HF-MS [29,30] developed earlier, has allowed large
molecules of 3000 Da or more to be examined and characterised.
Today, commercially available mass spectrometers can determine
molecular weights ranging from 10,000 to 15,000 Da at full
accelerating voltages, 8-10 keV. However, many biopolymers of
interest have molecular weights which greatly exceed this mass

range. The concept of FAB-Mapping [41] was devised in 1983
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specifically to address questions of primary structure in large
biopolymers, including enzymes, receptors and recombinant proteins.
The FAB-Mapping strategy has been applied to a variety of
significant biological problems such as glucose transporter protein
[71] and apolipoprotein B [46,47]. Conversely, FAB-Mapping
techniques can also be used as part of a strategy for the
elucidation of short peptide sequences. Typically, from a protein
of unknown structure, between six to twelve amino acid residues are
required, to employ for the géneration of synthetic oligonucleotide

probes to screen a gene library.

The FAB-Mapping procedure invo_lves a combination of chemical and or
enzymic techniques for the generation of small peptides falling
within the resolveable mass range of a modern mass spectrometer.
The procedure developed in this thesis, for the study of D-xylose
isomerase, has been chemical treatment followed by enzymic
digestion. In many cases the three dimensional conformation of a
protein sterically hinders the approach of a large enzyme molecule,
and so potential cleavage sites in the interior of the folded
protein substrate remain untouched by the enzyme, which results in
limited proteolysis. In contrast, the effects of steric hinderance
on the approach of a small molecule such as cyanogen bromide (CNBr)
are not usually significant. Thus, by employing the appropriate
experimental conditions specific bonds can be chemically cleaved to
produce large peptide fragments with less secondary and tertiary
structure. These peptides are now suitable for enzymic proteolysis.
The resultant digest mixture is then analysed by FAB-MS. The FAB

mass spectrum is termed a "FAB-Map". A typical FAB-Map contains a
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number of signals of varying intensity. The mass signals, [M+H]+,
should correspord to peptides derived from the sample, which can be
mapped on to the anticipated structure if known, demonstrating that
the primary sequence is correct. The larger the protein the more
camplicated is the mapping of the various mass signals on to the
sequence, in such cases a computer programme may be employed
(M-Scan Itd., Ascot, and R. McDowell, Dept. Biochem., Imperial
College, London). Briefly, this computer programme consists of two
main sections, a protein sequence databank and a search programme.
The protein sequence under investiﬂation is stored in the databank,
with any modifications of the sequence, for example, substitution
of methionine residues for the homoserine derivative, incorporated.
The search programme is able to locate peptides along the protein
sequence on the basis of their molecular weights. For each mass
value there often exists a mumber of sequences, derived from the
predicted sequence however, by utilising the knowledge of the
digest specificty, e.g. peptides generated from a trypsin digestion
would be expected to terminate with either a lysine or arginine
residue, many of the sequence possibilities can be dissmissed as
not satisfying the digest conditions. Signal assigrments are
subsequently validated by predictable chemical and enzymic
manipulations of the digest, for example Edman degradation [2] and
carboxypeptidase B, followed by additional FAB-Maps after each
treatment. Signals in the first FAB-Map should shift in a
predictable manner, with unexpected mass shifts often indicative of
post-translational modifications which sometimes may be deduced
from the numerical value of the mass difference. Carboxypeptidase B

is a very useful enzyme (specific for cleaving C-terminal arginine
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and lysine residues only) for use in conjunction with trypsin. A
comparison of the tryptic FAB-Map with the FAB-Map produced after
an aliquot of the intact tryptic digest mixture has been digested
with carboxypeptidase B is very useful for identifying the true

carboxy terminus of the protein; the peptide corresponding to the
C-terminus will not shift in mass after CpB treatment, unless the

C-terminal amino acid of the protein is lysine or arginine.

The strategy of FAB-Mapping is also applicable to proteins of
unknown sequence. Emphasis lies on the provision of short stretches
of sequence, typically six to twelve amino acid residues, for the
production of synthetic oligonmucleotide probes for “fishing" in a
gene pool for the gene encoding the protein. The FAB-Mapping
procedure remains identical to that described above. However, the
role of Edman degradation and CpB digestion of the intact double
digest mixture, are to provide valuable sequence information from
unknowns for N—- and C-terminal amino acid residue determinations.
The next step would be purification of the digest mixture by
techniques such as High Performance Liquid Chromatography, HPLC,
with identification of each isolated peptide by mass spectrometry
camplemented by classical protein sequencing methods such as
automated gas-phase Edman degradation. This chapter describes the
successful application of FAB-Mapping techniques with appropriate
strategies devised for elucidating valuable sequence information
which made an important contribution to the primary sequence

analysis of D-xylose isomerase.

There were initially two objectives of this study;
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1) the primary sequence analysis of D-xylose isomerase, by a novel
approach utilising mass spectrometric data for the interpretation
of the otherwise inconclusive X-ray crystallographic data, and

2) the provision of definitive stretches of amino acid sequence for
the subsequent production of complementary synthetic

oligonucleotide probes.

Utilising the data from this study the gene sequence was later
generated and corrected. As discussed previously errors of
translation or some other modification of the sequence
unanticipated from the nucleotide template, for example
post-translational modifications, are common place and thus, there
is a growing demand for complementary protein sequencing techniques
to determine the fidelity of a sequence derived solely by DNA
technologies. Therefore, a third objective of this study was to;

(a) check the gene sequence, and

(b) elucidate a number of residues unable to be translated from the

DNA template.

The sample of D-xylose isomerase used in the biochemical structure

work reported here was supplied as a crystal from our colleagues in
the Department of Biophysics.

2.2 Results and Discussion

PART T
2.2.1 Section A: PRIMARY SEQUENCE ANALYSIS of D-xylose isomerase,

Arthrobacter strain B3728
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The objectives of this first section of study were, (a) the primary
sequence analysis of D-xylose isomerase by FAB-Mapping techniques,
(b) interpretation of the otherwise uninterpretable crystallography
data, and (c) the provision of sequence data suitable to employ for
the generation of oligonuclectide probé.

The N-terminus of each identical subunit of D-xylose isomerase,
Ser-Val-Gln-Pro-Ala-Asp-His-Phe~Thr-Phe-Gly-Leu-Trp, had been
previocusly determined by automated gas-phase sequencing in this
laboratory. This N-terminal sequence represented the only stretch
of amino acid residues, in the initial electron density map

sequence, not determined by X-ray crystallographic methods.

The strategy of FAB-Mapping, as described awe, was applied to a
crystal of D—xylose isomerase. Chemical treatment followed by
enzymic digestion was selected as a suitable approach for cleaving
this enzyme. The protein was initially cleaved with cyanogen
bromide (ONBr) and then sub-digested with trypsin. Cyanogen bromide
cleaves on the C-terminal side of methionine residues, with
modification of the methionine to its homoserine and/or lactone
derivative, see Figure 1.2 (Chapter One). When observed mass
spectrometrically the derivatisation of methionine (at the
C-terminus of a CNBr generated peptide fragment) is often
discernible by the presence of two related signals 18 a.m.u. apart
which correspond to the hamoserine and its lactone. Double
digestion of the protein, D-xylose iscmerase, generated a large

munber of peptides with masses amenable to detection and analysis
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by FAB-MS. The mass spectrometer used throughout this study
(ZAB-HF) had a resolvable mass range of approximately 3300 Da at
full accelerating voltages. FAB-MS analysis of an aliquot of this
ONBr/Tryptic digest produced the FAB-Map shown in Figure 2.1. This
spectrum contains a number of intense signals corresponding to
peptide fragments generated from the double digestion of D-xylose
isomerase, the observed quasi-molecular ions, [M+H]+ are
summarised in Table 2.1. However, the amino acid sequence of these
peptides was unknown. As described above, the next step in the
FAB-Mapping strategy in the absence of a sequence is to chemically
and/or enzymically manipulate the digest mixture in a predictable
manner, prior to purification, with analysis of the products after
each step by FAB-MS. Though a tentative sequence had been assigned
by X-ray crystallographic methods this data was inconclusive and
therefore, the FAB-Mapping strategy was applied to the primary
sequence analysis of D-xylose isomerase as if it were unknown, with
data from this study utilised for interpretation of the electron
density data. An aliquot of the double digest (NBr/tryptic) was
submitted to two cycles of manual Edman degradation. The Edman
chemistry is illustrated in Figure 1.1 (Chapter One). Edman
degradation is a chemical method for the removal of the N-terminal
amino acid of a peptide/protein; for the reaction to proceed the
N-terminus must be the free amine. After each step of Edman
chemistry the products were analysed by FAB-MS, the resulting
FAB-Maps are illustrated in Figures 2.1.1 and 2.1.2, respectively.
The mass differences between those signals seen in the initial
FAB-Map (Figure 2.1) and those observed after one step of Edman

degradation, Figure 2.1.1, allow determination of the N-terminal
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CNBr/i‘ryptic digest EMMAN step 1 EDMAN step 2 O\IBr:/T):ypt}_c/

[M+H] emt ]t CpB: [M+H]
397 349 506 389
399 506 581 461
413 581 616 553
417 621 675 573
545 653 691 583
548 729 883 645
573 804 952 688
576 924 965 829
590 1005,/1007 994 833
634 1078 1027/1029 846
649 1099 1040 856
670 1123 1072 921
677 1140 1102/1105 974
721 1142 1129 990
736 1258 1142 1055
766 1290 1189 1056
809 1350 1220 1114
828 1425 1236 1128
844 1613 1311 1151
854 1689 1324 1177
898 1755 1329 1195
942 1889 1446 1253
974 2062 1449 1261
984 2163 1595 1263
1055 ~2630 1669 1336
1118 ~2750 1378
1177 1381
1195 1557
1212 1572
1213 1587
1263 1711
1279 ~2037
1389
1463
1698
1826
1930
~2160

Table 2.1 Intense Quasi-Molecular Ions, [M+H]+, Observed in; (i)
CNBr/tryptic FAB-Map (Fig. 2.1), (ii) ONBr/tryptic FAB-Map
after One Step of Edman Degradation, (iii) NBr/tryptic
FAB-Map after Two Steps of Edman degradation, and (iv)
CNBr/tryptic/CpB FAB-Map, of D-Xylose Isomerase.
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amino acid of each peptide observed. Similarly, by comparing the
FAB-Maps generated after one step and then after two steps of
mamual Edman degradation (Figures 2.1.1 and 2.1.2) and by
calculation of signal mass shifts the second N-terminal amino acid
in each peptide sequence can be determined. Hence, this procedure
is generally referred to as "subtractive Edman" [43,44] (observing
peptides rather than PTH derivatives). From these two steps of
subtractive Edman degradation the first two amino acids of peptide
fragments observed in the FAB-Map of the double digest mixture were
interpreted. To determine those fragments which had been generated
by trypsin digestion and those which were derived from CNBr
cleavage of the protein a method for C-terminal analysis was
implemented, carboxypeptidase B, CpB, digestion. As discussed CpB
is specific for cleaving C-terminal lysine and arginine residues
only and thus, those peptides generated by trypsin digestion are
expected to terminate with either a lysine or arginine residue.
Those peptides formed from C-terminal C(NBr cleavage will terminate
with a chemically modified methionine residue. FAB-MS analysis of a
CpB digestion of an aliquot of the (NBr/tryptic digest mixture will
allow visualisation of those peptides with C-terminal lysine or
arginine residues by mass losses of 128 and 156 a.m.u.
respectively. Those signals in the (NBr/tryptic/CpB FAB-Map, Figure
2.1.3, that have not changed in mass can be assigned as peptides
terminating with a modified methionine residue or to the natural
C-terminus of D-xylose isomerase. The experiments described above
very rapidly allowed both N- and C-terminal residue analysis of the
generated peptide fragments. However, it should be noted that not

all fragments generated by the digests are observed by FAB-MS
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analysis of the digest mixtures, or after Edman degradation and/or
carboxypeptidase B treatment. This is rationalised by the
phenomenon of suppression [27] of certain peptides by others in a
mixture when the intact mixture is directly analysed by FAB-MS.
Therefore, the absence of any expected peptides in a FAB-Map of a
mixture and/or those expected after steps of Edman degradation or
CpB digestion is inconclusive. In order to observe these suppressed
peptides the digest mixture must be purified by techniques such as

High Performance Liquid Chromatography, HPIC.

The intense mass signals, [MtH]", in the CNBr/tryptic FAB-Map
(Figure 2.1) of D-xylose isomerase, are listed together with the
Edman degradation and carboxypeptidase B data, in Table 2.1 (see
Page 60). Despite the phenomenon of suppression a large number of
signals are observed in each FAB-Map. As discussed, those signalsr
which are not shifted after CpB digestion, such as m/z 1177 and
1195, correspord to peptides with C-terminal modified methionine
residues or to the nmatural C-terminus of D-xylose isomerase. The
pair of ions m/z 1177 and 1195 have a mass difference of 18 a.m.u.
indicating that they correspond to a peptide terminating with a
methionine residue chemically modified to its lactone and
homoserine by (NBr digestion. This conclusion was supported by

their presence in the CNBr/tryptic/CpB FAB-Map, Table 2.1.3.

Two computer programmes were used in this study; the function of
one programme (K. Hendrick, Dept. Biophys., Imperial College,
Iondon) is to compute all combinations of the possible three

dimensional amino acid structures in the electron density map. This
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programme was in fact based upon that available in the Department
of Biochemistry, Imperial College, London (R. McDowell and M-Scan
Itd., Silwood Park, Ascot). This latter programme consists of a
protein databank (in which the primary sequence of proteins are
stored) and a search programme. The function of the search
programme is to locate stretches of peptide sequence on the basis
of their mass within the primary sequence of the protein from which
they are derived. This programme was therefore implemented in the
second part of this study to check the fidelity of the gene-derived

sequence. To distinguish between the two reference will be made to

programme I (Dept. Biochem.) and programme IA (Dept. Biophys.).

From the mass spectrometric/chemical data summarised in Table 2.1,
two signals could be assigned on to the sequence in the electron

density map, [M#H]' 1177/1195 and [M#H]T 1212.

Interpretation of _[M]_"' 1177/1195: These two signals
correspond to a peptide fragment bearing a chemically modified
C-terminal methionine residue as discussed above. The presence of
signals m/z 1078 and m/z 965 in Figures 2.1.1 and 2.1.2
respectively, allowed valine and leucine/isoleucine (respectively)
to be determined as the N-terminal amino acid residues of this
peptide. Furthermore, it was inferred that the residue preceding
valine in the intact protein was either arginine, lysine or
methionine, i.e. a digest cleavage site. The location of this
peptide within the original protein sequence was sought by
employing the computer programme, IA, available in the Department
of Biophysics (K. Hendrick). The function of this programme was to
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search for the best mass fit of the peptide at m/z 1195/1177 within
the tentative sequence of the electron density map, and then to
campute all possible three dimensional amino acid structures lying
within the defined parameters of the electron density map. The
programme was able to mass assign the peptide on to residues 118 to
128 in the electron density map, with the sequence,
Val-leu/Ile-His-Asn-Ile-Asp-Leu-Ala-Ala-Glu-Met. However, previous
interpretation of the X-ray cystallographic data had assigned
glutamic acid and glycine to positions 120 and 127 respectively.
These residues were revised to agree with the mass spectrometric

data.

Interpretation of [M+H]t 1212: Two steps of subtractive Edman
degradation identified leucine/isoleucine and phenylalanine
respectively, by the mass differences between the signals m/z 1212
(Figure 2.1), m/z 1099 (Figure 2.1.1) and m/z 952 (Figure 2.1.2),
as the N-terminal amino acid residues of this peptide and the
C-terminal residue as arginine (see Table 2.1). Using the computer
search programme (IA) for a best fit led to the assigmment of the
peptide on to the electron density map between positions 240 to
249, correcting an error in the electron density data at position
241. This residue had been assigned as tyrosine from the
crystallographic data not phenylalanine as determined from this
mass spectrometric study. This residue, 241, was subsequently
changed to agree with the Edman/MS data which proved the second
residue of this peptide at m/z 1212 to be phenylalanine. The
sequence of this peptide was determined as

Leu/Ile-Phe-His-Ile-Asp-Leu-Thr-Gly-Gln-Arg. The residue preceding
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leucine in the intact protein sequence was logically assigned as

either arginine, lysine or methionine.

The remaining signals from the FAB-Map not assigned, were run
through the computer search programme (IA) for a best mass fit.
However, few convincing possibilities were produced. Thus, it
became apparent that the sequence in the electron density map
contained many errors in residue assigrment. Therefore, the
peptides generated from the (NBr/trypsin digestion of D-xylose
isomerase needed to be analysed by definitive sequencing methods
rather than attempting to mass assign them on to the sequence
derived by X-ray crystallographic methods. Thus, the next logical
step in this study was to purify the digest mixture by
reverse-phase HPIC, thereby isolating the observed peptides and
also those peptides not previocusly cdbserved due to suppression in
the digest mixture. An aliquot of each HPIC fraction was analysed
by FAB-MS. A second aliquot of each isolated and mass assigned
peptide fragment was submitted for autamated gas-phase sequencing.
Presented below are seven peptide sequences identified and
elucidated, after HPIC purification of the digest mixture, by a
carnbination of mass spectrametric and gas-phase sequencing
techniques.

Interpretation of M]_"’ 1930: This signal was cbserved in
the FAB-Map of the double digest mixture, Figure 2.1. However, no
previous sequence assigmment could be made, with no Edman or CpB
data interpretable from previous digests. Purification of the

digest mixture allowed isolation of this peptide, identified by
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FAB-MS. An aliquot of the HPIC fraction was examined by automated
gas-phase sequencing with several cycles yielding the partial
sequence, lLeu-Ala-Glu-Leu-Gly. It was found that this pentapeptide
could be matched with the primary sequence of the Streptomyces
violaceoniger (Svn) strain of D-xylose isomerase between

positions 42 and 46, see Figure 2.4 (see Page 82). However, the
amino acid sequence subsequent to residue 46 in the Svn strain of
D-xylose isomerase did not agree for a mass fit of 1930.
Correlation of the electron density derived sequence between
residues 42 and 46 with the Svn primary sequence showed that there
was partial sequence homology in this region. However, the electron
density data had assigned residue 44 as serine and not glutamine.
In the sequence derived by automated gas-phase Edman degradation
and in that of the Svn sequence residue 44 was assigned as
glutamine therefore, in view of these sequences residue 44 in the
electron density map was changed to read glutamine. However, even
with this change to the electron density data no mass fit for m/z
1930 could be made on to the sequence in this region indicating
that the amino acid residues after residue 46, in the electron
density map, were incorrect. There also remained the possiblity
that this pentapeptide was related to another peptide mass eluting
in the same HPIC fraction as the peptide [M+H]T 1930, but which
was not observed on FAB-MS analysis due to suppression. As this
study progressed this matter was resolved and is reported later in
the chapter.

Interpretation of [M+H]+ 1389: This signal was cbserved in

the FAB-Map of the double digest mixture (CNBr/tryptic), Figure
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2.1. Two cycles of Edman degradation allowed identification of the
N-terminal amino acid residues as valine and threonine, by the
presence of signals m/z 1290 and 1189 in the FAB-Maps presented in
Figures 2.1.1 ard 2.1.2 respectively. FAB-MS analysis of the
CNBr/tryptic/CpB digest mixture found a signal at m/z 1261 with m/z
1389 absent. Thus, the C-terminal residue of the peptide at m/z
1389 was determined to be lysine. However, no mass fit for m/z 1389
on to the electron density map could be made. Using the computer
search programme (IA) the closest assigmment of this signal
corresponded to residues 88 to 99 in the electron density map of
the intact protein. However, two amendments to the crystallographic
data had to be made to positions 88 and 94 to agree with this mass
spectrometric data. In the first instance to agree with the
molecular weight and in the second to agree with the N-terminal
residue valine, determined by subtractive Edman degradation.
Residues 88 and 94 were tentatively assigned from the
crystallographic data in the electron density map as threonine and
alanine respectively. From the Edman/MS data threonine was shown to
be an incorrect assigmment. Eight cycles of automated gas-phase
sequencing of the purified peptide determined the sequence,
Val-’Ihr—’mr—Asn—Ien-me-Ser—His, correspording to residues 88 to
95, which agreed with the mass spectrometric data. On receipt of
this information confident mapping of the peptide at m/z 1389
between residues 88 to 99 in the intact protein sequence was
possible, with two changes made to the elctron density map. The
sequence of the peptide at m/z 1389 was therefore determined as,

Val-Thr-Thr-Asn-I eu-Phe-Ser-His-Pro-Val-Phe-lys. The residue

preceding the N-terminal valine was deduced to be either lysine,
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arginine or methionine.

Interpretation of (M+H]Y 844: From mass signals at m/z 729

and m/z 616 cbserved in the FAB-Maps (Figures 2.1.1 and 2.1.2
respectively) generated after each step of Edman degradation, the
N-terminal amino acid residues of this peptide were determined as
aspartic acid and leucine/isoleucine. Carboxypeptidase B digestion
of the double digest mixture identified the C-terminal residue as
arginine, by the presence of the mass signal m/z 688 (Figure 2.1.3)
corresponding to a mass difference of 156 a.m.u. between this
signal and m/z 844. However, no mass assigmment of this peptide,
m/z 844, on to the electron density map of D-xylose isomerase could
be made. The camputer search programme (IA) failed to generate any
convin cing sequence possibilities for this peptide mass.
Purification of the double digest mixture allowed isolation by
HPIC, and identification of this peptide, [M+H]' 844, by FAB-MS.
An aliquot of this HPIC fraction was submitted for automated
gas-phase sequencing, with seven cycles yielding the sequence,
Asp-Ieu-Ala-Ala-Ala-Ieu-Asp. As the first two N~terminal residues
of this sequence were in agreement with the Edman/MS data it was
confidently concluded that this sequence corresponded to the
peptide at m/z 844 and not some other canponent in the HPIC
fraction, suppressed on FAB-MS analysis. However this heptapeptide,
[M+I+I]+ 688, cbviosly does not correspond to the complete sequence
of the peptide at m/z 844. Interpretation of the CpB/MS data
allowed the remaining sequence to be determined. The mass signal at
n/z 688 was observed in the FAB-Map of the (NBr/tryptic/CpB digest

(Figure 2.1.3) and interpreted as the peptide formed as a result of
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a C-terminal cleavage of arginine from the peptide at m/z 844.
Thus, the sequence of the peptide at m/z 844 was determined as,
Asp-Teu-Ala-Ala-Ala-Ieu-Asp-Arg. Once this sequence had been
elucidated it was compared with the electron density map to locate
a stretch of amino acids which closely resembled this derived
sequence. The best correlation was found between residues 149 to
156. The sequence between these residues was
Gln-Val-Lys-Glu-Ala-Ieu-Asp-Arg. Thus, the crystallographic study
had incorrectly assigned residues 149 to 152. On receipt of the
gas-phase/MS data the electron density map was amended between
residues 149 and 152 to agree with the sequence derived from a
combination of automated gas-phase sequencing and mass
spectrometric techniques.

Interpretation of IM]_"' L?‘é_ ¢ This signal was observed in
the original FAB-Map of the double digest mixture. Two steps of
Edman degradation allowed identification of the N-terminal amino
acid residues as arginine and glutamic acid calculated from the
mass differences between signals m/z 1279, 1123 and 994, cdbserved
in the FAB-Maps presented in Figures 2.1, 2.1.1 and 2.1.2
repectively. The C-terminal residue was determined by the mass
difference between m/z 1279 and m/z 1151 (Figure 2.1.3) as lysine.
However, no mass assigmment of this peptide at m/z 1279 could be
made on to the electron density map. This peptide was isolated by
HPIC and identified by FAB-MS. An aliquot of the HPIC fraction
containing this peptide was partially sequenced by automated
gas-phase Edman degradation, with ten cycles determining the

sequence, Arg-Glu-Gly-Val-Asp-Thr-Ala-Ala-Gly-Tyr. This sequence
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was in agreement with the Edman degradation/Ms data. However, the
mass of this decapeptide was calculated as 1038. Utilising the CpB
data, i.e. the C-terminal residue of this peptide was lysine
allowed the total sequence to be determined. A simple calculation
imvolving addition of the residue mass of lysine to the decapeptide
mass with subtraction of this sum from 1279, arrived with a mass
difference of 113 a.m.u.; this mass value clearly corresponds to a
leucine/isoleucine residue. Hence, the sequence of the peptide at
m/z 1279 was elucidated as,

Arg-Glu-Gly-Val-Asp—~Thr-Ala-Ala-Gly-Tyr-Ieu/Ile-Iys. The electron

density map was searched for this sequence, with a close match of
this peptide found between residues 158 to 169. However, two
changes needed to be made to the electron density sequence in
positions 159 and 167 to agree with the derived sequence; these
residues had been assigned as glutamine and -lysine respectively.
However, the Edman degradation/MS data determined residue 159 as
glutamic acid and not glutamine, with the assigmment of residue 167
as lysine also shown to be incorrect by the automated gas-phase
sequence data. On receipt of the MS/gas-phase sequence information
the electron density map was changed in positions 159 and 167 to
agree with the above sequence. An unusual feature of this peptide
sequence is that the N-terminal amino acid residue was found to be
arginine, a potential tryptic cleavage site. It was concluded that
the residue preceding arginine was either a CNBr or tryptic
cleavage site, i.e. methionine, arginine or lysine. However, the
finding that Arg-158 had not been cleaved was rationalised by
consideration of the adjacent amino acid residue, glutamic acid.

The presence of this acidic residue next to the arginine is thought
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to repel the active site of the trypsin and hence, the rate of

hydrolysis of this peptide bond is reasoned to be slower.

Several HPIC fractions thought to contain pure peptides (analysed
by FAB-MS) were examined by automated gas phase sequencing yielding
partial sequence information, but sequence data which did not
correlate with the mass spectrometric data. This observation
suggested that certain HPIC fractions did not contain a pure
peptide and that separation was incomplete. This incomplete
separation was not initially recognised due the method of fraction
analysis, FAB-MS. As mentioned earlier all the components of a
peptide mixture, when FAB-MS analysed, may not be detected due to
the suppression of certain components in the mixture by others.
Purification of a camplex digest mixture allows identification of
previously suppressed peptides in the mixture however, if two
peptides were to elute in similar positions then an HPIC fraction
may not contain just one peptide. Classical gas-phase sequencing
may only yield one interpretable sequence if one camponent is
present in a higher concentration than the other. The signals
analysed and discussed below were of the nature described, i.e. the
sequence determined from automated gas phase sequencing did not
correlate to the quasi-molecular ion determined by FAB-MS analysis
of the HPIC fraction.

Interpretation of [M+H]+ 1118: This signal was observed in
the FAB-Map of the double digest mixture, Figure 2.1. Only one step
of manual Edman degradation was interpretable, assigning

leucine/isoleucine as the N-terminal amino acid residue, determined
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by the presence of the mass signal m/z 1005 in Figure 2.1.1. The
C-terminal residue was deduced to be lysine by the mass difference
between the signal m/z 1118 and m/z 990 cbserved after CpB
digestion of the double digest (Figure 2.1.3). However, no mass fit
on to the electron density sequence could be made. Purification of
the double digest mixture allowed isolation of this peptide,
detected by FAB-MS. An aliquot was examined by automated gas-phase
Edman degradation which yielded the sequence,
Ile-leu-Gly-Asp-Phe-Asn, with the N-terminal amino acid residue
agreeing with that determined by manual Edman degradation/MS. The
electron density map was screened for this hexapeptide sequence. It
was found that the sequence between residues 70 to 75, in the
electron density map closely resembled the gas-phase/MS derived
sequence. However, residues 70 and 73 had been assigned as
asparagine and arginine, respectively, in the elecf:ron density
sequence. In view of the gas-phase/MS sequence data, the electron
density map was amended in these two positions to agree with the
above sequence. However, even with these changes to the electron
density seguence the peptide at my/z 1118 could not be mass matched,
in this region, with the crystallographydata. This suggested that the
amino acid sequence after residue 75 in the electron density map
was incorrect. Another possible explanation could have been that
the sequence of the derived hexapeptide was not related to the
peptide [M+H]' 1118. However, as the N-terminal amino acid of

this peptide at m/z 1118 had been proved, as described above, to be
leucine/isoleucine agreeing with the above sequence this latter
possibility appeared unlikely. The inference that the amino acid

sequence after residue 75, in the electron density map, was
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incorrect was shown later in this study to be true. The sequence of

the peptide at m/z 1118 is reported below.

Interpretation of [M+H]Y 736: Two steps of subtractive Edman
degradation of the double digest mixture determined the N-terminal
amino acid residues of this peptide as two adjacent aspartic acid

' residues, by the presence of signals m/z 621 and 506 in Figures
2.1.1 and 2.1.2 respectively. In the FAB-Map of the
CNBr/tryptic/CpB digest mixture the signal m/z 736 was not observed
but neither was a peak which corresponded to a loss of lysine or
arginine from this peptide mass. This can probably be explained by
supression effects, with either the peptide at m/z 736 not having
been digested but suppressed by other components in the
NBr/tryptic/CpB digest mixture or that the newly formed peptide
(C-terminal cleavage of the peptide at m/z 736) has been
suppressed. A computer search (IA) of mass 736 in the electron
density sequence did not provide any convincing sequence
assigmments. However, after purification of the double digest
mixture by HPIC this peptide was isolated. An aliquot of the HPIC
fraction containing the peptide [M+H]' 736 was examined by
automated gas-phase sequencing which elucidated six residues,
Thr-Asp-Gly-Tyr-Asp-Gly. This sequence was found to correspond to
residues 298 to 303 in the electron density sequence data. However,
no mass fit beyond residue 303, for the peptide mass 736, could be
made. Gas-phase sequence analysis of the HPIC fraction containing
the peptide at m/z 736 determined two other partial sequences
(though weak), Ieu-Ser and Trp-Ala-His. This finding indicated that

the HPIC fraction was not pure containing possibly three or more
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different peptides. However, as none of the derived sequences could
be correlated with the Edman/MS data, for the peptide at m/z 736,
it suggested that none were related to this peptide. The inability
to mass match this signal with an amino acid sequence in the
electron density map indicated that there were still sequence

errors in the crystallographic data.

Interpretation of Ml"' 1121: This mass value was not
observed in the FAB-Map of the double digest mixture and only
detected after purification of the digest mixture. As this signal
was not observed in the original FAB-Map no N- or C-terminal
information was available from the Edman or CpB digestion. The
electron density sequence was screened for a mass fit for my/z 1121
however, no match with the amino acid sequence could be made.
Automated gas-phase sequencing of an aliquot of the HPIC fraction
containing the peptide at m/z 1121 yielded the sequence,
Gly-Asp-Tle-Phe-Ieu-Pro. This sequence was found to correspond to
residues 188 to 193 in the electron density map. However, no mass
correlation beyond residue 193 could be made for m/z 1121. This
suggested that either (a) the amino acid sequence folowing residue
193 in the electron density map was incorrect, or (b) the sequence
did not correspond to the peptide at m/z 1121 and that the HPIC
fraction contained a mixture of peptides; this is answered later in

the chapter.

The primary sequence of D-xylose isomerase determined by a
cambination of mass spectrometric and classical sequencing

techniques is presented in Figure 2.2, Sequence A, with the
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1 SVOPTPADHFTFCLWTVGWNGSDPFGTATRAST DPVEATQST AET GSYGTTFHDDDIVP A

1 SVOPTPADHFTFGI WATGLIADPFGDATRPLI TPVAAQAT AAAGAYGVTFHDGDLVPFS B
kk k Kk kkkk kkkk khkdkkkk Kk kkkkkhkkkhk kkk

60  FGATAAERSSTIGDFNQAI ADTGDTVVMVIINIL FSHPVFKDGGFTSNDRATRRFATIGKV A

60  GAAEREKDIEWOGPARAIAATT TAAPMIGINLFKHGGFVATGTAGLGRYATAESTGTTS B

* k kk%k * hkkhkk kkk k kk hkkhkkkkkhkkk kkkkkkk kkkkk kkk

119 IHNIDIAAFMGASTYVMWGGREGSEWDGSKDIAAAT DRMREGVDTAAGYTKSQGYDIRL A

119 IASAEGAYAFRGRMGATFDAAHAADAAVTEYASSDVAAKTHSSAKVARIATEPKPNEFPR B
kkhdkk dkkkk Kk kkhkkhkkhhh dhkkhkdhhhkhkhhhkkdkhhkk kkkkkkihkkkk

178 ATEPKPNEPRGDIFTPTVGHGIAFTEQI AEGDTVGINPEVGHEOMAGI NFTHGTAQATIW A

178 GDIMLPTVGRALAFSERTSIDAAGVNPEVGHSOMAGINFSHGIAQATIWAGKLFHIDISG B
kkkkk kkhkk kkk kk khkkkk kkkkk kk kkkkkhk kkkkk kkkkkkhkkkkkkk

237 AGKLFHIDINGORGTKYDQDLTFGEGDLISAFWISDLLEDGFPDGGPKYTGPRHFDYHP A

237 NKGIKYDQDAARGVAGDFOAAFWLVDLLESGYPSGGPAFAGPRFIDFDGVWPSAEGARM B
dkkhhkkkhhkhhhhhkk kk Kk hk Kk dk Kk khkkk hk dhkkkkkk kkkkk *

296 PRTDGYDGVWEDATACMIMYLITKARSDAFRANPEVOTAESTSGTFQIGOTTHSSGGTA A

296 AAGIMANYVIVKGRANPQVAVILSASAGOAVAGPMADAKTATVAAAAAGPKADAGFPAFD B

kkkkkkk hkkkk kkhkkkkkhkkkhk kkkkkhkk *k hkk * kk k% *

355 GSLESSGGSHSGHDAKAAADRIWAFIRIIMIATEETIGPT A

355 GAAASKIRKIWVSDVGIMALVGPA B
* * *x Kk kk %

Figure 2.2 Sequence (A) is the Mass Spectrometric/Electron Density
Determined Primary Sequence of D-Xylose Isomerase;
Sequence (B) is the Initial Electron Density Map, Compiled
from Strain Homology and Crystallographic Studies, of
D-Xylose Isomerase.
Key: Underlined residues are those sequenced by MS and gas-phase
sequencing, and residues in sequence (B) marked with * are those

which were changed on interpretation of the MS data.



79

stretches of amino acid residues elucidated by these methods
urderlined. Sequence B is the original electron density map of
D-xylose isomerase derived from the crystallography data and
sequence hamology studies between different bacterial strains of
the enzyme, as discussed earlier. It is interesting to note that
this sequence was incomplete with the C-terminal region missing.
This tentative sequence was constantly under revision on receipt of
data from this mass spectrometric study, which allowed correct
interpretation of numerous amino acid residues. It can be cbserved
that this sequence (B) contains an abundance of alanine residues.
Alanine, in general, was assigned to positions in the electron
density map where the crystallographic data was uninterpretable.
From the data presented here it is apparent that major changes have
been made to this tentative sequence. The inability to assign a
number of peptide masses on to the sequence, e.cj. m/z 736, 1118 and
1121, suggested that there were still some errors in the electron

density map in the regions not highlighted.

Only in very few modern protein chemical studies of proteins the
size of D-xylose isomerase or larger would a complete sequence be
required. Emphasis lies on the provision of 6 to 12 residues of
sequence, to employ for the production of synthetic complementary
oligomucleotide probes to screen a gene library. FAB-Mapping
procedures supplemented by automated gas phase sequencing
techniques, as described above, have provided an excess of such
stretches of sequence. This data was supplied to our colleagues in
the Department for Biotechnology, to aid the generation of the gene

sequence of D-xylose isomerase. However, as discussed previocusly,
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the nucleotide sequence is of limited use without information on
the nature of the expressed protein, i.e. if it is proteolytically
processed, or there are unrecognised post-translational
modifications such as glcosylation. Therefore nucleotide sequencing
techniques must be complemented by the use of classical and
non—classical protein sequencing techniques. The correct
FAB-Mapping strategy was employed to determine the fidelity of the
gene sequence which was generated and later corrected by utilisation
of the sequence data elucidated above. The results of this study

are reported below.

2.2.2 Section B: Verification of The Gene Sequence

When the gene—derived sequence, Figure 2.3, became available the
FAB-Mapping strategy was applied to a second sample of D-xylose
isomerase. This sample was initially digested with trypsin and then
cyanogen bromide and a sample of the double digest mixture analysed
by FAB-MS. It is interesting to note that by reversal of the
previocusly employed digest conditions, a number of mass signals,
corresponding to peptide fragments, are generated and observed in
the FAB-Map of this double digest which were not found previocusly
in the FAB-Map of the (NBr/txyptic digest, Figure 2.1. This
illustrates the earlier supposition that the three dimensional
conformation of a protein sterically hinders, to varying extents,
the approach of an enzyme and hence, not all and/or different
bonds, that were previocusly available for cleavage, are digested.

The change in order of the digest conditions has in fact provided
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Figure 2.3 The Gene-Derived Sequence of D-Xylose Isomerase, Arthrobacter strain B3728

(Hartley et al, unpublished results).

Highlighted amino acid sequences correspond to those residues mapped by the mass spectrometric
study presented in this chapter (see Table 2.4.1)
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Figure 2.4 Sequence Alignment Between Various Bacterial Strains of D-Xylose Isomerase.
Bs

. h=helices; b=beta-pleated sheet

=Bacillus Subtilis (67), Ec=Escherichia coli (68), Svn=Streptomyces

violaceoniger (69), Amp=Ampullariella sp. strain 3876 (70), A=Arthrobacter

strain B3728 (Hartley et al, unpublished results).
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additional data to that previocusly obtained, see Table 2.1. The
intense quasi-molecular ions, [M+H]', observed in the FAB-Map of
the tryptic/CNBr digest together with those signals which could be
mass assigned on to stretches of amino acids in the gene-derived
sequence are listed in Table 2.2. Since the FAB-Mapping strategy
was employed to check the fidelity of the gene sequence N- and
C-terminal amino acid analysis of each of the observed peptide
fragments was unecessary. If the gene sequence was correct then the
peptide fragments cbserved in the FAB-Map, theoretically, should be
readily mass assigned on to the gene-derived sequence. However, N-
and C-terminal amino acid determination methods such as Edman
degradation and carboxypeptidase B, respectively, are useful for

confirmation of sequence assigmments.

There were a mmber of peptide masses from the initial digest which
could not be assigned to a stretch of amino acid sequence, for
example m/z 1121 and m/z 1118, discussed in section A of this
chapter. Utilising the computer programme available in the
Department of Biochemistry, Imperial College, London, (I) the
gene—derived sequence was loaded into the protein databank and the
previously uninterpretable peptide masses were subsequently
screened for a sensible mass fit on to this protein sequence.
Listed in Table 2.3 are those signals cbserved in the initial
FAB-Map (Figure 2.1) for which no previocus sequence assigmment
could be made, due to errors in the electron density data, but
which were able to be mapped on to the gene-derived sequence. Of
particular importance was the peptide at m/z 1463 which was
determined to correspond to the C-terminus, (382-394), of the
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Intense Signals Residue Assigmment Signals NOT Observed
in tryptic/NBr on to Gene—derived in ONBr/tryptic FAB
FAB-Map Sequence Map (Fig. 2.1) (%)

314

326

398

486

533 (80-84)
549 (113-117)
577 (322-326)
593 (285-289)
599

622 (172-176)
659

670

692

706 (129-135)
728/9

736

767 (376-381) *
828

844 (149-156)

872 *
974

995/6 *
1055 ’

1118 (70-79)

1121 (32-41) *
1123 *
1197 *
1212 (240-249)

1235 *
1249 *
1263 (177-187)

1313 (298-309) *
1389 (88-99)
1463 (382-394)
1534

1653

1728 (359-375)
1750

1756

1826 (223-239)
2160 (42-67)
2415/7

~2862

EEEEERER

* ¥ ¥

* % % * *

* *

Table 2.2 Intense Quasi-molecular Ions, [M+H]+, Observed in the
FAB-Map of a Tryptic/CNBr Digest of D-Xylose Isomerase.
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n/z residue assigmment
1121 (32-41)

1263 (177-187)

1118 (70-79)

649 (315-319)

1463 (382-394)

Table 2.3 Mass Signals Observed in the (NBr/tryptic FAB-Map able to

be Assigned on to the Gene-Derived Sequence (Fig. 2.3).

n/z residue assigmment
533 (80-84)
549 (113-117)
577 (322-326)
593 (285-289)
622 (170-176)
706 (129-134)
767 (376-381)
1313 (298-309)
1728 (359-375)
1826 (223-239)

Table 2.4 Intense Quasi-Molecular Ions Observed in FAB-Map of
tryptic/NBr Digest of D-Xylose Isomerase (not observed in
the NBr/tryptic FAB-Map) which may be Assigned on to the

Gene—derived Sequence.
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gene—derived sequence of D-xylose isomerase. Often, due to
pre-processing (naturally or otherwise), or difficulties in
interpreting the DNA-sequence, the C-terminus of a protein can be
difficult to characterise. Hence, the identification of the
C-terminus of D-xylose isomerase was a highly significant
contribution to the overall primary sequence investigation. This
assigmment was unable to be made previously due to incorrect
assigmment of amino acid res1dues by crystallographic techniques.
There were four posn:lons of error in the sequence, three of which,
385, 390 and 394, once corrected were observed to be homologous
with the primary sequence of bacterial strains Streptomyces

violaceoniger and Ampullariella sp (Figure 2.4).

Previous analysis of the purified (NBr/tryptic digest mixture had
identified the peptide at m/z 1121. Automated gas-phase sequencing
of an aliquot of the HPIC fraction containing this peptide had
determined the sequence, Gly-Asp-Ile-Phe-Leu-Pro, with this
sequence mapping on to residues 188 to 193. However, as reported
earlier, no mass fit for peptide [M+H]T 1121 could be made in
this region. This led to the question as to whether this seguence
corresponded to the peptide at m/z 1121 or some other component not
observed on FAB-MS analysis due to suppression effects. Generation
of the gene sequence allowed clarification of this sequence
assigment. Screening the gene-derived sequence for mass 1121
mapped this peptide on to the sequence between residues 32 and 41,
Asn-Ieu-Asp-Pro-Val-Glu-Ala-Val-His-Iys. This assigmment could not
previously be made due to five residues having been incorrectly

assigned in the electron density map in this region, see Figure
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2.3. The sequence of the hexapeptide, 188 to 193, elucidated by
automated gas-phase was also found in the gene-derived protein
sequence. The fragment expected to be generated from this region
(188-193) after a CNBr/trypsin cleavage is a peptide at m/z 3739.
It can be therefore concluded that the HPIC fraction containing the

peptide at m/z 1121 was not pure.

Previous investigations of the peptide at m/z 1118 had determined a
partial sequence between residues 70 and 75 in the electron density
map. The mass spectrometric data was instrumental in revising the
sequence in the electron density map however, even with these
corrections no sensible mass fit could be made beyond residue 75.
This indicated that either there were further errors in the
electron density map after residue 75, or that the HPIC fraction
contained another peptide fragment. However, the former possibilty
was inferred to be correct as the Edman/MS data of the peptide at
m/z 1118 was in agreement with the derived sequence between
residues 70 and 75. The gene—derived sequence was screened for mass
1118. A mass match was made on to amino acid residues between 70 to

79 with the sequence, Ile-Ieu-Gly-Asp-Phe-Asn-Gln-Ala-leu-Lys.

Therefore, this data proved that the residues following Asn-75 in

the electron density map were incorrect as suggested earlier.

Previously no sequence assigmment could be made for the peptide
(M+H]T 1930, discussed in section A. Automated gas-phase
sequencing of the HPIC fraction containing this peptide yielded a
sequence which was found to map on to the primary sequence of the

bacterial strain Streptomyces violaceoniger (Svn) of D-xylose
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isomerase between residues 42 and 46. As described above the
electron density data was changed in this region to agree with both
the automated Edman and Svn strain sequence. However, no mass
assigmment of this peptide at m/z 1930 could be made in this
region. The generation of the gene-derived sequence showed residues
42 to 46 to agree the automated Edman data. The peptide expected to
be generated by a CNBr/tryptic digest of this protein would be from
residues 42 to 67, [M#H]' 2160. This mass signal, m/z 2160, was

in fact dbserved in the NBr/tryptic FAB-Map, Figure 2.1, but could
not be previously assigned due to numerous errors in residue
assigment by crystallographic methods in the electron density map.
Therefore, it is concluded that the HPIC fraction contained a
mixture of peptides and the sequence derived by automated gas-phase
is not related to the peptide at m/z 1930. Screening the
gene-derived sequence for mass 1930 did not locate a peptide

sequence corresponding to both the mass value and the digest

specifitity.

Ancther ambiguity arose in the assigmment of m/z 736, with the
marual Edman degradation data determing the first two N-terminal
residues of this peptide as two adjacent aspartic acid residues.
However, this data conflicted with the sequence derived from
automated gas-phase sequencing, Thr-Asp-Gly-Tyr-Asp-Gly, mapping on
to residues 298 to 303 in the primary sequence of D-xylose
isomerase. The N-terminal residues of this peptide do not correlate
with those determined by manual Edman degradation/MS with no mass
fit for this peptide at m/z 736 possible in this region. This

finding again suggested that there was incomplete separation of the
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digest mixture by HPIC and that this sequence corresponded to some
other component present in the HPIC fraction. This was supported by
the elucidation of two other partial sequences (though very weak)
by automated gas phase sequencing. Utilising the camputer search
programme (I) the gene-derived sequence was screened for mass 736.
No mass match on to the protein sequence could be made. However,
the predicted peptide fragment derived from the region in the
protein sequence, partially elucidated by MS/gas-phase techniques,
(298-303) would be one formed from residues 298 to 309, [MH]t

1313. This peptide is ocbserved in the FAB-Map of the tryptic/CNBr

digest of D-xylose isomerase, see Table 2.2.

The inability to mass assign peptides m/z 736 and 1930 indicated
that there were still some errors in the primary sequence, either
an error in the gene—derived sequenoe or a post-translational
modification of the gene sequence e.g. glycosylation. The residues
able to be assigned from FAB-MS analysis of the tryptic/NBr digest
are listed in Table 2.4 (see Page 85), these mass signals were not
previously cbserved in the FAB-Map of the (NBr/tryptic digest
mixture, i.e. reversal of the digest order generated extra data.
Together, with the already determined N-terminal sequence from
automated gas-phase sequencing and the data from both FAB-Maps 55%
of the gene-derived sequence was confirmed. A list of all sequence
assigments is presented in Table 2.4.1. A comparison of the mass
spectrometric/electron density determined primary sequence of
D-xylose isomerase, Figure 2.2, and the gene-derived sequence later
produced, Figure 2.3. showed that there is a large conservation of

sequence, approximately 80%. However, the nucleotide sequence was
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Quasi-Molecular ions Residue Assignment

[M+H] on_to Gene—derived
Sequence
533 (80-84)
549 (113-117)
577 (322-326
593 (285-289)
622 (172-176)
649 (315-319)
706 (129-135)
767 (376-381)
844 (149-156)
1118 (70-79)
1121 (32-41)
1177/1195 g (118-128)
1212 (240-249)
1263 (177-187)
1279 (159-169)
1313 (298-309)
1389 (88-99)
1463 (382-394)
1728 (359-375)
1826 (223-239)
2160 (42-67)

Table 2.4.1 Combined FAB-Mapping data from both digests, i.e.
MNBr/tryptic and tryptic/CNBr, for which residue
assignment on to the gene-derived sequence could be
made.
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incomplete with several positions of ambiguity. No amino acid
assigmment could be made at residues; 46, 47, 175, 176, 195, 196,
356 and 357 in the gene—derived sequence, due to an inability to
translate the DNA bases in these positions. However, it is apparent
from the information in Table 2.4.1 that some of these gaps in the
gene-derived sequence were able to be assigned utilising the mass
spectrometric/gas-phase studies. Residues 175 and 176 are
encompassed by the peptide at m/z 622 and can be assigned as
leucine and arginine respectively. Similarly residues 356 and 357
which are included in the peptide at m/z 1728 and thus, are

determined to be glycine and aspartic acid respectively.

The primary sequence is of the utmost importance for understanding
not only the secondary, tertiary and quaternary structures but also
the physical and chemical properties of the molecule. Illustrated
in Table 2.5 is a comparison of amino acid compositions of the
Ampullariella sp strain 3876, E.coli, and the

Arthrobacter strain B3728 of D-xylose isomerase. A feature

comon to all is the low cysteine content which is characteristic
of thermostable proteins. Enzyme kinetic studies have shown that
the Ampullariella sp strain of D-xylose isomerase retains its
activity up to 75 Celcius for 24h and similarly the E.Coli

strain possesses activity up to 60 Celcius [72]. The

Arthrobacter strain of D-xylose isomerase is stable over a
temperature range of 50-80 degrees [48]. The immobilised
Arthrobacter enzyme serves as an excellent industrial D-xylose
isomerase. The temperature used in the industrial process is

limited to 60 degrees because of undesirable side reactions that
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AMTNO ACID NO. OF FACH AMINO ACTD RESTDUES
Amp Ec A
ATA 44 44 41
CYSs 0] 4 0
ASp 38 24 32
GID 24 33 27
PHE 22 25 26
GLY 38 38 41
HIS 11 19 13
IIE 13 13 15
LYS 18 24 20
MET 4 12 9
ASN 13 20 18
PRO 21 14 16
GIN 13 16 16
ARG 21 19 18
SER 13 16 16
THR 18 19 25
VAL 21 23 16
TRP 5 8 5
TYR 12 18 9

Table 2.5 A Comparison of Amino Acid Composition of Different

Bacterial Strains of D-Xylose Isomerase.

Amp = Ampullariella sp strain 3876 [70]
Ec = Escherichia coli [68]

A = Arthrobacter strain B3728 (Hartley et al, unpublished
results)
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take place at high temperature and alkaline pH. If the pH optimum
could be lowered below 6.5 and thermostability retained, more rapid
an equilibrium could be attained at higher temperature. More over
the isomerase equilibrium [73] gives 53.5% fructose at 60 degrees
but 58.6% fructose at 80 degrees. Additional benefits would be
reduced viscosity and elimination of pH adjustments in the syrups
used. Therefore, the knowledge of the primary structure is vital
for further studies to propose targets for site directed
mutagenesis. The elucidation of the primary sequence of D-xylose
isomerase, Arthrobacter strain B3728, is industrially of the
utmost importance. FAB-Mapping procedures have played a vital role
in determining the amino acid sequence. The FAB-Mapping strategy
employed here was crucial to the interpretation of the crystal
structure, previously uninterpretable, with the data provided from
these studies also supplied for aiding the production of the gene
sequence. There were however, difficulties in obtaining an
independant partial amino acid sequence by interpretation of the
gene sequence. Two regions of this inferred amino acid sequence
were infact corrected from the data generated by this mass
spectrometric study. Furthermore, a debate arose over the nature of
a residue in the C-terminal region of the D-xylose isomerase enzyme
sequence which was clearly assigned as arginine by the mass
spectrometric and crystallographic data however, this residue was
inferred from the gene sequence as alanine. Re-examination of the
gene sequence experimental work showed the mass spectrometric data
to be correct. Thus, this mass spectrometric study has played a key
role not only for providing data for use for the production of the

gene sequence but also for correcting and finally checking the
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fidelity of the gene-derived sequence.

PART IT
2.3 Section C: STRUCTURE-ACTIVITY relationships of D-xylose

isomerase, Arthrobacter strain B3728

2.3.1 Introduction

The X-ray crystallographic studies [66], which utilised the data
and interpretation presented in this chapter, Part I, subsequently
demonstrated that the molecule is a tetramer comprised of four
identical subunits. The secondary structure of each subunit is
camposed of two structural domains; the main domain contains an
inner cylinder of eight strands of parallel beta-pleated sheet.
Adjacent strands are connected by helical segments running
anti-parallel to the strands of sheet. The C-terminal domain is a
loop structure consisting of five helical segments and is involved
in intz.mnleanar contacts that comprise the tetramer. Hendrick
et g_liaéijso proposed that a number of salt-bridges are

responsible for stabilising the tertiary and quaternary structure.
The active site has been fourd to lie in a deep pocket near the
C-terminal ends of the beta-strands of the barrel domain including
residues from from a second subunit hence, the active site is
composed of residues from both subunits. Shown in Figure 2.5 is a
schematic representation of the subunit structure [74]. The enzyme
is dependant on a divalent cation, Mg2+, for catalytic activity,

with each monomer requiring two metal ions.
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H2

C terminus

Figure 2.5 D-Xylose Isomerase Subunit Structure; Helices are
Represented as Cylinders and Strands as Twisted
Arrows (74).
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Proteins in general and in particular globular proteins, often
prove resistant to proteolysis. However, many proteins possess one
or more peptide bonds which are unusually susceptible to particular
proteases. An example of limited proteolysis is the conversion of
the inactive zymogen pepsinogen to the active enzyme pepsin, which
occurs by the cleavage of specific peptide bonds. In other proteins
these sensitive peptide bonds may link globular domains together or
sinply lie on the surface of a tightly folded molecule.
Occasionally the amino or carboxyl termini may be accessible and
limited proteolysis may merely result in a shortening of the
polypeptide chain by a few residues. Limited proteolysis of
D-xylose isomerase with thermolysin resulted in a mass loss of
approximately 6000 Da from the D-xylose isomerase molecule. The
important aspect of this limited proteolysis experiment was that
the enzyme was reported, after proteolysis, to retain full enzymic

activity (Hartley et al, personal commmnication, 1989).
The sample, derived from limited proteolysis of native D-xylose

isomerase, studied here was supplied by the Department for

Biotechnology, Imperial College, ILondon.

2.3.2 Results and Discussion

As discussed above it had been determined that after limited
proteolysis, of D-xylose isomerase, with thermolysin for 120 hours

at 45°C, full enzymic activity was reported. Analysis of the
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thermolytic product by SDS gel-electrophoresis showed a band at
approximately 37.5 kDa with native D-xylose isomerase (43.5 kDa)
used as a standard. It appeared that this "nicking" experiment had
cleaved off approximately 6,000 Da. A sample of this thermolytic
species (37.5 kDa) was examined by automated gas-phase sequencing
in this group. A sequence corresponding to the N-terminus of native
D—xylose isomerase was yielded by this method. Thus, it was
concluded that the thermolysin digestion had not cleaved the
N-terminus. As enzymic activity was retained, despite an apparent
loss of approximately 6000 Da from the protein, it was important to
determine where this 6 kDa had been cleaved from in the protein
sequence. Reported below is the elucidation of the thermolysin

cleavage site(s) utilising mass spectrometric techniques.

A suitable strategy was devised to determine the site(s) of
thermolysin cleavage of D-xylose isomerase. This approach involved
the comparison of those peptide fragments derived from a digest of
native D-xylose isomerase and those formed from an identical digest
of a sample of the thermolytic species (37.5 kDa). This would
generate a mixture of peptides from each sample which should be
identical however, the 37.5 kDa sample would be expected to contain
less fragments, with those "lost" peptide fragments corresponding
to the 6 kDa cleaved by thermolysin. A sample of both the native
and 37.5 kDa D-xylose isomerase was chemically cleaved with
cyanogen bromide (CNBr). This type of digest was specifically
selected due to the location of the methionine residues in the
primary sequence, the masses of the peptide fragments generated and

the resolvable mass range of the mass spectrometer used (ZAB-HF).
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Predicted Fragments Expected [M+H]Y
1 - 87 >
88 - 128 >
129 - 135 706/724
136 - 158 .2335/2553
159 - 222 >
223 - 313 >
316 - 336 2414/2432
337 - 359 2278/2296
360 — 394 >

Table 2.6 C(NBr Peptide Fragments Predicted to be Generated by CNBr

Cleavage of D-Xylose Isamerase.

Rey: ( > ) Indicates the mass of the peptide fragment lies outside

the mass range (3300 Da) of the mass spectrometer at full

accelerating voltage.
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The predicted (NBr peptide fragments, from a CNBr digest are listed
in Table 2.6. From this list it can be seen that there are four
peptides which fall within the resolvable mass range of the mass
spectrometer at full accelerating voltages. It is interesting to
note that cleavage at Met-336 with residues 336 to 394 removed
would produce a molecule of mass approximately 37.5 kDa, (the
approximate molecular weight of the thermolytic species determined
by SDS—gel electrophoresis). However, the number and position of
the peptide bonds cleaved by thermolysin had yet to be determined.
Each of the CNBr digest mixtures was purified by HPIC, using
identical elution gradients. The chromatographs of the CNBr digest
of the thermolytic product and native D-xylose isomerase are
presented in Figures 2.6 and 2.6.1 respectively. Each major peak in
the chromatograph of the CNBr digest of the thermolytic product,
Figure 2.6, was analysed by FAB-MS, identifying peptide fragments
at m/z 706 (129-135), m/z 2335 (136-158), and m/z 2414
(316-336) . All these peptide masses were calculated to correspond
to the lactone derivatives of methionine residues of the peptide
fragments formed by CNBr cleavage. However, an unpredicted intense
signal, m/z 1268, was identified by FAB-MS analysis of HPIC
fraction number 29. The computer search programme (I) gave six
sequence possibilities for [M+H]+ 1268. However, only one of

these sequences was determined to arise from realistic cleavages
between residues 336 to 347, on the basis of this species being a
thermolytic product digested by CNBr. The sequence between these
residues is, Lys-Thr-Ser-Gly-Val-Phe-Glu-Ieu-Gly-Glu-Thr-Thr; the
amino acid preceding the N-terminal lysine of this peptide, from

the
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Figure 2.6 -HPLC Chromatograph of a CNBr Digest Mixture of

the Thermolytic Product ("37.5" kDa species) of
D~Xylose Isomerase.
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gene—derived sequence, is methionine, a (NBr cleavage site. This
sequence assigrmment was confirmed by a step of subtractive Edman
degradation after which a new signal m/z 1140, was cbserved
corresponding to an 128 a.m.u. mass loss (lysine) from m/z 1268.
The other peptide bond necessary to be cleaved for the generation
of this peptide is between Thr-347 and Ieu-348, which corresponds

to a thermolytic cleavage site.

Screening of the HPIC fractions of the purified digest of native
D-xylose isomerase, by FAB-MS, did not identify this peptide, with
no significant peak in the HPIC chromatograph in the region of the
29th fraction as detected above. It was concluded that this
"nicking" experiment with thermolysin had cleaved between residues
Thr-347 and Ieu-348. This series of experiments elucidated the
cleavage site and allowed determination of the molecular weight of
the "37.5 kDa" species as 38,138 Da (based on the gene-derived
sequence) . Hence, with knowledge of this cleavage site it was
possible to relate this to the secondary, tertiary and quaternary
structure. This prelimary study has indicated that the C-terminal
loop has been partially cleaved, with this species, 38,138 Da,
reported to retain full enzymic activity. This finding is most
interesting as it has been proposed that the C-terminal domain,
Figure 2.5, consisting of five helical segments, is involved in
intermolecular contacts between the subunits that comprise the
tetramer. This data suggests that not all the C-terminal portion is
necessary for enzyme activity. Henddick = et alE;?oposed that
helices H10 (340-344) and H11l (354-359), present in the C-terminal

arm, are reponsible for locking the tetramer molecule together. It
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is possible to infer from this study that the helix H1l is not
necessary for enzyme activity, and therefore, does not play a

significant role in locking the monamer units together.

2.4 Conclusion

Presented in this chapter is what is believed to be the first study
in which medium resolution X-ray crystallographic data has been
interpreted by utilising mass spectrometric data. The FAB-Mapping
data has also been instrumental in providing mumerous stretches of
sequence data aiding the production of the gene sequence. Before
the gene sequence became available 80% of the primary sequence of
D—xylose isomerase was determined from mass spectrometric
techniques and interpretation of the electron density map. The
FAB-Mapping strategy was subsequently applied to determine the
fidelity of the gene-derived sequence with this study confirming
55% of the primary sequence. Ancther important contribution of this
mass spectrometric study was for the elucidation of four

positions of ambiguity in the gene-derived sequence, i.e. bases
which were not able to be translated from the DNA-sequence.
However, signals such as m/z 736 and 1930 for which no sequence
assigmment could be made may possibly be explained by errors in the
gene sequence and/or the presence of post-translational
modifications. Evidence for glycosylation is still circumspect but

if true it may account for those signals unassigned.

The second component of this study was an investigation of
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structure-activity relationships. Limited proteolysis of D-xylose
isomerase with thermolysin generated a product which was reported
to possess full enzymic activity. Identification of the cleavage
site(s) was necessary to relate activity to structure. A suitable
strategy was developed which allowed the hydrolysed bond(s) to be
determined by chemical and mass spectrometric techniques which
revealed a single cleavage between residues 347 and 348, i.e.

the C-terminal loop had been cleaved. This suggests that this
region is not necessary for enzyme activity and hence, for subunit
interactions forming the tetramer. This finding is of great
relevance for relating secondary, tertiary and quaternary
interactions to enzymic activity, and will also be of considerable

interest from an industrial standpoint.
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CHAPTER THREE

METHODOLOGY DEVELOPMENT I-PARTIAL ACID HYDROLYSIS FOR

PEPTIDE SEQUENCING

3.1 Introduction

The key to fully understanding the function and mechanism of action
of a molecule in a biological system is the knowledge of its
structure. More specifically, in proteins a definition of the amino
acid sequence is of primary importance. Proteins in which one or
more amino acid substitutions have been introduced may be rendered
partially or completely inactive. For example, a point mutation in
antithrombin results in inactivity and impaired interaction of the
variant antithrombin with thrombin {75]. This has been shown to be
responsible for thrombosis in patients carrying the pathologically
defective gene. This example clearly illustrates the importance of
structure to function and, more precisely, in proteins the amino

acid sequence.

The importance of protein structure has long been recognised and
consequently methods for sequence analysis of proteins have been
developed over several decades. One such widely used method for
sequence analysis is partial dilute acid hydrolysis. Partial acid
hydrolysis has been extensively employed in early sequence analysis

studies, for example, Sanger in his Nobel prize winning sequence
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determination of insulin used partial acid hydrolysis to degrade
each of the performic-acid oxidised insulin chains to di- and
tri-peptides which were then subjected to sequence analysis.
Partial acid hydrolysis was the primary method for peptide chain
cleavage used by Sanger, as it generated a large number of small
overlapping peptide fragments that could be sequenced. However, the
introduction of Edman degradation [2] made the sequence analysis of
large peptide fragments much easier, and thus this application of
partial acid hydrolysis for the generation of small fragments
became less desirable. However, the relative lack of specificity
limited the usefulness of this method. The lack of specificity of
partial acid hydrolysis arises from the susceptibility of all
peptide bonds in a protein molecule to hydrolysis by acid. The
kinetics of peptide bond hydrolysis by dilute acid have been widely
investigated with the rate of hydrolysis of a particular bond
demonstrated to be dependant on various properties, including
electrostatic and steric factors [36] which affect the
accessibility of the bond to approach by protons. For a great
number of years partial acid hydrolysis, using dilute mineral
(dilute hydrochloric or sulphuric acid) or concentrated organic
acids (glacial acetic acid), has been investigated for protocol
development for the production of sequence data from
peptides/proteins. From these past investigations it is apparent
that partial dilute acid hydrolysis is not completely non-specific.
For example, it has been found that on hydrolysis there is
preferential release of free aspartic acid from proteins [37] and
that the peptide bonds hydrolysed most rapidly are those involving

the amino groups of serine and threonine [76]. Piskievicz et al
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[38] also observed that Asp-Pro bonds were readily cleaved under
mild dilute acidic conditions. This is a consequence of the
relatively high basicity of the prolyl nitrogen atom coupled with
neighbouring group catalysis by the aspartyl side—chain carboxyl

group.

The recognition that some peptide bonds are more labile than others
has proved particularly interesting especially with respect to
menmbrane proteins where sequence determination methods, devised for
water-soluble proteins, are rendered difficult due to the extreme
hydrophobic nature of many of these proteins in aqueocus solution
[77,78]. Partial acid hydrolysis may be useful since particularly
sensitive bonds involving asparagine, serine, and threonine may be
infrequent in the hydrophobic sequences hence, large peptide
fragments would be expected to be generated instead of a complex
mixture of small peptides. Gerber and co-workers demonstrated, by
their investigation of the primary structure of the membrane
protein bacteriorhodopsin [79], that partial acid hydrolysis was
suitable for application to membrane proteins for the production of
peptide fragments. Separation and analysis of these fragments was

achieved by gas chromatography/mass spectrometry.

During the course of this thesis work De Angelis and co-workers
[80] published a study, combining partial dilute acid hydrolysis
and FAB-MS for peptide sequencing. This method involves taking
spectra of peptide acid hydrolysates generated over a range of
hydrolysis times. The signals in the mass spectra correspond to

peptide fragments formed on partial hydrolysis of the parent



108

molecule. Sequence determination by this method is shown to be a
relatively lengthy exercise involving analysis of the sequence of
the structurally overlapping fragments. In response to this
published study of De Angelis and co-workers Biemann et al [81]
made a number of camments regarding this application of partial
dilute acid hydrolysis and the role of four sector instrumentation.
Biemann’s first criticism of De Angelis’s method lay with the
relatively large sample quantity required, approximately 5
nanomoles, for sequence determination. Other points were in
reference to the nunber of spectra required to sequence one
relatively small peptide combined with the total deamidation of
asparagine, glutamine and blocked C-terminal amide residues. There
was nothing novel in these criticisms since they are well

recognised deficiences of dilute acid hydrolysis protocols.

The strategy developed in this thesis, in contrast, is demonstrated
to be a sensitive method with respect to the sample quantity
required for obtaining sequencing information from peptides, being
comparable to that needed for a tandem mass spectrometric study.
Similarly, for sequence analysis using this method only one FAB
spectrum per peptide is necessary from which the peptide sequence
may be determined. The deamidation of asparagine and glutamine
residues is exploited in the methodology presented in this chapter;
by controlling the extent of deamidation it is possible to identify
the positions of susceptible residues, asparagine and glutamine, in
the primary sequence. This method of partial acid hydrolysis has
been applied to a wide range of peptides/proteins differing in

composition and molecular weight. However, the key difference in
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the strategy presented here compared to that not only of De Angelis
but also to previocus methodologies employing partial acid
hydrolysis, is that the method described in this chapter involves

hydrolysis with a concentrated mineral acid, 12M hydrochloric

acid, with peptide acid hydrolysates directly analysed by FAB-MS.
This method of acid hydrolysis as presented here represents an
important contribution to peptide sequence analysis, possessing the
key features necessary for application to biological samples, i.e.

rapid generation of high quality sequence data at high sensitivity.

3.2 Results and Discussion

Acid hydrolysis has been widely implemented for structural analysis
of proteins and peptides, as discussed above. The conditions of the
hydrolysis procedure are often indicated by the nomenclature of the
technique, for example, amino acid analysis is a method of acid
hydrolysis. However, as implied, the application of this technique
is for the determination of the amino acid composition of a
protein, i.e. all peptide bonds are hydrolysed. For hydrolysis of
all bonds the protein is usually incubated with 6M HCl for 24h at
110°C. The individual amino acids generated by this hydrolysis
procedure are separated, quantified and recorded by an amino acid
analyser. Hence, the main difference between partial acid
hydrolysis and the conditions of hydrolysis for amino acid analysis
is that only certain peptide bonds are hydrolysed, generating
peptide fragments as opposed to individual amino acids from the

parent molecule. The amino acid composition of a protein is the
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first step towards characterisation of the chemical structure of
the molecule. However, as previously discussed, it is the
arrangement of these amino acids which lends a protein its
functionality. Hence, as methods for separation, detection and
analysis of peptide fragments were developed the technique of
partial acid hydrolysis for the generation of small fragments
amenable to sequence analysis became an attractive procedure, in

certain strategies.

3.2.1 Optimum Conditions for Hydrolysis for Peptide Sequencing
The partial acid hydrolysis method presented in this thesis differs
fundamentally to techniques developed prior to this study in that
concentrated hydrochloric acid (12M HCl) is used, unlike others
employing dilute mineral (1-3M) or concentrated organic acids. In a
series of experiments designed to examine the variables of the
hydrolysis kinetics, time, temperature, acid concentration and
handling, a set of conditions were determined as optimm for
generating a series of sequence related peptides, with those
fragments not fitting into a series referred to as random.
Neurotensin and human calcitonin gene related peptide (hOGRP) were
employed as standards in these kinetic studies. The results of
these experiments determined the conditions for maximising the
generation of sequence data, to involve incubation of the peptide
sample with an excess of 12M HCl at 65°C for forty-five minutes,
with termination of the reaction by the addition of water, to aid

freezing, followed by lyophilisation.

3.2.1.1 Partial Acid Hydrolysis of Neurotensin
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Presented in Figure 3.1 is the FAB mass spectrum of acid hydrolysed
neurotensin (500 picomoles), with hydrolysis under the optimum
conditions determined above. The spectrum is characterised by
intense signals at m/z; 245, 408, 505, 661, 817, 914, 1042, 1156,
1285, 1448, 1561, and 1672. The complete sequence of neurotensin,
(M+H])T 1672, can be determined by the mass differences between
each of these intense peaks which correspond to amino acid residue
masses. The sequence of neurotensin was determined, from this mass
spectrum, as
pyro—Glu-Leu-Tyr-Glu-Asn-Lys-Pro-Arg-Arg-Pro-Tyr-Ile-Ieu, (it
should be noted that Ieu cannot routinely be distinguished from Ile
by conventional mass spectrometry except when in a terminal
sequence position). The difference between m/z 1672 and m/z 1561 is
111 a.m.u. which corresponds to a cyclised glutamic acid residue,
pyro—glutamic acid, and so fixes the N-terminal amino acid. It is
worth noting that classical sequencing techniques such as Edman
degradation would not be able to generate a sequence from such a
peptide due to the presence of the cyclised N-terminal residue,
i.e. the N-terminus is blocked. The molecular ion [MH-H]"" 245
correspords to the di-peptide, Ile-Leu. The structure of this
di-peptide is supported by the presence of the signal m/z 132, in
the FAB mass spectrum, corresponding to a single leucine residue.
The signal m/z 1448 is much weaker than the other signals in the
spectrum which are sequence related. This is to be expected since
the peptide bond between leucine and tyrosine which must hydrolyse
to produce this peptide signal is less susceptible to acid
hydrolysis, for steric reasons, as both residues possess bulky

side-chains. The sequence of neurotensin and the predicted N- and
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N-terminal

fragment ions
12 225 388 517 631 759 856 1012 1168 1265 1428 1544
pGIH]»IEU}TY;Eu{ASN}LYS}P%A;lﬂf%m}IEU
L.
1672 1561 1448 1285 1156 1042 914 %13 661 505 408 245 132

C-terminal

fragment ions

Figure 3.1.1 The Primary Sequence of Neurotensin, [M+H]+ 1672
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C-terminal fragment ions are depicted in Figure 3.1.1. It can be
seen from the spectrum of acid hydrolysed neurotensin, Figure 3.1,
that the most intense signal in each ion cluster after the signal
at m/z 1042 is 1 a.m.u. higher in mass than the m/z values quoted
above. This difference arises from partial deamidation of
asparagine to aspartic acid. Experimental conditions have been
devised so as to control the extent of deamidation and so that it
is recognisable from the signal cluster shape. This is described

fully in section 3.2.5.

3.2.1.2 Partial Acid Hydrolysis of hCGRP

Illustrated in Figure 3.2 is the FAB mass spectrum of acid
hydrolysed human calcitonin gene related peptide (hOGRP, 500
picomoles), a 37 amino acid residue peptide, molecular weight 3786.
The hydrolysis conditions employed were identical to those used to
generate the FAB mass spectrum of acid hydrolysed neurotensin in
Figure 3.1. Interpretation of the spectrum of the acid hydrolysate
of hOGRP, Figure 3.2, determines that total sequencing of the
molecule has not been achieved since insufficient sequence related
signals are cbserved in the FAB mass spectrum. However, a stretch
of segquence corresponding to residues 6 to 16 in the hOGRP molecule
can be deduced from the mass differences between the intense
signals at m/z; 245, 302, 373, 486, 642, 779, 880, 979, 1082 and
1183, from which the sequence;
Thr-Cys-Val-Thr-His-Arg-Ieu-Ala-Gly-ILeu-Ieu, is determined. The
camplete sequence of hOGRP [35] is shown in Figure 3.2.1 with the
peptide bonds hydrolysed by acid, that give rise to the sequence

determined above, highlighted on the hOGRP sequence. An interesting
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Figure 3.2 FAB-MS of Acid Hydrolysed human Calcitonin Gene Related
Peptide (hCGRP), 500 picomoles.
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| i
ALA-CYS-ASP-THR-ALA-THR-CYS-VAL-THR-HIS-ARG-LEU-ALA-GLY-LEU-LEU

SER-ARG-SER-GLY-GLY-VAL-VAL~LYS-ASN-ASN-PHE-VAL~PRO-THR-ASN-VAL~GLY-

SER-LYS-ALA-PHE

Fiqure 3.2.1 The Primary Sequence of human Calcitonin Gene

Related Peptide (hCGRP), [M+H]' 3787.

The highlighted amino acids correspond to the residues sequenced by
partial concentrated acid hydrolysis/MS.
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feature of the partial acid hydrolysis of hOGRP is that the
disulphide bridge between cysteine residues 2 and 7 in the
sequence, despite acidic conditions which may be expected to
preserve disulphide bridges, appears to have been reduced. Reported
later is this chapter is an investigation to explain this
observation, determining whether destruction of disulphide bridging
by partial acid hydrolysis is common to all disulphide containing
peptides.

One possible drawback of this partial acid hydrolysis method,
realised by the analysis of the FAB mass spectrum of acid
hydrolysed hOGRP, is that if the sequence of hOGRP were unknown
then it would not be possible to determine from the FAB spectrum
whether the deduced sequence ran in a C-terminal to N-terminal
direction or vice versa. Peptides such as neurotensin pose no such
problem since, the presence of the blocked N-terminal amino acid
residue establishes the direction of sequence. However, if a
blocking group was absent then this potential problem could be
resolved for peptides, from which total sequencing was possible, by
one step of manmual Edman degradation of the native sample observing
the mass shift mass spectrometrically; the mass shift corresponding

to the N~terminal amino acid residue cleaved.

3.2.2 Investigation of Peptide Fragment Formation

The next step in this study was to investigate the generation of
these sequence related peptide fragments, which are apparently
formed in preference to other possible and anticipated random

fragments. It was necessary therefore, to determine the mechanism



118

of formation of these peptide fragments, i.e. if they are generated
by fragmentation in the mass spectrometer or by acid treatment of
the native peptide under investigation. Peptide fragmentation may
also result from a cambination of both techniques. A preliminary
investigation involved a comparative study of an equal quantity of
intact and hydrolysed sample by FAB-MS under identical conditions.
Figure 3.3 shows the mass spectrum of intact neurotensin. The aim
of this experiment was to demonstrate that the fragment ions are
not generated solely by a mass spectrometric event. As expected the
most intense signal in the spectrum of intact neurctensin, Fig.
3.3, is the molecular ion, [M+H]+, at m/z 1672. This spectrum
also contains various other signals at, m/z; 1446, 1140, 913/5,
836.5 and 661. Interpretation of this FAB mass spectrum determined
that the signal m/z 1446 corresponded to the molecular ion (1-11)
formed by peptide bond fragmentation of the neurotensin molecule.
Similarly, m/z 661 was assigned as a C-terminal fragment ion
generated from amino acid residues (9-13), m/z 1140 as an
N-terminal aldimine fragment ion (1-9) and the signal cluster at
m/z 836.5 as an intact neurotensin molecule carrying two positive
charges. In accordance with the eguation of motion of an ion
deflected through a two sector mass spectrometer (see Figure 1.3,
Chapter One) a molecule of neurctensin carrying two positive
charges, [M+2H]2", is observed at half its molecular weight, plus
hydrogen. The signal cluster at m/z 836.5 is comprised of peaks
separated by half mass units. The signals in the spectrum (Fig.
3.3) are interpreted to be N~ and C- terminal fragment ions
generated mass spectrometrically. The proposed mechanisms for N-

and C-terminal fragment ion formation [27] are described in Chapter
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Figure 3.3 FAB-MS of Native Neurotensin (500 picomoles)
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One of this thesis. Peptide fragmentation by FAB-MS is
unpredictable and varies with every peptide examined. One of the
disadvantages of FAB-MS as opposed to EI-MS for peptide sequence
analysis studies, is the relative lack of fragmentation cbserved in
FAB mass spectra. However, the positive features of FAB-MS such as
sensitivity and the need for derivatisation of peptides removed,
outweigh this lack of fragmentation which in some cases proves to
be an advantage e.g. FAB-Mapping [41]. Thus, camplementary
techniques to FAB-MS which enhance or generate fragment ions are
invaluable for sequencing studies. On comparison of the mass
spectra of intact and hydrolysed neurctensin it is clear that
despite some signals being common to both spectra (Figures 3.1 and
3.3), acid hydrolysed samples invariably produce intense and easily
interpretable sequence related ions, on FAB-MS analysis, allowing
sequence determination. Thus, it is reasonable to conclude that the
intense signals in the spectrum, Figure 3.1, of acid hydrolysed
neurotensin are not fully attributable to the fragmentation
processes in the ion source of the mass spectrometer. Therefore, it
was established from these experiments that the partial acid
hydrolysis method developed here generates valuable sequence
information not available from FAB-MS analysis of an unhydrolysed

sample.

The results obtained from partial acid hydrolsis of neurotensin and
hOGRP were most encouraging for further application of this method
of sequence analysis, to a series of peptides of differing
composition and sequence. The peptides examined were substance P

)t 1347, alpha-melanocyte-stimulating hormone (¥-MSH)
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+H)t 1664, renin substrate [M+H]' 1758, corticotropin-like
intermediate-lobe peptide (CLIP) [M+H]T 2490 and beta-endorphin
(M+H]t 3461, Virtually complete sequence determination of the
peptide sequences of substance P, alpha-MSH and renin substrate was
achieved by the application of this partial acid hydrolysis/MS
method. Partial sequence data was derived by acid hydrolysis of
beta-endorphin and CLIP; twelve amino acids correspornding to
residues 16 to 27 were elucidated from the FAB mass spectrum of
acid hydrolysed beta-endorphin, and ten residues 13 to 22
determined from the FAB mass spectrum of acid hydrolysed CLIP. In
parallel with each peptide hydrolysate studied a sample of intact

peptide was also analysed by FAB-MS for camparison.

3.2.2.1 Acetylation of Peptide Acid Hydrolysates

It has been demonstrated that partial acid hydrolysis gives
additional information to the normal FAB-MS fragmentation of intact
samples. However, the extent of the mass spectrometrically
generated fragmentation contribution to the cbserved spectra had
yet to be determined. This was resolved by chemically tagging the
N-terminus of the peptide under investigation which would elucidate
where chemical cleavage stopped and where mass spectrometric
fragmentation started. The acid hydrolysis reaction was terminated
by dilution (to aid freezing) and lyophilisation with subsequent
acetylation of the peptide hydrolysate under correct conditions for
acetylation of primary alpha—-amino groups only. A fast acetylation
reaction [82,83] was employed, which acetylated all fragments or
intact molecules with a free N-terminus, therefore, if carried out

and terminated before FAB-MS analysis but after hydrolysis those
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fragments produced mass spectrometrically would not carry the
acetyl group on their N-termini. This experiment was designed so as
to allow differentiation between those peptide fragments formed by
hydrolysis prior to FAB-MS analysis and those formed as a result of
fragmentation in the mass spectrameter ion source. Interpretation
of the spectrum of the acetylated hydrolysate was aided by using a
mixture of acetic and deuterocacetic anhydride, (1H6) and

(2H6), in a ratio of 1:1, so that the generated FAB-MS spectrum

is characterised by doublets arisng from the incorporation of the
1Hg and %Hg labels. Since, this reaction, when carried out

in an excess of methanol, is specific for primary amines each
chemically distinct amino group could be expected to be
derivatised. In a mixture consisting of a large number of smaller
peptides from the hydrolysis of a larger peptide each fragment
would have its own amino terminus which would be acetylated
accordingly. Presented in Figures 3.4 and 3.4.1 are the FAB mass
spectra of (a) acid hydrolysed, and (b) acid hydrolysed and then
acetylated, alpha-MSH. The spectrum in Figure 3.4 is dominated by
signals m/z; 214, 342, 399, 585, 741, 888, 1025, 1154, 1285, 1372
and 1535, which correspond to C-terminal molecular ions from which
the sequence, by calculating the mass differences between these
intense signals, is deduced as,
Tyr-Ser-Met-Glu-His~-Phe-Arg-Trp-Gly-Lys—. Illustrated in Figure
3.4.2 is the sequence of alpha-MSH together with the calculated N-
and C-terminal fragment ions. The FAB-MS spectrum (Figure 3.4.1) of
acid hydrolysed and then N-acetylated alpha-MSH was generated from
an identical quantity of native sample as that used for partial

acid hydrolysis (the FAB mass spectrum shown in Figure 3.4). By
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Figure 3.4.2 The Primary Sequence of alpha-Melanocyte Stimulating

Hormone (MSH), [M+H]+ 1664
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canparison of these two spectra it is apparent that each of the
C-terminal molecular fragment ions, generated by acid hydrolysis
and observed in Figure 3.4, have shifted after acetylation and are
now cbservable as characteristic doublets indicative of
acetylation. The signals in this spectrum, Figure 3.4.1, are
observed 42/45 a.m.u. higher than the original C-terminal molecular
ions, i.e. nm/z; 256, 384, 441, 627, 783, 930, 1067, 1196, 1414 ard
1577. This increase in mass of 42/45 a.m.u. corresponds to the
addition of a mixed acetyl group, CH;00/CD300, to the free

amino terminus of each peptide generated with the corresponding

loss of a proton on substitution.

This experiment clearly demonstrates that the peptide fragments,
identified by FAB-MS and that allow sequence analysis of the parent
campound, are chemically produced. This was confirmed on repetition
of this experiment with the other peptides studied. The actual
process of peptide fragment formation however, was as yet
unanswered, i.e. are the cbserved fragments generated by a single
peptide bord cleavage on hydrolysis or by the sequential hydrolysis
of peptide bonds. If the former is the method of fragment formation
then the question arises as to why the remaining, complementary,
peptide portions have not been observed by FAB-MS analysis of the
hydrolysate mixture, for example if a fragment 7 to 13 (of a 13
residue peptide) is observed why is the signal corresponding to the

peptide 1 to 6 not found in the FAB mass spectrum?

3.2.3 Analysis of the Peptide Components of Acid

Hydrolysates
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In order to determine which peptides are generated by concentrated
partial acid hydrolysis the acid hydrolysate mixture of neurotensin
was purified. The lyophilised reaction mixture was purified by
reverse-phase High Performance Liquid Chromatography, (HPIC), with
analysis of the HPIC fractions by FAB-MS. Fram partial acid
hydrolysis experiments a large number of peaks corresponding to
peptide fragments were recorded on the HPLC chromatograph.
Subsequent screening by FAB-MS of the HPIC fractions to analyse
which peptide fragments had been generated, identified a large
rmumber of peptides many of which were not previocusly observed by
direct FAB-MS analysis of the reaction mixture, prior to
purification. The fractionated peptide fragments identified by
FAB-MS analysis are listed in Table 3.1. Purification and
identification of a large number of peptide fragments, previously
undetected, allows inference that the formation of sequence related
peptide fragments is not by sequential hydrolysis. Hence, the
question arises as to why many of the peptides identified to be
present in the acid hydrolysate mixture are not observed on FAB-MS
analysis of the intact reaction mixture; this can probably be

answered mass spectrametrically.

3.2.4 Rationalising Suppression of Peptide Components in a
Mixtures by FAB-MS Analysis in Terms of Hydrophobicity
Suppression of certain components in a mixture by others on FAB-MS
analysis of the intact mixture is a phenamenon extensively reported
upon [27], with recent correlations between peptide
hydrophilicity/hydrophobicity drawn [84]. This recently proposed
expla nationof suppression is that the more hydrophobic components
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245 (12-13)
408 (11-13)
505 (10-13)
538 (2-5)

548 (9-12)
553 (1-4)

554 (3-6)
661 (9-13)
667 (2-6)

688 (7-11)
764 (2~7)

801 (7-12)
817 (8-13)
914 (7-13)
962 (3-9)
1042 (6-13)
1156/7 (5-13)
1285/6 (4-13)
1448/9 (3-13)
1561/2 (2-13)
1672/3 (1-13)
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SEQUENCE

I-L
Y-1-L,
P-Y-I-L
LY-E-N
R-P-Y-T
PE-L-Y-E
Y-E-N-K
R-P-Y-I-L
L~Y-E-D-K
P-R-R-P-Y
L~Y-E~-D-K-P
P-R-R-P-Y-I
R-R-P-Y-I-L
P-R-R-P-Y-I-L,
Y-E-N-K-P-R-R

K-P-R-R-P-Y-I-L
N/D-K-P-R-R-P-Y-I-L,
E-N/D-K-P-R-R-P-Y-I-L
Y-E-N/D-K-P-R-R-P-Y-I-L,
L~Y-E-N/D-K-P-R-R-P-Y-I-L
PE-L~Y-E-N/D-K-P-R-R~P-Y~I-L,

$f/n

-1550
-1510
-1175
-420
~590
-515
+38
-802
-300
-78
-278
-307
=533
-499
+234
-379

-238/-269
-163/-191
-278/-304
-273/-296
-310/-345

OBSERVED IN THE

FAB-MS OF THE

INTACT MIXTURE

|+ + +

[ T I I A

$

A AF A+

Table 3.1 Hydrophobicity Calculations (based on Bull & Breese
values) for the Peptide Fragments Identified, by FAB-MS
to be Present in the Purified Hydrolysate Mixture
of Neurotensin.

Key: (+)=seen on FAB-MS analysis of intact hydrolysate mixture

(-)=supressed, i.e. not cbserved.

The highlighted peptide fragments correpond to those observed in
the FAB-MS of acid hydrolysed Neurcotensin and from which the
sequence was deduced.
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of a mixture are expected to lie on the surface of the matrix from
which they are ionised and desorbed, whereas the hydrophilic
peptides do not as readily occupy the surface of the matrix and
hence, are less readily ionised and desorbed and thus, are not
observed in FAB spectra. This hypothesis proposed by Williams et
al (1986)%?11;1 recently been corroborated by an independant study
by Naylor and co-workers [85]. Their study has extended this
hydrophobicity theory to large peptides/small proteins and have
reported a striking correlation between the hydrophobic character
and the molecular ion abundance observed in FAB mass spectra. This
hypothesis was tested in this thesis work by calculating the
hydrophobicity index, using the Bull and Breese scale [86] of
hydrophobicity, for each petide fragment derived from neurotensin
and identified to be present in the acid hydrolysate mixture. The
Bull and Breese scale is described as "the preference or reluctance
of an amino acid to transfer from aqueous solution to an air-water
interface, with a positive index indicative of hydrophilicity and
with a negative index hydrophobicity is associated", therefore the
more negative the index the more hydrophobic is the amino acid. In
calculating the overall hydrophobicity/hydrophilicity of a peptide
the indices of the individual amino acids comprising the peptide
sequence are summed and the average calculated; €f/n where "f" is
the free energy of transfer to surface and "n" the number of amino
acid residues in the peptide. Summarised in Table 3.1 are the
calculated hydrophobicity indices for each peptide fragment
identified to be present by FAB-MS (after purification) in the acid
hydrolysate of neurotensin. All the fragments cbserved which fall

in a series of sequence-related peptides, namely 12-13, 11-13
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.....1-13, have negative values, supporting the proposed theory.
However, some of the fragments identified to be present after
purification of the hydrolysate mixture have negative indices, but
are not usually cbserved by FAB-MS analysis of the intact mixture.
For example, the fragment (9-12), [MtH]' 548, has a calculated
negative value of, =590, which according to the hydrophobicity
theory should be observed, but is not. This value should be
campared with peptides at m/z 817, 914, 1042, 1156/7, 1285/6,
1448/9, 1561/2, and 1672/3, listed in Table 3.1, which are cbserved
in the FAB mass spectrum of acid hydrolysed neurotensin, with
hydrophobicity indices of, -533, -499, -379, -238/-269, -163/-191,
-278/-304, -273/-296, and -310/-345 respectively. Similarly, there
are other fragments with calculated negative indices which again
are not seen in the FAB-MS spectrum of the unfractionated
hydrolysate mlxture It is recognised that di- and tri-peptides
despite having calculated negative indices may not be cbserved in
the FAB spectrum due to the polar influences of the amino and
carboxyl termini which are expected to weigh heavily in short
peptides [84]. It is not possible though, to rationalise cbserved
suppression solely in terms of the hydrophobicity and
hydrophilicity concept proposed by these authors. These
observations question the conclusions of Williams et al and the
more recent publication from that laboratory suggesting
derivatisation of hydrophilic peptides [87] in efforts to lend a
hydrophobic character to overcome suppression effects on FAB-MS
analysis. Naylor et al also observed from their results, that

in certain cases the simple hydrophobic model was not a sufficient

expla nation. This conclusion was drawn from their study of the
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protein phospholipase A,. The hydrophobicity index of this

protein is +69 and therefore should not be cbserved if for example
mixed with bovine insulin (hydrophobicity index -130). However,
Naylor and co-workers did observe a signal in the FAB mass spectrum
corresponding to this protein. From this cbservation they concluded
that other factors such as secondary and tertiary structure may
also be of importance for determining the surface activity of large

peptides.

In an attempt to correlate this hydrophobicity concept to the other
peptides examined here, for sequence analysis by the partial acid
hydrolysis procedure developed in this thesis research work,
hydrophobicity calculations were made for each stretch of sequence
elucidated. Substance P was completely sequenced by this partial
acid hydrolysis method, with the sequence related peptide fragments
running from the C-terminus to the N-terminus. The amino acid
sequence of substance P is shown in Figure 3.5, with the calculated
hydrophobicity indices for the peptide fragments illustrated in
Table 3.2. These sequence related peptides are found to have
negative indices and thus, agree with the hydrophobicity theory of
Williams et al. Discrepancies are observed when the

hydrophobicity indices are calculated for the C-terminal segquence
related peptides of alpha-MSH, shown in Table 3.3. The FAB mass
spectrum of acid hydrolysed alpha-MSH is dominated by intense
signals corresponding to sequence related peptide fragments, with
the sequence running in a C- to N-temminal direction. The
hydrophobicity indices of these peptides are mostly negative and

thus correlate with the hydrophobicity theory. However, there are a



132

N-terminal

fragment ions
254 82 419 607 135 882 1029 1032 199

A

1191 1094 966 869 T4t 613 4é6 319

C-terminal

fragment ions

Figure 3.5  Primary Sequence of Substance P, [M#H]' 1347.
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Peptide Fragments in FAB- Lf/n
MS of Acid Hydrolysate

M -1155
G-IM -500
F-G-IM -755
F-F-G-IM -908
Q-F-F-G-1M -595
Q-Q-F-F-G-1-M -371
P-Q-Q-F-F-G-I-M -346
K-P-Q-Q-F-F-G-1-M -256
P-K-P-Q-Q-F-F-G-I-M ~248
P-P-K-P-Q-Q-F-F-G-I-M -163

Table 3.2 Hydrophobicity Indices for the Peptides Observed in the
FAB Spectrum of Acid Hydrolysed Substance P.

Peptides Fragments in FAB- ¥f/n Reverse Sequence <f/n
MS of Acid Hydrolysate N- to C-terminal

| 24 -460 SY =505
Kev -153 SYS =197
GKPV +88 SYSM =313
WGKEV -170 SYSME -~148
RWGKPV =27 SYSMEH -8
FRWGKEV -240 SYSMEHF —224
HFRWGKPV =124 SYSMEHFR -110
EHFRWGKPV =53 SYSMEHFRW =231
MEHFRWGKPV =114 SYSMEHFRWG =127
SMEHFRWGKPV -66 SYSMEHFRWGK =74
YSMEHFRWGKPV -179 SYSMEHFRWGKP -82
SYSMEHFRWGKPV =133 SYSMEHFRWGKPV -133

Table 3.3 Hydrophobicity Indices for (a) the Observed C- to
N-terminal Peptide Fragments Interpreted from the FAB-MS
Spectrum of Acid Hydrolysed alpha-MSH, and (b) the
Reverse (incorrect) Amino Acid Sequence.
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number of fragments (observed in the FAB-MS of acid hydrolysed
alpha-MSH) with very low negative indices with one peptide
fragment, 10-13 [M#H]' 399, possessing a positive index, +88.

Also listed in Table 3.3 are the hydrophobicity indices of sequence
related peptides from an N-terminal to C-terminal direction, these
can be seen to also possess negative indices. Therefore, as the
peptide bonds that are hydrolysed for the formation of the C- to
N-terminal sequence related peptides are those which would allow
formation of the converse, N- to C-terminal sequence related
fragments, then in accordance with the hydrophobicity concept, if
formed, these peptide masses have a high probability of being
observed in the FAB spectrum. However, no N-terminal sequence
related peptides were observed in the FAB-MS of acid hydrolysed
alpha-MSH, see Figure 3.4. It was demonstrated by the purification
of the hydrolysate of neurotensin that a mumber of cother peptide
fragments, not observed in the FAB spectrum of the intact
hydrolysate mixture, were formed but were suppressed (despite
possessing negative hydrophobicty indices). If this is reasoned to
be true for all peptides treated by partial concentrated acid
hydrolysis then a number of peptide fragments from both substance P
and alpha-MSH, if generated by acid treatment, are calculated to
possess negative hydrophobicty indices, however, none are observed
in the FAB-MS of the acid hydrolysate mixtures. The hydrophobicity
model was subsegquently applied to those peptides from which partial
sequence information was generated by acid hydmlysis. The amino
acid sequence of CLIP is depicted in Figure 3.6, with the partial
sequence 13-22, determined by interpretation of the FAB mass

spectrum of acid hydrolysed CLIP, higlighted. The intense signals
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ARG-PRO-VAL-LYS-VAL-TYR-PRO-ASN-GLY-ALA-GLU-ASP-GLU~LEU-ALA-

GLU-ALA-PHE-PRO-LEU~GLU-PHE

Figure 3.6 Primary Sequence of Corticotropin-like

Intermediate-lobe peptide (CLIP), [M+H]“-'" 2490.

The highlighted amino acids correspond to the residues sequenced by

partial concentrated acid hydrolysis/MS

e PN Py P3O e e e A be e e e e e e g eptat e e et teeseniaia e e see s aes e aene e e .
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in the FAB mass spectrum were found to correspord to a set of
sequence related peptides with the sequence running in a C-terminal
to N-terminal direction. The calculated hydrophobicity indices for
these peptide fragments, listed in Table 3.4, are found to be
negative. Similarly, partial acid hydrolysis of beta-endorphin
allowed elucidation of the sequence between residues 15 and 27.
Unlike the sequence determined from CLIP the direction of this
stretch of amino acids was found to run in an N-terminal to
C-terminal direction. The sequence of beta-endorphin is illustrated
in Figure 3.7; the hydrophobicity indices calculated for the
peptides fragments from which the sequence was deduced are listed
in Table 3.5 which are found to be negative. However, it has been
established that partial acid hydrolysis generates a number of
fragments from each peptide studied, many of which are not cbserved
in FAB spectra of the intact hydrolysates, thus, what cannot be
campletely explained by the proposed hydrophobicity concept is the
absence of peptides, derived from other regions in the primary
sequences which have negative hydrophobic indices, in the FAB
spectra. For example, beta-endorphin peptide fragments such as 1-2,
1-4, 1-5, and 1-6, all have calculated negative indices (=310,
-333, =398 and =380 respectively) but no mass signals corresponding
to any of these peptides are observed in the FAB mass spectrum of
acid hydrolysed beta-endorphin. The probability of peptide
fragments 1-5 and 1-6, in particular, having been formed by partial
acid hydrolysis is relatively high as residues 6 ard 7 are
threonine and serine respectively which are readily cleaved by acid
treatment. Presented in Figure 3.2 is the FAB mass spectrum of the

acid hydrolysate mixture of hOGRP, which is characterised by
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TYR-GLY-GLY-PHE-MET-THR-SER-GLU-LYS~SER-GLN#THR-PRO-LEU-VAL~

THR-LEU-PHE-LYS-ASN-ALA-ILE-ILE-LYS-ASN-ALA-TYR-LYS-LYS-GLY~

Figqure 3.7  The Primary Sequence of beta-Endorphin, [M+H]' 3461

The highlighted amino acids correspond to the residues sequenced
by partial concentrated acid hydrolysis/MS.
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Peptide Fragments in FAB- $£f/n
MS Acid Hydrolysate

EF -505
-887
-708
-870
-623
-461
-328
-474
-376
DEIAFAPLEF 286

e

Table 3.4 Hydrophobicity Indices of Peptide Fragments Identified in
the FAB Mass Spectrum of the Acid Hydrolysate of
Corticotropin-like Intermediate-lobe Peptide (CLIP)

Underlined residues elucidated from FAB-MS of intact acid
hydrolysate

Peptide Fragments in FAB- f/n
MS of Acid Hydrolysate

TPLV-T -398
TPLV-TL -607
TPLV-TLF -737
TPLV-TLFK -588
TPLV-TLFKN -424
TPLV-TLFKNA -320
TPLV~TLFKNAL -423
TPLV-TLFKNATI -509
TPLV-TLFKNATIK -434
TPLV-TLFKNAITKN . . -34
TPLV-TLFKNATIKNA -276
TPLV-TLFRNATTKNAY -348

Table 3.5 Hydrophobicty Indices of Peptide Fragments Identified in
the FAB Mass Spectrum of the Acid Hydrolysate of
beta-Endorphin

Underlined residues correspond to those elucidated from the FAB-MS
of the intact acid hydrolysate.



Peptide Fragments in FAB- (<: f/n
MS of Acid Hydrolysate

LL -1650
GLL -830
AGLL -470
LAGIL -706
RLAGLL -473
HRLAGLL -307
THRLAGLL -233
VTHRLAGLL -290
CVTHRLAGLL -225
TCVTHRLAGLL -178

Table 3.6 Hydrophobicty Indices of Peptide Fragments Identified in
the FAB Mass Spectrum of Acid Hydrolysed human Calcitonin
Gene Related Peptide (hCGRP)

6€1



140

intense signals from which a sequence, in a C-terminal direction,
is deduced between residues 6 and 16. Listed in Table 3.6 are the
hydrophobicity indices for the sequence related peptide fragments
highlighted in Figure 3.2.1. From Table 3.6 it can be seen that
these values are all negative and thus, the presence of intense
mass signals in the FAB spectrum of the hydrolysate mixture
correlates with the hydrophobicity hypothesis. Thus, it appears
that the hydrophobicity model proposed by Williams et al does

play a role, to a certain extent, in determining which peptide
fragments are observed by FAB-MS analysis of peptide mixtures, but
cannot explain every case. However, the data generated from the
study presented here illustrates that the supposition of Naylor and
co-workers for small proteins is not true since the small peptides
generated here would not be expected to hold secondary or tertiary
structures. It can be concluded that the hydrophobicity model is
too simplistic, even involving secondary structure features, to
explain the observations from this partial acid hyrolysis mixture

data.

3.2.5 Recent Application of Partial Acid Hydrolysis
Subsequent to this study De Angelis and co-workers reported their
investigations into the application of partial dilute acid
hydrolysis for peptide sequencing. They demonstrated their
application of partial acid hydrolysis using two model peptides
[2-D-Ala,5-Leujenkephalin amide, (structure YAGFL-NH,) [M+H)*
569, and substance P, [M+H]' 1347. The strategy involved
following the hydrolytic process by taking several FAB spectra of

the crude hydrolysis mixtures at several time points. A series of
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FAB-MS spectra were obtained which were characterised by intense
molecular ions of the oligomers arising from the hydrolysis, with
an expected decrease in high-mass fragments as the hydrolysis
proceded. By subsequent intexpretatién of the complex spectra
involving the aligmment of overlapping sequences, structure
determination was possible. This methodology is a relatively
lengthy procedure in that it is necessary for seven FAB mass
spectra to be taken, over a period of 6 hours, involving analysis
of 39 out of a possible 64 hydrolysis products, with reassembly of
their molecular masses for the original sequence of the
undecapeptide to be compiled. This procedure would become more
camplex if it were applied to pgptides larger than the example
quoted of substance P, molecular weight 1346 a.m.u. However, two
major differences between De Angelis’s method and the one presented
in this thesis are that De Angelis employed, as with the previous
applications of partial acid hydrolysis, dilute acid, aqueous 5%
HCl, with seven FAB spectra required to determine the structure of
substance P, whereas the method developed and presented in this
thesis utilises concentrated hydrochloric acid with only

one spectrum per peptide examined required, i.e. a rapid method
(reaction time 45 minutes) for sequence generation. The method

presented by De Angelis requires 5 nanomoles of peptide, which was
one of the main criticisms of Biemann who published a response to
De Angelis’s proposed methodology. The cambination of partial acid
hydrolysis, using concentrated acid, with peptide hydrolysate
analysis by FAB-MS as reported in this thesis is demonstrated to be
readily applicable to less than 500 picomoles without computer
suming of spectra on a nine year-old ZAB instrument. This
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sensitivity is illustrated by the high quality FAB mass spectra of
the acid hydrolysates of neurotensin and hOGRP (Figures 3.1 and 3.2
respectively), both generated from 500 picomoles. Hence, the method
presented here requires a comparable quantity of sample to that
needed for sequence analysis by tandem MS, an altermative technique
suggested by Biemann. In addition, to the quantitative limitation
of De Angelis’s method complete deamidation of asparagine,
glutamine and C-terminal amide residues was cbserved. The complete
deamidation of these amino acid residues was also initially
observed with the method developed here, however, this was solved
by omitting to add water at the end of the reaction to assist
freezing prior to lyophilisation, with the method of direct
lyophilisation of the reaction mixture implemented instead. The
deamidation of asparagine and glutamine is still observed but to a
lesser extent and is readily recognisable from signal cluster
shapes therefore, it is no longer a disadvantage. The change and
interpretation of signal clusters can be illustrated by comparing
the cluster shapes of signals m/z 1042 and m/z 1157 in the
neurotensin acid hydrolysed FAB mass spectrum, Figure 3.1. This
change in cluster shape is the result of deamidation of the
asparagine residue to aspartic acid. Despite m/z 1157 being the
most intense signal it is determined that m/z 1156 is the correct
mass correspording to fragment 5 to 13 in the neurotensin molecule
with a mass difference of 114 a.m.u. (Asn) between m/z 1156 and n/z
1042. Thus, the signal m/z 1157 is comprised of a combination of
the 13¢ contribution from the peptide fragment only containing
asparagine, and the aspartic acid peptide component in the mixture,

which together produce an unusually intense signal. In sequence
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analysis investigations where amino acid residues are assigned
purely on the basis of their residue masses interpreted from a FAB
mass spectrum it is difficult to distinguish between glutamine and
lysine residues, as both have the same residue mass of 128 a.m.u.
Thus, partial deamidation of glutamine residues provides a means of
differentiating between lysine and glutamine as lysine would not be
deaminated on hydrolysis and hence, would not produce a change in
signal cluster shape. Partial deamidation of glutamine and
asparagine residues still occurs, despite the ommission of water at
the end of the reaction, as hydrochloric acid itself is composed of
approximately 37% acid and 63% water. As discussed above positions
of partial deamidation are readily detected by a change in the
signal cluster shape, see Figure 3.8, and thus, partial deamidation
is exploited as a positive feature of the technique. However, it is
noted that the C-terminal amide blocking group of substance P is
campletely deamidated by this acid hydrolysis method. This may
possibly be attributed to the exposed position of the blocking
group in the overall peptide structure, with very little steric
hinderance. This cbservation is found to vary for each peptide
studied, as for example sequence analysis of alpha-MSH (a
C-terminal amide blocked peptide) by this acid hydrolysis/MS method
finds that the amide blocking group is not completely deamidated.
However, in general, a sample of native peptide would be examined
by FAB-MS prior to hydrolysis and hence, the presence of a blocked
C-terminus would be readily deduced from the molecular weight of
the peptide. Therefore deamidation of C-terminally amide blocked

peptides would not prove to be a significant disadvantage.
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3.2.6 Spectral Patterns

In addition to the change in the cluster shape pattern cbserved on
deamidation, as discussed, other such spectral changes have been
noted which also aid interpretation. For example, a less intense
signal observed 18 a.m.u. lower than the main signal is presumably
indicative of a loss of H,0, since it can be correlated with the
presence of serine or threonine in the component peptide sequence.
The resultant ion would be due to the generation of dehydro-Ser/Thr
from a serine or threonine residue. This signal pattern can be
observed in the acid hydrolysed sample of hOGRP, Figure 3.2. It has
also been observed that, due to the lability of serine residues on
acid hydrolysis, if the N-terminal or C-terminal residue is serine
the molecular ion of the serine containing peptide will not be
seen. The cleavage on the N-terminal side of serine peptide bonds
as for example in hOGRP can be mechanistically explained as an N—~O
acyl transformation [88]. The mechanism of this cleavage reaction
is shown Figure 3.9. Another curious observation is that there is
evidence for a condensation reaction between juxtaposed carboxyl
and amine groups resulting in a loss of 18 a.m.u. This was first
noticed in the acid hydrolysed spectrum of neurotensin, between
asparagine and glgkamic acid residues, with the apearance of a

single peak 18 a.m.u. lower than the main signals (see Figure 3.1).

3.2.7 Partial Acid Hydrolysis of Disulphide Bridge Containing
Peptides

The earlier observation that by partial acid hydrolysis of hOGRP

the disulphide bridge appeared to be reduced was investigated by

appplying this method to other peptides, namely, vasopressin,
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samatostatin and insulin which are disulphide bridge containing. On
FAB-MS analysis of the peptide acid hydrolysate of vasopressin and
samatostatin it was determined that the disulphide bridges in both
remainedintactandasaconseciuéncelesssequencedatawas
generated. However, analysis of the FAB mass spectrum of the acid
hydrolysate of insulin elucidated a peptide sequence from the B
chain between residues 12 and 20. This peptide sequence contains a
cysteine residue which in the intact molecule forms a disulphide
bridge with a cysteine residue in the A chain (Bo—19 t0 Ac_5q) -

For the peptide fragments, from which the sequence 12 to 20 was
deduced, to be observed this disulphide bridge must have been
broken. It is proposed therefore, that the formation of certain
peptide fragments by acid hydrolysis of large peptides places a
strain upon disulphide bridges which eventually are destroyed.
Thus, it is proposed that the susceptibility of disulphide bridge
disruption increases as the peptide size increases. Therefore, this
acid hydrolysis/FAB-MS protocol may not be so suitable for the
analysis of oxidised, small, disulphide bridge containing peptides
and that reduction of this tertiary structure prior to hydrolysis
may be necessary for the applicability of this method for attaining

optimum sequence data.

3.2.8 Application of Partial Acid Hydrolysis to Large Proteins
Having demonstrated that virtually complete sequence can be

obtained by partial acid hydrolysis/FAB-MS of peptides with a

molecular weight less than 2000 Da, and partial sequence from

molecules with molecular weight between 2-3.5 kDa, this study was

extended to include peptides with molecular weight exceding 3.5
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kDa. The advent of efficient DNA-sequencing techniques has meant'
that it is often more time effective to sequence a protein at the
DNA level rather than using classical protein sequencing
techniques. However, protein sequencing methods are invaluable for
generating short stretches of amino acid sequence to employ for the
production of synthetic oligonucleotide probes used to identify the
structural gene. Therefore, the aim in a true biological research
study would be to produce a stretch of six to ten amino acid
residues for subsequent oligonuclectide probe generation. Hence, if
the partial acid hydrolysis/FAB-MS method, developed here, was
applicable to large proteins for the generation of stretches of
sequence data, as observed for hOGRP, insulin, and beta-endorphin,
then this method would be highly suitable for the rapid production

of sequence data for DNA-sequencing technicques.

Initially a large protein molecule alcchol dehydrogenase, molecular
weight 40 kDa, was studied. Partial acid hydrolysis under the
experimental conditions described above produced a variety of
signals on analysis of the reaction mixture by FAB-MS. However, no
relationship could be found between the signals for interpretion of
an amino acid sequence. To determine if the hydrolysis conditions
for maximising sequence information in a large protein, in which
factors such as increased secondary and tertiary structure may be
involved, were different, a time course reaction, with analysis of
the hydrolysates at each time point by FAB-MS, was carried out.
From this time course experiment it became apparent that it was too
ambitious to apply this method to such a large molecule. Attention

was subsequently focussed on a smaller protein cytochrome C,
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molecular weight 11 kDa, with the aim of replicating the type of
results obtained from smaller molecules. However, partial acid
hydrolysis of cytochrome C, with experimental conditions identical
to those devised for small peptides, did not generate data from
which partial sequence could be derived. Mass differences between a
few signals in the FAB spectrum did correspond to amino acid
residues, possibly sequence related, but not sufficient for
confident assigmment or subsequent sequence analysis. Furthermore,
time course reactions did not provide any alternate optimum
conditions for sequencing. In order to rationalise this finding a
sample of cytochrome C was reduced and carboxymethylated; reduction
of a protein’s disulphide bridges result in disruption of the
secondary and tertiary structure of the molecule. However, the
partial acid hydrolysis/FAB spectrum of carboxymethylated
cytochrome C did not provide any additional information from which
a stretch of sequence could be deduced. These experiments =
tenatively indicate that partial acid hydrolysis may not be readily

applicable to large proteins.

However, more success was achieved from the application of this
partial acid hydrolysis method to proteins with molecular weights
between 5000 and 6000 a.m.u. namely, growth hormone releasing
factor 1-44, (GHRF), molecular weight 5103 Da, adrenocorticotropic
hormone (ACTH-Human), molecular weight 4536 Da and insulin,
molecular weight 5730 Da. FAB-MS analysis of the acid hydrolysate
of GHRF, employing the same experimental conditions determined
previously for application to small molecules, generated high

quality data, presented in Figure 3.10. From the most intense
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Figure 3.10 FAB-MS of Acid Hydrolysed Growth Hormone Releasing Factor 1-44 (GHRF),
rigure J.10 >
500 picomoles.
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signals in this spectrum m/z; 288, 387, 515, 586 and 643 , and by
calculating the mass differences between these signals, the
sequence, -Val-Lys-Ala-Gly-, is determined. ILysine was assigned in
preference to glutamine since there was no evidence for partial
deamidation from the signal cluster pattern. The mass signal m/z
288 was interpreted to correspond to residues Arg-leu/Ile, the
C-terminus of the molecule. Applying the same logic to the high
mass end of the spectrum the next signal which gives a sensible
residue mass from m/z 643 is m/z 771/772. There is an cbvious
change in the isotopic ratio at this point highlighting a position
of deamidation. The mass difference between m/z 643 and 771 is 128
a.m.u., corresponding to either a glutamine or lysine residue.
However, the change in the isotope pattern so that m/z 772 is
slighlty more intense than m/z 771 indicates that deamidation has
occured. Thus, it can be confidently concluded that this mass
difference correspords to a glutamine residue. The next signal
corresponding to an amino acid mass difference is m/z 900/901 with
the cluster shape reflecting the contribution of the previocus
deamidation. The mass difference of 129 a.m.u. allowed the next
residue in the sequence to be assigned as glutamic acid. The
sequence derived, by this acid hydrolysis method, of 8 amino acid
residues corresponding to the C-temminus of the protein GHRF is

thus; Glu-Gln-Gly-Ala-Lys-Val-Arg-Leu.

Interpretation of the FAB mass spectrum of acid hydrolysed insulin
allowed eight residues between positions 12 to 20 in the B chain to
be determined. This sequence runs in a N- to C-terminal direction.

Similarly, the result of partial acid hydrolysis of ACTH allowed
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the sequence of nine amino acids from the C-terminus of the peptide
to be assigned. It is interesting to note that although ACIH is
twice as large as CLIP, which represents its C-terminal portion,
both molecules yield sequence information from their C-termini by

the partial acid hydrolysis procedure presented here.

The research work presented in this thesis chapter suggests that
this partial acid hydrolysis methodology would not be directly
applicable to peptides with a molecular weight greater than 6000
Da. However, if a large protein of interest were digested and
suitable sized fragments purified, then this method could be
applied to rapidly provide stretches of sequence from each fragment

of appropriate size.

3.2.8.1 Correlation of n't:.he Hydrophobicity Model to the Partial
Sequence Derived from Large Peptides

The hydrophobicity indices for the sequences elucidated from the
small proteins, GHRF and insulin were calculated, and are presented
in Tables 3.7 and 3.8 respectively (the hydrophobicity indices for
ACTH will be the same as those calculated for CLIP, (ACTH 18-39),
see Table 3.4, as the same region has been sequenced). The complete
amino acid sequences are shown in Figures 3.10.1 and 3.11
respectively. The hydrophobicity indices calculated for GHRF are a
conbination of negative and positive values, which clearly do not
agree with the hydrophobicity model proposed by Williams et al,

as being those peptide fragments preferentially observed. The
hydrophobicity indices of the peptide fragments from which the

sequence B (12-20) of insulin was determined (by intense signals in
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TYR-ALA-ASP-ALA-ILE-PHE-THR-ASN-SER-TYR-ARG-LYS-VAL~LEU-GLY-GLN-LEU-

SER-ALA-ARG-LYS-LEU-LEU-GLN-ASP-IT E-MET-ASN-ARG-GLN-GLN-GLY-GLU-ARG~

ASN-GIN-GLU~GLN-GLY-ALA~LYS-VAL-ARG-LEU-NH,

Fiqure 3.10.1 Primary Sequence of Growth Hormone Releasing Factor

(GHRF), 1-44.

The highlighted amino acids correspond to those residues elucidated

from the FAB mass spectrum of acid hydrolysed GHRF.
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GLY-ILE-VAL~GLU-GLN-CYS-CYS-ALA-SER~VAL-CYS-SER-LEU-TYR-GLN-LEU-GLU

~ASN-TYR-CYS-ASN s

PHE-VAL~ASN-GLN-HIS-LEU-CYS-GLY$SER-HIS-LEU-VAL-GLU-ALA-LEU-
, S

IYR-LEU-VAL-CYS-GLY-GLU-ARG-GLY-PHE-PHE-TYR-THR-PRO-LYS-ALA

Figure 3.11 Primary Sequence of Bovine Insulin

Highlighted amino acids correspond to those elucidated from the

FAB-MS of acid hydrolysed insulin.
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Peptide Fragments in FAB- 815/3
MS Acid Hydrolysate

RL ~480
VRL -570
KVRL -313
AKVRL -128
GAKVRL +28
QGAKVRL +163
EQGAKVRL +206

Table 3.7 Hydrophobicity Indices of Peptide Fragemnts Identified in
the FAB Mass Spectrum of Acid Hydrolysed Growth Hormone
Releasing Factor, 1-44, (GHRF).

Peptide Fragments in FAB- Cial
MS Acid Hydrolysate

SHL-V -323
SHL-VE -156
SHL~VEA -28
SHI~VEAL -260
SHL~VEALY ~406
SHL~VEALYL -544
SHL~VEALYLY - -565
SHL~VEALYIVC - -481
SHI~VEALYLVCG . -373

~Table 3.8 Hydrophobicity Indices of Peptide Fragments Identified in
the FAB Mass Spectrum of Acid Hydrolysed Bovine Insulin

Underlined residues correspond to those elucidated fram the signal
mass differences in the FAB spectra of intact acid hydrolysates.
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the FAB-MS of the acid hydrolysate of insulin) are found to all be
negative. However, what cannot be explained is why the peptide
fragments which allow the sequence between residues 12 and 19 from
the A chain of insulin to be determined are not cbserved as these
peptides have high negative hydrophobicity indices, higher than
many of those peptide fragments cbserved in the FAB spectrum.
Furthermore, such a sequence (or at least part of it) would be
derived by cleavage at serine, which is readily hydrolysed by acid
treatment.

3.3 Conclusion

Presented here is the novel application of partial acid hydrolysis
using a concentrated mineral acid, hydrochloric acid. Analysis of
peptide acid hydrolysate mixtures by FAB-MS has allowed full
sequence analysis of peptides with masses lower than 2000 a.m.u.
and partial sequence data from those peptides exceeding this mass
value. High quality data has been generated from less than 500
picomoles of material indicating the sensitivity of the technique.
Previous applications of partial acid hydrolysis methods have
employed dilute mineral or concentrated organic acids, with this
being the first report of partial acid hydrolysis utilising a
concentrated mineral acid instead. The exact nature of this
sequencing phenamenon is not completly understood with experiments
indicating that numerous peptide fragments are generated by the
acid hydrolysis procedure. However, it is the physical method of

analysis, FAB-MS, which determines which fragments are seen. From
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the intense signals observed in the FAB mass spectra it has been
shown that the sequence or partial sequence of the peptide may be
deduced. A time—-course experiment allowed the determination of
forty-five minutes at 65°C as the optimum time for producing a
series of related peptides with random fragmentation occuring

before and after this reaction time.

It is concluded from the data presented in this chapter that many
fragments are generated by acid hydrolysis but which are not seen,
due to suppression effects incurred by FAB-MS analysis of the
hydrolysate mixture. It has also been demonstrated that the
hydrophobicity theory presented by Williams et al is not
sufficient to explain every case andvhence, the recent proposal
from this laboratory to derivatise hydrophilic peptides so as to
lend a hydrophobic character may not be the answer for certain
peptides where other contributory factors come into play. There
have been many other suggestions for overcoming suppression effects
for example, using different matrices and improving detection of

supressed peptides by employing a continuocus flow probe [89].

The method of partial acid hydrolysis reported in this chapter has
been demonstrated to be a highly sensitive technique allowing
sequence analysis of peptides, rapidly providing high quality data
by FAB-MS analysis of peptide acid hydrolysates.



158

CHAPTER FOUR

METHODOLOGY DEVELOPMENT II - LINKED SCAN ANALYSIS OF PEPTIDES

AND PROTEINS; DIRECT MIXTURE ANALYSIS

4.1 Introduction

Mass spectrometry has played an important role in the field of
biomolecular structure determination over the last two decades. The
most widely used mass spectrometric method for the generation of
amino acid sequence information from peptides, until the early
1980s, was electron impact mass spectrometry, EI-MS. Although EI-MS
has played an important role in biopolymer studies there are some
disadvantages associated with this technique for sample analysis,
such as:

(a) the need for derivatisation of samples to their volatile
N-acetyl N,O permethyl derivatives [22,23],

(b) relatively large amounts of sample (greater than 5 nanomoles)
are required, and

(c) the amount of internal energy transferred to the molecular ion

is such that typical EI spectra are devoid of molecular ions.

The inception of fast atom bombardment (FAB) as a method of sample
ionisation, FAB-MS, in 1981 [26,27,28] by Barber and co-workers has
made a significant contribution to the field of structural analysis

of biopolymers. Combined with High Field mass spectrometry, HF-MS,
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introduced by this group [29,30], high quality molecular weight
data is generated from less than 1 nanomole of material. Another
advantage of the technique was that the need for the derivatisation
of peptides/proteins was circumvented. However, a noticeable
drawback of this method was that the fragmentation of peptides was
minimal [27] resulting in a reduction of sequence information
available. This cbservation promoted an investigation by Morris
et al, 1981, into the application of linked scans for the

analysis of fragment ions enhanced by collisionally activated
decompositions, CAD. At that time, the data produced were not
encouraging, a factor which no doubt led to an emphasis on
development of four sector mass spectrometry for CAD/sequencing
studies. The study presented below describes the recent
re-evaluation of two sector linked scan methods for some of the
structural problems encountered in the research work reported in

this thesis, the results of which are presented in this chapter.

4.1.2 Metastable Ion Formation and Detection

When a substance is ionised, in the FAB source, ions are formed
possessing a range of internal energies. The smaller the excess of
internal energy the slower the rate of fragmentation. Some ions
will possess sufficient internal energy to fragment further whilst
still in the ion source, while ions with a small excess of energy
will be able to reach the detector before they have time to
fragment and are detected as normal M' ions. Those ions which
possess the internal energy to fragment after leaving the ion
source but before reaching the detector are termed "metastable"

ions. Detection and analysis of metastables can contribute valuable
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information towards the elucidation of the original structure of

the molecule under study.

Metastable ions are those ions in a mass spectrometer which at the
detector have less than the full kinetic energy originally imparted
at the ion source. The actual place in the mass spectrometer where
metastables are formed determines how they may be detected. There
are three defined areas of formation the first, second and third
field free regions (see Figure 1.3). In a conventional
double-focussing instrument the first field free region (1st FFR)
lies between the ion source and electric sector. Metastables formed
in this region have the wrong energy to pass through the electric
sector (an energy focussing device) and hence, will not be observed
in the mass spectrum. A number of methods have been introduced for
focussing metastable ions, such as maintaining a constant
ion-accelerating voltage with variation of the electric sector
voltage. Another method employed involves variation of the
accelerating voltage with the voltage of the electric sector kept
constant. Both these methods allow metastable jons to be focussed
but which prevent the passage of normal ions. As normal ions are
defocussed, [90,91,92], these methods are termed "defocussing"

techniques.

4.1.3 Linked Scan Methods for Metastable Ion Analysis
There are a number of methods available for scanning mass
spectrometers to detect metastables without interference from
normal ions, thereby reducing the ambiguity of interpretation of

the mass spectrum. These techniques are collectively called "linked
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scanning" and have been automated so that these complex modes of
scanning can be computer controlled. The term "linked scanning"
refers to the simultaneocus variation of the voltage (E) of the
electric sector with either the accelerating voltage (V) or the
magnetic field (B); a specified relationship is maintained between
them throughout the scan. The various combinations of B, V and E
are discussed by Boyd and Beynon [40].

One of the first methods of linked scan developed involves a static
magnetic field, B, with variation of the accelerating and electric
sector voltages so that EZ/V remains constant [93]. By focussing
initially on a selected precursor ion, m', and then performing
this linked scan, metastable ions which are products of
fragmentation of m' in the 1st FFR of a conventional mass
spectrometer can be determined. However, both this method and the
defocussing method suffer from the limitations incurred by varying
the accelerating voltage; the mass range is limited and the

efficiency of the ion source changes during the scan.

A B/E linked scan method was introduced, [94], in which the
accelerating voltage is kept constant with linked scanning of the
magnetic field and electric sector. A B/E linked scan allows the
generation of a metastable ion spectrum analogous to that obtained
frunanEZ/Vscaninthatallproduct ions of a chosen precursor
are observed [95]. The mathematical derivation of the B/E

relationship is shown below.

An ion m' in the magnetic field experiences an equal and opposite
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centripetal and centrifugal force:

Centripetal = Centrifugal
Bev = mvz/r
Be = mv/xr \ (1)

where m=mass of the ion, m'; v=velocity of the ion; e=electronic

charge; B=magnetic field strength; r=magnet radius

In the electric sector
Kinetic energy = Translational energy
w2/2= eV (2)

where V=accelerating voltage

The equation for the transmission of m" through the magnetic
sector is given by;
rearranging (1) mv = Ber (3)
rearranging (2) mv2 = 2eV hence v = (2eV/m) /2 (4)
substituting (4) into (3)

m(2eV/m) /2 = Ber (5)

rearranging (3)

B = mv/er (6)
substituting (6) in (5)
w = (2evm) /2
and v = (2evm)¥/2/m (7)

The condition for the transmission of m+, through an electric
field, E, of radius R and plate separation d is given by
mvz/R = Ee/d or mv2/2 = EeR/2d = eV
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Considering the fragmentation m1+—-b m2+ + my in the
1st FFR. Assuming that the velocity of mass m; is the same as the

daughter ion mass, m, i.e. v; then;

energy of m2+ = 1/2 m2v12

substituting for v, from (7)

enexrgy of m2+ = My/myeV

momentum of m2+ =mv, from (7) = m,/m,(2eVm,) 1/2

= My/MyMy vy

Energy and momentum of m2+

= my/my (energy or momentum of m1+)

Therefore in order for transmission of m2+ B is changed to
B(m,/my) and similarly E is changed to E(m,/m;) . Thus, for
the transmission of any fragment ion B and E must be varied so that

. the ratio B/E remains constant throughout the scan.

There are other methods of linked scanning such as BZ/E, in which
it is possible to study the precursor ions leading to a particular
daughter ion. Another linked scan method is B/E(1-E)1/2, which
selectively detects all metastables resulting from fragmentation.
In addition to those techniques discussed, there are many methods
of linked scanning available for the detection of metastables
formed in the other field free regions e.g. mass-analysed ion
kinetic energy spectroscopy, MIKES [96,97]. However, an in depth
discussion of all these techniques would be ocutside the scope of

this introduction.
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4.1.3 B/E Linked Scanning

The B/E linked scan method was selected as appropriate for studying
daughter ions generated in the 1st FFR of a reverse geometry
two-sector instrument, ZAB-2SE, enhanced by collisionally activated
decampositions, CAD. This relationship is preferred over variation
of the accelerating véltage due to the limitations which are

incurred, as previously disscussed.

The data generated from the early 1981 work (H.R. Morris, personal
cammunication), investigating the potential of linked scanning/CAD
for enhancing fragment ions and analysis of small peptides i.e.
less than 1000 a.m.u., was of low intensity and largely devoid of
sequence information. Factors such as the large amounts of sample
required, greater than 10 nanomoles, the limitations associated
with instrument design parameters at this time, particularly with
respect to the width of the mass window examined, the accuracy of
the scan-law generation and manual mass calibration did not
encourage the development of this method as a suitable procedure

for studying high mass peptides or peptide mixtures.

Developments in instrument sensitivity and improved camputer
software for computer averaging of summed scans (MCA), a
development requested by this group, encouraged the re-examination
of the potential of linked scanning as a method for the detection
and enhancement of peptide (and carbohydrate) fragmentation for
sequence studies. Presented in this thesis work is an investigation

of the application of the B/E linked scan/CAD method for peptide
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sequencing and more importantly this is the first work in which
linked scanning has been directly and successfully applied to
protein mixture analysis [39]. A B/E linked scan allows the
transmission of one parent ion and examines the daughter products.
Hence, for the analysis of a pure peptide the computer is
programmed to calculate the B/E scan-law relationship for that
particular molecular ion, with subsequent detection of the daughter
ion products from the molecular ion, [M+H]+, only. Therefore, for
each parent ion transmitted there is calculated B/E scan-law
relationship which differs for each peptide and its daughter
fragments examined. The success reported below with pure peptides
promoted the application of this method to a true biological
research problem investigating peptide components of an

unresolved proteolytic digest mixture. The application of

linked scanning as described here represents a method for providing
valuable sequence data from peptides and components of an
unfractionated digest mixture using a two sector mass spectrometer.
The data generated from this linked scan study of pure peptides has
been shown to be fully comparable with data obtained from a four
sector instrument. This novel application of linked scan/CAD to a
canplex digest mixture of a large protein has been demonstrated in
this thesis work to be a rapid and sensitive technique. An

important aspect to this approach to direct mixture analysis is

that the rate-limiting step of purification has been removed.

Coinciding with this investigation into the applicability of linked
scanning/CAD to unfractionated digest mixtures was the analysis of

the primary sequence of the enzyme pyruvate decarboxylase. The
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investigation of the primary sequence analysis is reported in
Chapter Five of this thesis. The linked scan analysis of an intact
proteolytic digest of pyruvate decarboxylase, (PDC), allowed the

sequence of two unknown components to be determined.

In addition to the investigation of the applicability of B/E linked
scanning/CAD for peptide sequence analysis, it was important to
examine, using the same peptides, a range of CAD conditions. A set
of experiments which compares spectra produced in the absence of a
collision gas (normal metastables) with those generated using
collision gases (helium and air), is reported later in this
chapter.

The data presented below illustrates that the linked scanning/CAD

method, as applied here, will contribute valuable information to

modern sequence analysis studies of biopolymers.

4.2 Results and Discussion

With the increased sensitivity, of currently available mass
spectrometers, and improved software for camputer averaging of
sumed scans (MCA), B/E linked scanning/CAD was evaluated, on a
ZAB-2SE HF two sector mass spectrometer for;

(@) sequence analysis of pure peptides, and

(b) direct mixture analysis of unknown peptide components of a
conplex proteolytic digest mixture.

For each peptide examined a B/E scan-law is camputed to allow
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transmission and detection of the daughter ions of each peptide,
which are enhanced by collisionally activated decampositions (CAD).
The daughter fragments of peptides are postulated to arise from two
main types of fragmentation mechanisms [27], N- and C-terminal
described fully in Chapter One. These species may undergo further
fragmentation with an N-terminal fragment ion (acylium) forming an
aldimine fragment ion by loss of carbon monoxide. Similarly,
C-terminal fragment ions may also fragment further to form the

alkyl species.

The daughter ions are enhanced, in the first field free region (1st
FFR), by collisionally activated decompositions, CAD. The collision
gas used (unless stated otherwise) was helium at a pressure (1.5 x
1077 Torr) designed to reduce parent ion intensity to
approximately 30% of its original intensity. It should be noted
that all spectra in this chapter were recorded by computer, hence,
each peak is assigned an accurate mass. The difference between
accurate and nominal mass becomes apparent for mass values above
1000 a.m.u. This mass difference arises from certain elements such
as hydrogen being mass sufficient (accurate mass 1.00785) and
others such as oxygen being mass deficient (15.994915 a.m.u.). In
general an increase of approximately half a mass unit per 1000
a.m.u. can be taken as a conversion factor for nominal to accurate

mass.

PART I - Linked Scanning of Pure Peptides

4.2.1 B/E Linked Scan/CAD Analysis of Leu-enkephalin amide



180,

188

136.8
128.8

cel.8

; mwl.a..u

288

538.3

993.2

425.]
518.3
.397.2
278.8
447 .2
179.2
ML%LAM -uui K‘Lu.,n_ L;.n '..,.,JL..m._[n_L_u_ ..Jul, —
88 488 588

Figure 4.1 Two-sector B/E Linked Scan/CAD (He) Spectrum of Leu-enkephalin amide.

588

891



95 ]

38

3.8

128.8

136.8

163.1

955.2

691

Figure 4.1,1 FAB-MS of Leu-enkephalin amide (ZAB2E).

500

688



170

The B/E linked scan/CAD spectrum of Leu-enkephalin amide, [M+H]'
555, with helium gas (1.5 x 1077 Torr) in the collision chamber,

is presented in Figure 4.1. From intense signals; m/z 136, 221,
278, 397, 425 and 510, detennjned to be a mixture of acylium and
aldimine fragment ions, the sequence of Leu-enkephalin amide can be
deduced by the mass differences between these fragment ions. The
sequence is confirmed as Tyr-Gly-Gly-Phe-Ieu-amide. It is
interesting to note that the normal FAB spectrum of Leu-enkephalin
amide shown in Figure 4.1.1 contains virtually the same fragments
as those produced from the B/E linked scan/CAD. However, on
comparison of the two spectra it is observed that the fragment ions
in the linked scan spectrum are of much higher intensity. The
sequence of enkephalin was, in fact, originally deduced to be a
mixture of two pentapeptides by electron impact MS, [14], and found
to consist of two related peptides differing in their C-termini,
and hence are referred to as Leu- and Met-enkephalin. The extent of
fragmentation observed from FAB-MS analysis of peptides is an
unpredictable occurence, with the FAB spectra of some peptides
containing sufficient fragmentation data for sequence analysis or
partial sequence determination. The presence of interpretable
fragment ions in the normal FAB mass spectrum of Leu-enkephalin
amide is a fortuitous example and in general, FAB-generated spectra
exhibit little fragmentation data. Thus, as sequence analysis is of
the utmost importance complementary methods to FAB-MS, combining
high sensitivity and rapid production of interpretable data, for

structure elucidation are in great demand.

With the promising results obtained from the B/E linked scan
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analysis of the small peptide, Leu-enkephalin amide, this study was
subsequently extended to test the applicability of this method to

larger peptides for sequence determination.

4.2.2 B/E Linked Scan/CAD Analfsis of Angiotensin II

The linked scan/CAD spectrum of angiotensin II, [M#H]T 1046, is
shown in Figure 4.2. The intense signals at m/z; 88, 244, 343, 506,
619, 756, 853 and 1000 correspond to N-terminal aldimine fragment
ions. The sequence, Asp-Arg-Val-Tyr-Ile-His-Pro-Glu-Phe, is deduced
from the mass differences between these intense signals,
corresponding to amino acid residue masses. This spectrum is
characterised by intense fragment ions with a very low signal to
background noise ratio. There is also a relatively weak partial
C-terminal fragment ion sequence m/z; 166, 263, 400, 513, 931 and
1046. The presence of these C-terminal fragment ions, sufficiently
weak so as not to confuse sequence assignment from the N-terminal

aldimine fragment ions, serve as being confirmatory.

4.2.3 B/E Linked Scan/CAD Analysis of Renin Substrate
The B/E linked scan/CAD spectrum of renin substrate, [M+H]' 1758,
is presented in Figure 4.3. By calculating the mass differences
between each of the intense signals, m/z; 343, 506, 619, 756, 853,
1000, 1137, 1250, 1363, 1462 and 1625, together with the
quasi-molecular ion, [M+H]T 1758, observed in the linked scan
spectrum, the sequence,
Asp-Arg-Val-Tyr-Ile-His-Pro-Phe-His-l1eu-leu-Val-Tyr-Ser, is
confirmed. These intense signals are determined to correspond to

aldimine fragment ions. It should be noted that the mass values of
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the fragment ions listed are nominal values whereas those in the
spectrum, Figure 4.3, are the accurate masses. Figure 4.3.1 shows a
spectrum remarkably similar to that in Figure 4.3. This is the
spectrum of renin substrate on a four sector MS/MS instrument. The
quality of the linked scan spectrum of the tetradecapeptide is
fully comparable with that generated from a four sector instrument,
with the background signals for pure peptides shown to be of
similar intensity for both two sector linked scan and tandem mass
spectrometry. The two sector B/E linked scan/CAD spectrum of renin
substrate, Figure 4.3, containing easily interpretable intense mass
signals, has been generated from less than 1 nanomole of material,
indicating that this is a highly sensitive procedure for peptide

sequence analysis.

The data presented above illustrates the applicability of B/E
linked scan/CAD analysis for rapid sequence analysis of pure
peptides at high sensitivity. To determine if this technique has a
mass limitation for attaining sequence ions in sufficient abundance
for the entire amino acid sequence to be deduced, as with the above
examples, this B/E linked scanning/CAD study was subsequently
extended to examine a large peptide, human calcitonin gene related
peptide (hOGRP).

A B/E linked scan/CAD spectrum of the 37 amino acid residue
peptide, human calcitonin gene related peptide (hOGRP) with a
molecular weight 3786 a.m.u., indicated a possible limitation for
the applicability of this method to peptides with a mass exceeding
approximately 2000 a.m.u. The linked scan spectrum contained a
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limited selection of N-terminal acylium and aldimine fragment ions.
However, it was not possible for a partial sequence to be deduced
as these fragments were random. Despite this apparent limitation,
linked scanning may still be useful for application to large
peptides such a hOGRP in sequence analysis studies where the
sequence, or partial sequence, has been determined by other
techniques. The role of linked scanning would be to efficiently
provide a highly sensitive and rapid procedure for partial sequence
confirmation by the provision of random fragment ions which can be
correlated to the elucidated sequence. A definite advantage of
observing random fragment ions is that there is an equal
probability of observing signals corresponding fragments derived
from the C-terminal as well as the N-terminal region of a large

peptide.

During the course of this thesis work investigating the
applicability of B/E linked scanning/CAD on a two sector MS for
peptide sequencing Nibbering et al [98] recently and

independently investigated tandem mass spectrometry and collisional
activation, FAB/MS/CA/MS, for the structure determination of
several beta-endorphin fragments and two adrenocorticotropic
hormone peptides by linked scanning of their daughter products.
Fram their study they observed that (i) N-terminal fragment ions
were slightly more abundant than C-terminal however, they
determined this feature to be compound dependant, (ii) other
collision gases such as argon, xenon and hexafluoride were used but
did not generate a noticeable enhancement of the fragmentation of

the protonated species, and (iii) the diminishing utility of CA of
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molecules as molecular mass increases.

The study presented in this thesis demonstrates that B/E linked
scanning/CAD, on a two sector instrument, of pure peptides (with
masses comparable to those used by Nibbering and co-workers)
generates high quality data suitable for peptide sequence analysis.
A similar mass limitation for the applicability of this method has
also been reported here, and in addition an alternate use of this
method for those peptides with molecular weight exceeding 2000
a.m.u. has been proposed. However, this investigation was not
restricted to pure peptide analysis only. The main research
cbjective once the applicability of linked scanning had been
established for pure peptide analysis was the study of linked scan
methods for direct mixture analysis using two sector

instrumentation.

4.3 PART II- Direct Mixture Analysis by Linked Scanning

Purification procedures such as HPLC, for the fractionation of
mixtures for the provision of pure components for subsequent
analysis by classical protein sequencing techniques, have proven
invaluable for protein seguence studies. This has been shown to be
particularly so when a generated protein digest is initially
analysed by FAB-MS. meitaﬁhe phenanenon of suppression [27] of
certain components in the mixture by others, on FAB-MS analysis of
the unfractionated digest, many of the components are not observed

in the FAB mass spectrum hence, the need for purification
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procedures is apparent. However, with advances in INA-sequencing
techniques the need to sequence all components of a protein digest
mixture, in certain structural analysis studies, has been removed.
Instead the emphasis lies on the provision of a stretch of amino
acid sequence, typically between six to twelve residues, to employ
for generation of complementary synthetic oligonucleotide probes to
screen a gene library. Therefore, a method with the ability to
rapidly screen for a seguence or partial sequence of unseparated
components in a peptide mixture would be of great value with the
rate—determining step of purification removed. Presented in this
chapter is the first data demonstrating the novel application of
two-sector B/E linked scanning/CAD to a complex mixture analysis
problem, for solving the structures of two unknown components of a
proteolytic digest of the enzyme pyruvate decarboxylase, molecular

weight 60,000 Da.

Coinciding with this investigation of linked scans was the analysis
of the primary structure of the enzyme pyruvate decarboxylase, the
gene sequence of which had recently been published [98]. This study
of the primary structure of the enzyme pyruvate decarboxylase,
isolated from wild type yeast, Saccharomyces cerevisiae, is
reported in Chapter Five. A tryptic digestion of pyruvate
decarboxylase resulted in the formation of a complex peptide
mixture. An aliquot of this proteolytic digest mixture was analysed
by FAB-MS. The resultant FAB-Map is shown in Figure 4.4. A simple
computer programme was employed (R. McDowell, Dept. Biochemistry,
Imperial College, London. SW7 2AZ) into which the gene-derived

sequence of the enzyme was read. For each mass, in the FAB
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spectrum, the computer calculates all possible peptide sequences
arising from the gene-derived sequence for a particular mass.
Utilising the knowledge of the type of digestion employed and hence
predicted cleavage sites, most of the possible sequences for each
mass value can be discounted, with only one peptide sequence
satisfying the mass value and enzyme specificity. It was discovered
that on checking the observed masses in the FAB-Map, Figure 4.4.,
against those predicted from the gene-derived sequence, by trypsin
digestion, that some signals could not be assigned to the predicted
protein structure. In particular, intense signals m/z 789 and n/z
1016, could not be mapped on to residues in the gene-derived
protein sequence, suggesting either a post-translational
modification and/or a difference between the actual protein
sequence and that deduced from the gene sequence. The study
presented here demonstrates for the first time that B/E linked
scanning/CAD is a highly appropriate method for direct mixture
analysis as illustrated by the application of this method to the
solution of two components of a complex proteolytic digest of the

enzyme pyruvate decarboxylase, PDC.

Before approaching a real sequence analysis problem to determine
unknown camponents of the PDC proteolytic digest mixture a known
"contaminant", angiotensin II, [MH]' 1046, was mixed with an
aliquot of the tryptic digest mixture of PDC. This peptide was
selected on the basis of its molecular weight, as it is similar in
mass to one of the unidentified signals m/z 1016, in the FAB-Map of
the digest (Figure 4.4). Since the width of the mass window one can

tune to on a two—-sector instrument is approximately 5 a.m.u
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angiotensin IT (mol.wt. 1045) is fully resolvable from m/z 1016.
The amount of angiotensin II added (approximately 1 microgramme,
950 picomoles) was estimated so as to be of similar concentration
as the other camponents of the digest. On FAB-MS analysis of an
aliquot of this mixture the signal intensity of the angiotensin II
molecular ion was shown to be approximately 80% of that of the
peptide component at m/z 1016. A linked scan/CAD spectrum, Figure
4.5, of the angiotensin II component of the artificial mixture
generated is shown to be of high quality. By the mass differences
beteeen the intense N-terminal aldimine fragment ions at m/z; 88,
244, 343, 506, 619, 756, 853, and 1000, the complete sequence of
angiotensin II was determined. The quality of this spectrum is
remarkably similar to the B/E linked scan/CAD spectrum of the pure
sample of angiotensin II as shown in Figure 4.2 with only a slight
increase in the background noise observed. The data from this
experiment was most encouraging for the application of B/E linked
scanning/CAD to the sequence analysis of the unknown peptide
components [M+H]' 789 and [MiH]T 1016, formed by trypsin

digestion of pyruvate decarboxylase (PDC).

4.3.1 Linked Scan Analysis of m/z 789

The linked scan/CAD spectrum of m/z 789, shown in Figure 4.6, was
generated from a single loading of an aliquot of the unfractionated
tryptic digest mixture. From the mixture of N- and C-terminal
fragment ions at m/z; 130, 204, 259, 317, 372, 418, 473, 531, 643,
660 and 789, the sequence of this peptide was determined.
Interpretation of the spectrum initially allowed a relationship

between the following set of intense signals to be defined, nyz
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204, 259, 317, 372, 418, 473 ard 531. These signals corresponded to

a mixture of N~ and C-terminal fragment ions as illustrated below;

259 372 473

4 LEU 1 THR 1 LEU

531 418 317 204

It was necessary to establish which set of signals were N-terminal
fragment ions and those which were C-terminal, in order for the
full amino acid sequence of the peptide to be determined. Utilising
the knowledge that the peptide at m/z 789 was derived from a
tryptic digest it was logical to assume that the C-terminal amino
acid residue of this peptide was either a lysine or arginine
residue (tryptic cleavage sites). Mass values 204 and 259 were both
tested for C-terminal lysine or arginine, with only m/z 204 giving
a sensible fit for Gly-Lys. Therefore, the signals at m/z; 259,
372, and 473 were assigned as N-terminal fragment ions. This
inference was correlated with the spectrum signals, with the
intense signal at m/z 643 now identifiable as the subsequent
N-terminal fragment ion in the sequence series. Thus, the amino
acid sequence able to be determined was; Leu-Thr-Leu-Gly-Lys

(with leucine indistinguishable from isoleucine). This
pentapeptide, LTIGK, was found to correspond to residues 4 to 8 in
the gene—derived sequence (Chapter Five, Figure 5.1.3) i.e., the
N-terminal region of the intact enzyme. However, the predicted
N-terminal tryptic peptide expected to be formed, by trypsin
digestion, from the protein sequence is an octapeptide, residues 1

to 8. The sequence of this predicted octapeptide is,



185

Met-Ser-Glu-Ile-Thr-Ieu-Gly-Lys, [M+H]+ 878. The molecular weight
of this peptide clearly does not agree with the observed mass of
the partially identified peptide at m/z 789. There is an cbvious
mass difference between these two peptides of 89 a.m.u. which
suggests that the difference is not merely a simple truncation of
the N-terminus of the expressed protein, as 89 a.m.u. does not
correspond to an amino acid residue mass value. This raised the
posibilities of either a difference in the amino acid sequence
preceding the pentapeptide and/or that there is a
post-translational modification. The presence of the signal m/z 130
in the linked scan spectrum proves the residue preceding isoleucine
as glutamic acid. However, the residue mass of serine (preceding
glutamic acid) is 87 a.m.u. and thus, there remains 43 a.m.u.
unaccounted for. A test for possible blocking groups on the serine
residue provided an answer by suggesting an N-acetyl blocked serine

residue.

Thus, the structure of the peptide at m/z 789, determined to
correspond to the N-terminus of the protein pyruvate decarboxylase,
was determined from the B/E linked scan/CAD spectrum, of the
unfractionated peptide component m/z 789, to be;

Ac=Ser-Glu-Tle-Thr-Leu-Gly-Lys. The blocked N-terminus of this

peptide was confirmed later by a single step of subtractive Edman
degradation [2], of the intact digest mixture, followed by FAB-MS
analysis. The FAB-Map after one step of Edman showed no shift in
the signal m/z 789, confirming the presence of the blocked
N-terminus. Hence, a processing event and a post-translational

modification have been identified from a B/E linked scan/CAD
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analysis of an unseparated component of a complex proteolytic

digest mixture.

4.3.2 Linked Scan Analysis of m/z 1016

Another intense signal from the FAB-Map, Figure 4.4 of the tryptic
digest of PDC, for which no mass match with tﬁe gene—derived
sequence of pyruvate decarboxylase could be made was m/z 1016. The
B/E linked scan/CAD spectrum of m/z 1016 in the intact tryptic
digest mixture is shown in Figure 4.7. This spectrum contains a
number of intense signals which were interpreted in the same manner
as before. From the intense signals observed at m/z; 218, 289, 404,
475, 588, 689, 790 and 903, the sequence of this peptide, [MH]T
1016 was able to be deduced. The mass differences between the.
intense fragment ions at m/z 404, 475, 588, 689, 790 and 903
‘allowed the sequence, Ieu/Ile—-ﬂm—}dhr—Ieu/Ile—Ala, to be
determined. Analysis of the lower end of the spectrum enabled
assigmment of signals at m/z 289 and 218, with mass differences
allowing the sequence Asp-Ala to be eluicidated. It was not

known whether these signals corresponded to N- or C-terminal
fragment ions. However, by applying the knowledge of the digest
specificity (trypsin) both signals m/z 903 and 218 were tested for
a lysine or arginine fit. The signal at m/z 218 agreed for the
C-terminal fragment ion, Ala-Lys, thé.mby, determining the mass
signals as C-terminal and allowing the complete sequence of the
peptide at m/z 1016 to be determined as;

Leu-Leu-Thr-Thr-Tle—-Ala-Asp-Ala-Ala-Lys. This sequence was

deduced solely from the linked scan spectrum, and found to closely

agree with the gene-derived sequence between residues 332 to 341.
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However, the peptide sequence between residues 332 and 341 differs
to the sequence determined by linked scanning in one position,
residue 335. Residue 335 has been translated from the gene sequence
as asparagine and not threonine, as clearly determined from the
linked scan spectrum. Hence, the linked scan data has allowed
identification of an amino acid difference to that of the
gene-derived sequence. This finding was subsequently confirmed by

several steps of subtractive Edman degradation.

Reported earlier in this chapter was the limitation encountered for
attaining total sequence information from pure peptides by this
method. It was found that sequence data was generated from peptides
of mass greater than 2000 a.m.u. however, this data was not
sufficient for complete sequence determination. This cbservation
was shown to be true for unseparated components of a digest mixture
with molecular weight of approximately 2000 a.m.u. or greater.
However, rapid generation of partial fragmentation data can be of
great use for confirmation of sequence, as discussed above. This
can be illustrated by the linked scan spectrum of the peptide

cbserved at m/z 1778 (nominal mass 1777).

4.3.4 Linked Scan Analysis of m/z 1778

The results obtained from from the linked scan analysis of
camponents m/z 789 and 1016 enabled two differences to the recently
published gene—derived sequence to be identified. These findings
underline the need for independant checks of stretches of amino
acid residues in cases where the sequence is solely derived by

DNA-sequencing methods. However, in situations where a signal from
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a FAB-Map of a digest mixture can be assigned to a stretch of amino
acid sequence it is not necessary to analyse the fragmentation data
exhaustively, but rather to check that some of the anticipated
fragment ions are observed. The intense signal m/z 1778 cbserved in
the txryptic FAB-Map (Figure 4.4) of the enzyme PDC was able to be
mass matched, by the computer search programme, onto the
gene—derived sequence between residues 233 and 248. The predicted
amino acid sequence between these residues is;
ILeu-Ile-Asp-leu-Thr-Gln-Phe-Pro-Ala-Phe-Val-Thr-Pro-Met-Gly-1ys,
(LIDLTQFPAFVTPMGK) . The B/E linked scan/CAD spectrum of m/z

1778 in the intact tryptic digest mixture is presented in Figure
4.8. The intense signals in the linked scan/CAD spectrum are more
than sufficient to confirm the assigrment of this signal to the
peptide originating from PDC, residues 233 to 248. The sequence is
confirmed by the N-terminal sequence ions at m/z; 342 (LID),

831 (LIDLTQF) and 1346 (LIDLTQFPAFVT), and the C-terminal

fragment ions, m/z; 432 (PMGK), 533 (TPMGK), 947

(PAFVTPMGK) and 1094 (FPAFVTEMGK) .

This application of linked scanning, as previously suggested,
provides rapid sequence data at high sensitivity which enables, as
demonstrated above, the peptide sequence assigned to be a
particular mass signal to be confirmed with confidence. Another
advantage of this technique, in addition to the high sensitivity
and the rapid generation of data, noted earlier when discussing
this application to larger peptides, is that there is an equal
probability of observing mass signals corresponding to peptide
fragments derived from the N- and C-terminal regions of the peptide



191

sequence.

All mixture analysis spectra were generated from a single 1-2

nanomole loading of the intact tryptic digest mixture.

4.4 Variation of CAD conditions

Linked scanning allows detection of the daughter products of a
particular parent ion with collisionally activated decompositions
(CAD) enhancing fragment ion formation. All spectra presented above
have been generated using helium as the collision gas. Ancther
feature of this research work was to investigate fragment ion

enhancement using a range of CAD corditions.

4.4.1 B/E Linked Scanning in the Absence of a Collision Gas
Illustrated in Figure 4.9 is the B/E linked scan spectrum of the
peptide at m/z 1016 in the intact tryptic digest mixture without
the use of a collision gas i.e. the non-activated daughter
spectrum. Though the sequence data is still useable it is clearly
not as high quality as that previously generated utilising a
collision gas, Figure 4.7. The major difference between the two
spectra in Figures 4.7 and 4.9, is that without a collision gas,
the lower end of the spectrum is not as intense due the lack of
high energy collisions which enhances the fragmentation. However,
interpretation of the non-activated linked scan spectrum, Figure
4.9, still allows the sequence of peptide [M+H]T 1016 to be
readily determined. This example illustrates that interpretable

linked scan data can generated even when a collision gas is not
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4.4.2 B/E Linked Scanning/CAD (Air)

The B/E linked scan/CAD spectrum of m/z 1778 in the intact
proteolytic digest mixture, utilising air as the collision gas is
shown in Figure 4.10. This spectrum contains intense signals
camparable to those observed in the. lmked scan/CAD spectrum
generated with helium as the collision gas. However, the spectrum
(Figure 4.10) with CAD by air can be observed to have a slightly
higher signal to background noise ratio than when helium is the

collisiongas, i.e. the spectrum is not as "clean".

Therefore, the presence of a collision gas would be preferable to a
vacuum, with a significant enhancement of fragment ions in the low
mass end of the spectrum observed, aiding sequence analysis.

It was determined that using mono-nitrobenzyl alcohol, (MNBA), as a
matrix, enhanced the sample life-time, with better quality spectra
obtained by MCA, in comparison to those samples loaded in
glycerol/thioglycerol matrix. The sample quantity used ranged from
100 picamoles (for pure peptide analysis) to 2 nanomoles (for
mixture camponents) .

4.5 Conclusion

This research work has investigated the application of B/E linked

scanning/CAD to the sequence analysis of
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(1) pure peptides, such as those obtained after purification by
HPLC, and more significantly the novel approach to the analysis of,
(ii) unfractionated components of a complex proteolytic digest
mixture.

High quality data has been generated from pure peptides, with the
linked scan/CAD spectrum of renin substrate being fully comparable
to that obtained from a tandem mass spectrometer. This method has
been proven to be sensitive with some spectra generated from as
little as 200 picomoles of material. Good fragmentation data are
obtainable to masses of 2000 a.m.u. which allow full sequence
analysis for both pure peptides examined and those unseparated
camponents of a digest mixture. It had been anticipated that the
background contribution from the matrix and other decomposition
products, in B/E linked scan spectra, would be significant and
considerably more than that from a four-sector instrument since the
width of the mass window is larger than on a four-sector
instrument. However, the mixture analysis data indicates that the
background contribution is negligible and is not limiting up to
mass 2000 since, despite a higher backgrourd than that which would
be present in a four-sector study, the data are clearly useable.
Peptides exceeding mass 2000 are still amenable to linked scan
analysis as despite the reduction in fragment ions cbserved, as has
been demonstrated, those present are useful in a confirmatory
capacity in cases where the sequence has been derived by other

The most significant aspect of this study has been the analysis of

camponents of an unfractionated digest mixture by linked scan/CAD.
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Linked scanning of a tryptic digest mixture of the enzyme pyruvate
decarboxylase elucidated two unknown components which determined an
amino acid difference to that in the gene-derived sequence at
residue 335, together with a previocusly unreported processing event
and post-translational modification of the N-temminus of the
protein. Data such as these support the need for complementary
protein sequence analysis when the amino acid sequence has been
derived solely from nucleotide analysis, and to examine the
fidelity of a recombinant protein produced in an abnormal cell
line. Ordinarily to detect these previously unrecognised errors of
the published gene sequence, purification procedures such as HPLC
would be required with subsequent isolation and analysis involving

camplex microchemical manipulations.

A possible limitation of the linked scan method lies with the width
of the mass window examined, some 5 a.m.u. If two signals of
interest were to fall within the same mass window it would be
impossible to resolve the two. However, when the protein sequence
is not available it is not necessary for the entire protein
sequence to be analysed by classical protein chemistry procedures
or by non—classical methods such as linked scanning. Rather, with
the advances in molecular biology emphasis lies on the provision of
several short stretches of sequence for the production of
camplementary synthetic oligonucleotide probes for screening a gene
library, so that the complete amino acid sequence of the protein is
not required.

Linked scanning/CAD as applied in this chapter has been shown to be
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a highly sensitive and rapid method for protein sequence analysis.
This data represents a significant contribution to modern protein
structure analysis methods and provides an important extension of

two sector instrumentation for biopolymer sequencing studies.
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CHAPTER FIVE

THE PRIMARY SEQUENCE INVESTIGATION OF PYRUVATE DECARBOXYLASE

APPLYING A COMBINATION OF MASS SPECTROMETRIC TECHNIOQUES

5.1 Introduction

Glycolysis is a central pathway, in most living organisms, for the
recovery of chemical energy as adenosine 5’/-triphosphate, ATP. The
glycolytic pathway differs between species only in how the rate of
glycolysis is regulated and in the subsequent metabolic fate of the
pyruvate formed from glucose. Some animal tissues e.g. skeletal
muscle, when subjected to vigorous exercise cannot oxidise pyruvate
due to a lack of molecular oxygen, instead the pyruvate is
converted by the enzyme lactate dehydrogenase to lactate. This
process, anaercbic glycolysis, is an important source of ATP energy
in muscles undergoing very intense physical activity. In organisms
.suc'h as yeast, which contain no lactate dehydrogenase, pyruvate is
metabolised by two alternate enzymatic reactions; this process is
termed alcoholic fermentation. Alccholic fermentation is identical
to anaercbic glycolysis except for the final stages, which produce
different products, see Figure 5.0. The first step of alcocholic
fermentation involves decarboxylation of pyruvate to acetaldehyde

and carbon dioxide in a reaction catalysed by the enzyme pyruvate

decarboxylase, PDC. The acetaldehyde is then reduced to ethanol by

alcohol dehydrogenase, which utilises nicotinamide adenine
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dinucleotide, NADH as a coenzyme.

The overall equation of alcoholic fermentation is;

GILUCOSE + 2Pinorgani + 2ADP ~—— 2ETHANOL + @, + 2ATP + 2H20
The loss of the carboxyl group from pyruvate by the action pyruvate
decarboxylase, PDC, is a simple decarboxylation and does not
involve the net oxidation of the pyruvate. This reaction is
irreversible in the cell with PDC requiring Mg?t and a tightly
bound coenzyme, thiamine pyrophosphate for activity. The coenzyme,
thiamine pyrophosphate, serves as a transient carrier of the
acetaldehyde group which is covalently attached to the thiazole
ring, i.e. the carboxyl group of pyruvate is lost as carbon dioxide
and the rest of the pyruvate molecule, often referred to as the
"active aldehyde", is simultaneously transferred to the "2"
position of the thiazole ring of the pyrophosphate to yield its
hydroxyethyl derivative. This intermediate exists only transiently
since the hydroxy-ethyl group is quickly cleaved from the coenzyme
to yield free acetaldehyde. .

Pyruvate decarboxylase is a key enzyme in the fermentation of
glucose to ethanol in Saccharomyces cerevisiae. In the presence

of high glucose concentrations, the cells contain high levels of
PDC and produce ethanol at a high rate. Conversely, at very low
glucose concentrations the levels of PDC are decreased by a factor

of 10-20 and mainly oxidative metabolism takes place [100].
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The molecular weight of the active PDC molecule has been estimated,
by SDS—gel electrophoresis, as 230 kDa, [49,50]. It has been
demonstrated that under the same conditions for removal of the
cofactors Mgz+ and thiamine pyrophosphate, the active oligomer of
PDC reversibly dissociates into subunits of one half the molecular
weight [49], with thiamine pyrophosphate being an obligatory
co—-factor for reconstitution of the enzymically active holoenzyme.
In addition it was determined that these subunits were infact
dimers and thus, it was proposed that pyruvate decarboxylase is a
tetramer comprised of four identical or nearly identical subunits.
Gounaris et al in 1975 presented data which indicated that the
molecular weight of a monomer unit is 60,000 +3,000 Da. Furthermore
it was found that the dissociation of the holoenzyme into dimers,
and the dimers into monomers, was brought about under different
conditions and thus it was proposed that interchain interactions
that form the dimers are not the same as those leading to formation
of the tetramer. The two possibilities offered by Gounaris and
co-workers with regards to the structural nature of the dimers
were; (a) that the dimers are composed of two different chains of
similar molecules, as for example in the case of haemoglobin, and
(b) that the monomer units are identical and in the absence of a

co-factor form the dimer.

High resolution SDS-polyacrylamide gel electrophoresis of PDC from
Brewers yeast {101,102] and wheat germ [103], by Ullrich et al,
1982, [104], separated two types of polypeptide chains differing
slightly in size, M.(x) = 63,000 - 65,000 Da; Mr¢) = 61,000 -

62,000 Da. The isolation of two polypeptide chains of differing
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molecular weight led Ullrich to suggest that beta chains may be
produced from alpha chains by limited proteolysis, either

physiologically or as a preparation artifact.

Recently the PDC1l gene of Saccharomyces cerevisiae encoding
pyruvate decarboxylase, E.C.4.1.1.1., was sequenced by Kellermann
and co-workers [99]. From the INA sequence a polypeptide of 549
amino acids with a molecular weight of 60,008 Daltons was
determined. This molecular weight was in agreement with that
previously reported, for a monomer unit of PDC. A comparison of the
amino acid compositions of both the alpha and beta chains with that
of the DNA sequence led Kellermann et al to conclude that it

was highly unlikely that proteolytic cleavage was responsible for
the conversion of the alpha polypeptide chain to the beta. However,
there was not sufficient evidence to conclude whether the PDC1 gene
encoded the hypothesised alpha or beta chain. Since no information
regarding the pyruvate decarboxylase primary sequence was available
from other technologies it was also not possible for Kellermann and
co-workers to definitively identify the sequenced DNA fragment as
the structural gene.

The objectives of the study presented here were;

(a) the primary sequence analysis of three separable monomer units
of PDC, termed Al, A2 and B, isolated from wild type yeast,
Saccharomyces cerevisiae MC16,

(b) the confirmation of the published gene sequence, PDCl, as the
structural gene, and

(c) the investigation of sequence differences, if any, between the
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isolated subunits, Al, A2 and B of pyruvate decarboxylase.

An appropriate strategy or combination of strategies was selected
to tackle the objectives listed above with respect to primary
sequence analysis, and to relate the results of this thesis study
to secondary, tertiary and quaternary interactions. The FAB-Mapping
strategy [41] was selected as a method highly suited for the
primary sequence analysis of a large protein such as pyruvate
decarboxylase. The principles of FAB-Mapping have been described in
Chapter Two of this thesis.

A second technique applied to the sequence analysis of PDC was a
method of producing sequence fragment ions by mass spectrometry,
linked scanning. Chapter Four describes in detail the novel
application of linked scanning/CAD in an approach to direct mixture
analysis of complex proteolytic digests. Linked scanning/CAD as
applied in this thesis work has contributed valuable sequence
information to the primary structure analysis of pyruvate
decarboxylase. The data from these linked scan studies allowed
identification of a post-translational modification and a
processing event of the N-terminus of the protein and an amino acid

difference to that in the published gene-derived sequence.

Molecular weight determinations by techniques such as
SDS-polyacrylamide gel electrophoresis provide only an estimation
of molecular weights. For example the molecular weight determined
for a PDC subunit, by this method, was within +3000 Da at 60,000

Da. The Electrospray Ionisation Mass Spectrometry, ESI-MS,
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technique originally developed by Dole et al [54], has been
demonstrated by this thesis work and others (55,56] to provide
accurate molecular weight determinations for high mass biopolymers.
ESI-MS produces gas-phase multiply charged molecular ions of
molecules from highly charged liquid droplets by an electric field.
The highly charged droplets are formed by electrically induced
nebulisation in a dry nitrogen atmosphere. The hot nitrogen causes
the droplets to shrink to their charge limit resulting in ion
desorption or evaporation of intact molecular ions. Molecular
weights greater than 130 kDa have been reported [105] to be
determined by an ESI quadrupole mass spectrometer. A simplified
schematic representation of an ESI mass spectrometer is depicted in
Figure 1.4, Chapter One. In this thesis study a molecular weight
determination for each of the isolated subunits Al, A2 and B was
achieved by ESI-MS. Furthermore, these molecular weights have been
determined within 5-20 daltons (+0.02%). The molecular weight data,
determined from ESI-MS, has contributed valuable information for
elucidating the existence of one or more monomer units and the

extent of sequence differences between these monomers.
The preparations of subunits Al, A2 and B studied in this thesis

work were supplied by our colleaques in the Department for
Biotechnology.

5.2 Results and Discussion

The PDC samples, Al, A2 and B investigated in this thesis work were



205

isolated from wild type yeast, Saccharomyces cerevisiae, MC16.
Purification of the crude extract by ion-exchange chromatography
(DE-SZ ion-exchange column) yielded two active peaks termed A and
B, with B eluting from the column later than A, supporting earlier
literature reports pertaining to the existence of two moncmer
units. However, a second purification step by ion-exchange
(DEAE-Sephacel column) of both A and B showed peak A to subdivide
to a second peak, A2, which also exhibited enzymic activity.
Gel-filtration (AcA-22 gel-colum) of Al, A2 and B, showed Al and
A2 to elute from the column in approximately the same position,
with B slightly retarded. Thus, three separable monomer units were
isolated from this preparation; the existence of a third subunit

had not previously been reported.

This investigation into (a) the primary sequence analysis of each
PDC monomer unit and hence, the fidelity of the gene sequence, (b)
the possible existence of a third subunit of PDC and, (c) the
elucidation of any sequence differences between the three subunits,

can be divided into four sections:

5.2.1 FAB-Mapping.
5.2.2 B/E Link Scanning/CAD.
5.2.3 High-Mass MS studies.

5.2.4 Electrospray Ionisation MS.

5.2.1 FAB-Mapping

5.2.1.1 Trypsin Digestion




206

Utilising the FAB-Mapping strategy a sample of each subunit, A1, A2
and B, was enzymically digested by trypsin, with analysis of the
resultant digest mixtures by FAB-MS. The spectra generated,
FAB-Maps, are presented in Figures 5.1, 5.1.1 and 5.1.2
respectively. It should be noted that the spectra are recorded by
computer and hence, signals are assigned accurate masses, as
discussed in Chapter Four. A conversion factor of approximately
half a mass unit per 1000 a.m.u. can be subtracted from an accurate
mass to convert it to nominal. This difference between accurate and
nominal mass arises from certain elements being mass sufficient,
e.g. hydrogen, whilst others are mass deficient e.g. oxygen. The
FAB-Maps in Figures 5.1, 5.1.1 and 5.1.2, are complex each
characterised by a large number of intense quasi-molecular ions.
These mass signals correspond to the tryptic peptide fragments
formed from trypsin digestion of the protein subunits. By employing
the computer search programme (M-Scan Ltd., Ascot, and R. McDowell,
Department of Biochemistry, Imperial College, Iondon, SW7 2AZ) used
in Chapter Two, each of the quasi-molecular ions observed in the
FAB-Maps was tested for a mass fit on to a stretch of amino acid
residues in the gene-derived sequence (Figure 5.1.3). For each mass
value the computer generates a number of sequences corresponding to
a particular molecular ion. Knowing the specificity of the enzyme
used to generate the digest mixture most of the possible peptide
sequences correspording to a particular mass value can be readily
discounted as not agreeing with the enzyme specificity
requirements. The type of digest employed here was trypsin,
specific for cleaving on the C-terminal side of lysine and arginine

residues. Thus, only one of the peptide sequences, given by the
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Figure 5.1.3 Nucleotide and Predicted Amino Acid Sequence of Pyruvate
Decarboxvylase (99).
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canputer for a mass fit for a quasi-molecular ion, will normally
meet the digest conditions termminating with a lysine or arginine
residue as well as the residue preceding the N-terminus of the
peptide sequence corresponding to a tryptic cleavage site hence,
all other sequence possibilities, except that one, may be
discounted. The intense mass signals observed in each FAB-Map of
the tryptic digest mixtures, Al, A2 and B, are listed in Table 5.1
together with the sequence assigmnments on to the gene-derived
sequence. It is apparent that there are a number of signals in each
of the FAB-Maps which cannot be assigned on to the gene-derived
sequence namely, m/z 789, 1016, 1213, 1664, 2104, 2285, 2521 and
3322. The data from this digest tentatively suggests the possible
existence of either post-translational modifications, sequence
mutations or sequence deletions, in the gene sequence. It is
interesting to note that initially the peptide at m/z 1259 could
not be mass matched on to the gene-derived seciuence; however, it
was later determined to correspond to the peptide, 212 to 223. This
assigmment was initially not made due the presence of an
intra-molecular disulphide bridge, which was expected to have been
broken, formed between two adjacent cysteine residues, 220 and 221.
Sterically, this is thought not to be possible, being energetically
unfavourable.

A comparison of the three tryptic FAB-Maps, Figures 5.1, 5.1.1 and
5.1.2, shows that the signal m/z 1664 (for which no peptide
assigrmment can be made) is unique to the tryptic FAB-Map of subunit
A2. Summarised in Table 5.1.1 are those signals observed in the

tryptic FAB-Maps (Figures 5.1, 5.1.1 and 5.1.2) which were not able
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[MHH]

PDCA1
)t Residue
634 327-331
664 478-483
727 9-13
789

811 525-531
1016

1038

1053

1057 342-351
1092 317-326
1213

1259 213-224
1337 352-365
1356 304-314
1525 465-477
1533 164-178
1596 258-272
1777 233-248
1794

1811

1893

1905 232-248
2104

2285

2289 16-36
2387 484-505
2521

2741 154-178
3322

664
789
903
1016 ..
1038
1057
1213
1259
1337
1356
1596
1664
1777
1893
2104
2285
2289
2521
2741
3322

Residue

PDCB
IMHH]

478-483

525-531
342-351
213-224
352-365
304-314
258-272

233--248

16-36

154-178

634

664

727

789

811

1016
1053
1213
1259
1337
1356
1525
1533
1596
1777
1794
1811
1893
1905
2104
2285
2389
2387
2521
2741
3322

Residue
327-331
478-483
9-13

525-531

213-224
352-365
304-314
465-477
164-178
258-272
233-248

232-248

16-36
484-505

154-178

Table 5.1 Quasi-molecular Ions, [M#H]", Observed in the Tryptic
FAB-Maps of Subunits Al, A2 and B, together with the
Peptide Assigrments on to the Gene—derived Sequence of

PDC [99].
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Signals not able Observed in tryptic FAB-Maps

to be Assigned Al A2 B
m/z
789 + + +
903 - + -
1016 + + +
1213 + + +
1664 - + -
1794 + ' + +
1893 + + +
2104 + + +
2285 + + +
2521 + + +
3322 + + +

Table 5.1.1 Those Signals in the Tryptic FAB-Map Spectra which were
unable to be Assigned on to the Gene-derived Sequence.

Key: (-) signal not observed in the FAB-Map of that particualr
subunit and,
(+) signal observed in FAB-Map.
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to be mass matched on to a stretch of amino acid residues in the
gene—derived sequence, together with those signals which are unique

to one or two tryptic FAB mass spectra.

The next step in the FAB-Mapping strategy is to confirm the peptide
assigmments of the various mass values listed in Table 5.1, and to
obtain if possible information regarding the unassigned mass values
from each spectrum. An aliquot of each of the txryptic digest
mixtures of moncmer units Al, A2 and B was manipulated by
predictable chemical and enzymic digestions, with the products
after each step examined by FAB-MS. An aliquot of each digest
mixture was submitted for two cycles of manual Edman degradation,
with FAB-MS analysis after each step. The mass difference between a
signal mass value prior to Edman degradation and that after
(determined by comparison of the two FAB-Maps) corresponds to the
N-terminal amino acid residue cleaved by the Edman degradation, as
discussed in Chapter Two. Two cycles of Edman degradation/MS of the
intact digest mixture allowed identification of the first two
N-terminal amino acid residues of most of the tryptic peptides
observed in the initial FAB-Maps to be determined, which confirmed
previous sequence assigmments. The peptide at m/z 1525 was
initially not able to be mapped on to the gene-derived sequence as
a peptide arising from tryptic cleavage however, two steps of
subtractive Edman degradation proved leucine and phenylalanine as
the N-terminal first and second residues of this peptide. This data
enabled the peptide at m/z 1525 to be assigned on to the
gene—derived sequence, on the basis of its mass and the N-terminal

amino acids elucidated by Edman/MS, between residues 465 to 477.
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However, this assignment does not correlate for an N-terminal
trypsin cleavage site, i.e. the residue in the protein sequence
preceding the N-terminus of this peptide is not lysine or arginine,
but tyrosine. Hence, this peptide though temminating with a lysine

residue is the product of an N-terminal chymotryptic and C-terminal

tryptic cleavage. The detection of chymotryptic cleavage sites was
most unexpected. However, the presence of chymotrypsin is explained
as impurity in the trypsin. Similarly, the weak signal m/z 1533,
with only one step of Edman degradation interpretable, mapped on to
the gene—-derived sequence between positions 164 to 178. For a mass

- match this peptide was found to have been formed by a chymotryptic

cleavage between residue 163 (tyrosine) and 164 (leucine).

The presence of chymotrypsin cleavages substantiates the need not
only for N-terminal analysis (Edman degradation) but also for
C-terminal amino acid determination. An enzyme specific for
C-terminal lysine and arginine residue cleavage only is
carboxypeptidase B, CpB. This enzyme is highly appropriate for use
with tryptically derived peptides, since one expects a tryptic
digest to be camposed of peptides terminating with either lysine or
arginine residues. An aliquot of each of the tryptic digest
mixtures Al, A2 and B was sub-digested with carboxypeptidase B. The
double digest mixtures, tryptic/CpB, were FAB-MS analysed. A
camparison of the tryptic FAB-Maps and the tryptic/CpB FAB-Maps
showed signals to have shifted by predictable mass increments of
either 128 or 156 a.m.u, corresponding to C-terminal cleavage, by
CpB, of lysine and arginine residues respectively. Analysis of each

of the mass shifts confirmed the previocus mass assigmments on to
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the gene-derived sequence. However, it is interesting to note that
the signals at m/z 664, 1525 and 2289 did not change in mass value
after digestion with carboxypeptidase B, even though all three
assigned peptide sequences terminate with a C-terminal lysine
residue. This cbservation was rationalised in each case by
consideration of the amino acid residue preceding each lysine. The
penultimate amino acid residue in the peptide sequence [M#H]T 664
is proline; it has been well established that proline peptide bonds
are hydrolysed very slowly. The residues preceding lysine in both
peptides at m/z 1525 and 2289 are acidic, glutamic and aspartic
acid respectively. The peptide bond between an acidic residue and
lysine/arginine is hydrolysed at a slower rate due the repulsion of
the active site of the enzyme, CpB, by the acidic residue. However,
with the exceptions of the peptides discussed, it was anticipated
that all other peptides in the tryptic digest mixture would be
C-terminally digested, with the exception of the natural C-terminus
of the protein, unless the C-terminal residue of the intact protein
was in fact lysine or arginine. Analysis of the FAB-Map of the
tryptic/CpB digest allowed the elucidation of the C-terminal
residue of both peptides at m/z 2285 and 3322, as lysine. Neither
of these signals could be mass assigned on to the gene-derived
sequence even though the CpB data proved that these peptides were
tryptically derived. This finding substantiated the earlier
supposition of fhe existence of possible sequence errors in the
gene—derived sequence. Both these relatively large peptides were
found to be common to all three subunits. From this prelimary study
it was shown that many of the unassigned intense signals were

common to Al, A2 and B. The extent of sequence differences between
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the isolated subunits are investiagted and discussed later in this

research study.

5.2.1.2 Trypsin/V8 protease Digestion

An extension of this investigation of the primary sequence analysis
of pyruvate decarboxylase involved sub-digestion of an aliquot of
each tryptic digest mixture with V8 protease (an extracellular
enzyme isolated from Staphylococcus aureus). This enzyme is
specific for cleaving on the C-terminal side of glutamyl and
aspartyl peptide bonds only. The experimental conditions employed
here were suitable for glutamyl bond cleavage. Glutamic acid
residues are frequent in the gene-derived sequence, hence, it was
expected that most of the tryptic peptides would be digested into
two or more peptides and with those tryptic peptides not containing
glutamic acid not expected to change in mass. An aliquot of each of
the tryptic/v8 digest mixtures was analysed by FAB-MS. The
additional sequence information interpreted from the tryptic/vs
FAB-Maps is presented in Table 5.1.2. The summary of this
tryptic/v8 FAB-Mapping data, in Table 5.1.2, indicates that little
additional sequence information has been gleaned. This is
rationalised by the phenomenon of suppression [27] on FAB-MS
analysis of a complex digest mixture. It has been recognised, since
the introduction of FAB-MS, that certain components in a digest
mixture suppress others and hence, are not detected in the FAB mass
spectrum. Therefore, the sub—-digestion of the tryptic digest is
thought to have generated too many peptides fra;gments, with some
possessing the physico-chemical properties which suppress the other

components. It was therefore not possible to draw any conclusions
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Subunit A1 Subunit A2 Subunit B
MH]Y  Residues (MH]T  Residues H]Y  Residues
403 148-150 474 304-307m 474 304-307m
474 304-307m 488 232-235m 720 453-458
488 232-235m 531 4-8 1369 258-270
531 4-8 1584 179-192
545 190-194
720 453-458

Table 5.1.2 Additional Interpretable Intense Signals Observed in
the Tryptic/V8 FAB-Maps of Subunits Al, A2 and B.
Key: m=residues partially mapped from the previous
tryptic FAB-Map data.

[ o Residue Assigrment
474 75-99

978 301-308

1010 334-343

1096 207-216

1233 243-254

1361 313-324

1501 267-280

2027 344-364

Table 5.1.3 Intense Signals Observed in the Chymotryptic FAB-Map of
Subunit Al, able to be Assigned on to stretches of

Amino Acid Residues in the Gene-derived Sequence.
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concerning the absence of any particular peptide previously
observed in the tryptic FAB-Maps, as it may be absent due to
digestion by V8 protease or simply that in the presence of an

increased number of peptides it was suppressed on FAB-MS analysis.

5.2.1.3 Trypsin/CNBr Digestion

Fram the previocus double digest experiment the lack of sequence
information interpreted from the FAB-Maps was rationalised by
suppression effects on FAB-MS analysis of the digest mixture, as
discussed. Hence, the next manipulative digest was carefully
selected for high specificty and with the amino acid residue type
preferentially cleaved appearing infrequently in the protein
sequence. In the gene-derived sequence there are only twelve
methionine residues shown to be present thus, cleavage at these
residues would not generate an abundance of peptide fragments in
addition to the already present tryptic peptides. An aliquot of
each tryptic digest mixture was chemically digested with cyanogen
bromide, CNBr, specific for cleavage on the C-terminal side of
methionine residues. The resultant tryptic/CNBr digest mixtures
were each analysed by FAB-MS. Interpretation of the FAB mass
spectra allowed confirmation of numerocus peptide sequences
previously mapped from the tryptic digest data alone. However, in
addition a peptide [M+H]+ 882 was mapped on to the gene-derived
sequence between positions 179 to 186, a region previocusly
unassigned. The data from the analysis of this double digest,
assigned five of the twelve methionine residues in the gene—derived
sequence. The presence of signals m/z; 1213, 1794 and 1811 in the

tryptic/NBr FAB-Maps indicated that the peptide sequences
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corresponding to these masses do not contain methionine residues,
as these signals were observed in the original tryptic FAB-Map
spectra. However, as noted previously due to suppression of some
canponents of a mixture by others on FAB-MS analysis the absence of
signals previously observed in the tryptic FAB-Map and now absent
in the tryptic/NBr FAB-Map cannot be solely interpreted as

methionine containing peptides which have been digested.

The peptides masses not able to be assigned on to the gene-derived
sequence were greater in number than those mass signals unique to
one or two subunits. Therefore, a priority was placed on
determining the extent of sequence differences between the
published gene-derived sequence and that elucidated practically in
this FAB-Mapping study. Reported later in this chapter is research
work enabling characterisation of the sequence differences between

the various subunits, see section 5.2.4.

5.2.1.4 chymotrypsin Digestion of Intact PDC Subunit Al

A sample of intact protein, Al, was enzymically digested with
chymotrypsin. This enzyme is specific for cleaving on the
C-terminal side of tryptophan, tyrosine, phenylalanine and leucine
peptide bords. Other residues are also hydrolysed but at a slower
rate. An aliquot of this chymotryptic digest mixture was FAB-MS
analysed. The chymotryptic FAB-Map is presented in Fiqure 5.1.4. By
employing the computer programme, as previously described, the most
intense signals from the chymotryptic FAB-Map were able to be
assigned to peptides in the protein sequence. Seven intense signals

were able to be confidently mass matched on to the gene-derived
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et Residue Assigrment
336 369-370
337 374-376
365 423-426
389 263-266
446 283-287
417 12-14
477 498-501
480 412-416
503 487-490
538 35-38
553 502-506
561 441-446
605 24-29
641 174-179
681 83-89
688 46-52
862 217-224
906 39-45
919 510-517
1031 225-233
1118 207-216
1481 } 427-439

Table 5.1.4 Peptide Fragments Identified after HPIC of the
chymotryptic Digest of Al, by FAB-MS, with Residue

Assigmments on to the Gene-derived Sequence.
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sequence, which are listed together with their sequence assigrmments
in Table 5.1.3 (see page 218). To isolate and identify any
chymotryptic fragments generated, but not cbserved by FAB-MS
analysis of the intact digest mixture due to suppression, the
chymotryptic digest was purified by reverse-phase High Performance

Liquid Chromatography, HPIC.

Analysis of the HPIC fractions by FAB-MS allowed detection of a
number of peptide fragments not previously observed in the FAB-Map
of the unfractionated digest mixture (Figure 5.1.4). FAB-MS
analysis of the HPIC fractions allowed identification of twenty two
peptides which could be mass assigned on to the gene sequence,
these are presented in Table 5.1.4 together with their

corresponding sequence assigrments.

The amino acid residues which were confirmed by the FAB-Mapping
experiments (trypsin, V8 protease, chymotrypsin and CNBr digestion)
are highlighted on the gene sequence for each subunit Al, A2 and B
in Figures 5.1.5, 5.1.6 and 5.1.7 respectively. It should be noted
that less sequence is mapped for subunits A2 and B since, they were
not chymotryptically digested. From the sequence highlighted in

* Figurés 5.1.5, 5.1.6 and 5.1.7 it is apparent that there are a
number of regions in the gene—derived sequence, for example between
residues 90-127 and 377-422, for which very little sequence has
been assigned. The C-terminal region of the protein has not been
assigned from the above "mapping" experiments. It had been observed
on screening the gene—derived sequence that methionine residues
were infrequent. Furthermore, the regions of interest, i.e. where

very little of the sequence had been assigned, were found to be
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Figure 5.1.5 Amino Acid Residues able to be Assigned for PDC Al from the FAB-Mapping
Experiments. '
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methionine containing. Hence, a CNBr chemical cleavage of the
intact protein subunits was selected as an appropriate strategy to
investigate the regions, in the primary sequence, which had not
been assigned.

5.2.1.5 ANBr Cleavage of Intact Subunits Al, A2 and B of PDC

Samples of intact protein subunits, Al, A2 and B, were chemically
cleaved with ONBr, and an aliquot of each digest mixture analysed
by FAB-MS. The masses of the predicted CNBr generated peptides are
listed in Table 5.1.5. For each peptide there are two theoretical
masses corresponding to the lactone and homoserine derivatives of
methionine, a characteristic 18 a.m.u. apart. The chemistry of the
CNBr cleavage of a peptide bond is shown in Chapter One, Figure
1.2. FAB-MS analysis of each (NBr digest mixture allowed
identification of three predicted peptides at m/z; 976, 1313 and
2552, The peptide at m/z 976 was found to map on to the
gene—derived sequence between residues 128 to 137, a region
previously not assigned, and to correspond to the lactone
modification of the C-terminal methionine residue. Furthermore, the
peptide at m/z 2552 was assigned to residues 44 to 67 in the
gene—derived sequence; this peptide mass corresponds to the
homoserine derivative of methionine. Identification of this peptide
allowed twenty two amino acid residues, for which no sequence data
had been previously assigned, to be mapped. The C(NBr fragment m/z
1313 (lactone modification) was found to be derived from the
protein sequence between residues 314 and 325, a stretch of
sequence previously mapped. These peptides masses were observed in

each of the CNBr FAB-Maps of all three subunits. In order to
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Predicted CNBr et
Fragments Iactone Homoserine

1-43 4781 4799
44-67 2364 2552
68-127 6197 6215
128-137 976 994
138-186 5431 5449
187-246 6556 6574
247-313 7225 7243
314-325 1313 1331
326-369 4641 4659
370-456 9336 9355
457-534 9068 9086
535-538 443 461
539-549 1179

Table 5.1.5 The Predicted Peptide Fragments, Based on The Gene

Sequence, After Cyanogen Bromide Cleavage.
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investigate whether the other two predicted low mass (NBr peptides,
(535-538, [M+H]T 461, and the C-terminus 539-549, [M+H]T 1179),
see Table 5.1.5, were formed, but not observed due to suppression
effects in the mass spectrometer, the (NBr digest mixture was

purified.

FAB-MS analysis of the HPIC fractions identified peptides at m/z
976, 1313 and 2552, previocusly cbserved in the FAB-Maps of the
unfractionated CNBr digest mixtures. A signal m/z 2568 was also
detected in the same HPIC fraction as the peptide at m/z 2552. This
signal was explained by the probable oxidation of a tryptophan
residue found in the sequence of the peptide at ny/z 2552 which
would result in a mass increase of this peptide by 16 a.m.u.
However, a curious adbservation was the presence of two intense
signals m/z 1072/1090 (18 a.m.u. apart) detected in the same HPIC
fraction as the peptide at m/z 976. The presence of the signal m/z
1090, i.e 18 a.m.u. higher than m/z 1072 is indicative of a peptide
with a C-terminally modified methionine residue. Several steps of
manual Edman degradation of an aliquot of the HPIC fraction, with
analysis after each step by FAB-MS, showed the peptide at m/z 1072
to possess the same N-terminal sequence as that of m/z 976. This
inferred that these peptides were related, with the possibility of
a post-translational modification of peptide [MtH]' 976. The mass
difference between these peptides was calculated as 96 a.m.u., a
value not correspording to a known post-translational modification,
such as K—carboxyglutamic acid, phophorylation and not large enough
for glycosylation. However, a review of the fractionation

procedures resolved this matter with the conclusion that this mass
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difference is the result of the attachment of a molecule of
triflurocacetic acid, TFA, (added to the HPIC buffers) to the
peptide [M+H]T 976. An aliquot of the HPIC fraction containing
the peptide at m/z 1072/1090 only was examined by automated
gas-phase sequencing. The peptide at m/z 976 had been found to
correspord to the sequence, Ser-Ala-Asn-Ile-Ser-Glu-Thr-Thr-Ala-Met
(128-137) . Automated gas-phase Edman degradation of the peptide at
m/z 1072/1090 yielded the partial sequence, Ser-Ala-Asn-Ile-Ser
however, beyond Ser-132 the data was not interpretable. It is
suggested therefore that the TFA molecule is attached to the
glutamic acid residue 133, or threonine 134 or 135. The attachment
of a TFA molecule to this peptide suggests that this an extremely

active part of the PDC molecule.

Further analysis of the remaining HPIC fractions, by FAB-MS,
revealed intense signals m/z; 457 and 913, both of which could not
be mass matched on to the gene-derived sequence. Other signals
observed were relatively weak and could not be relied on as having

been derived from PDC

The sequence data elucidated from the CNBr digests above has been
recorded on the gene-derived sequence for each subunit with the
previously determined FAB-Mapping data in Figures 5.1.5, 5.1.6 and
5.1.7. From this FAB-Mapping study over 50% of the gene sequence
has been confirmed. However, data has been generated to suggest
that there are some differences in the PDC protein sequence
investigated here, and that determined from the published gene

sequence. Furthermore, there is evidence to suggest that the
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differences between the subunits Al, A2 and B are relatively small
and that limited proteolysis of one polypeptide chain to form the
other is unlikely.

5.2.2 B/E Linked Scanning/CAD

Coinciding with this investigation into the primary sequence
analysis of pyruvate decarboxylase was a parallel study evaluating
B/E linked scanning as a viable method for direct mixture analysis,
removing the rate-determining step of purification. Briefly, linked
scanning as reported in this thesis involves a study of daughter
ion fragments generated from a peptide and enhanced by
collisionally activated decompositions, CAD. The term B/E linked
scan refers to the similtaneous variation of the magnetic field

" strength, B, and the electric sector voltage, E, so as a constant
relationship is maintained between the two throughout the scan.
Collisionally activated decampositions are brought about by the
location of a helium containing collision cell in the first field
free region of the mass spectrometer (Chapter One, Figure 1.3).
When initially introduced as a method for sample ionisation, FAB
was shown to possess many advantages over previous techniques
employed. However, a drawback of FAB is the relative lack of
fragment ions observed in the mass spectrum, though when compared
to the positive advantages of the method this disadvantage is
greatly outweighed. In fact strategies such as FAB-Mapping as
described in section 5.1 of this chapter utilise the lack of

fragmenation as a positive feature of FAB, previously discussed in
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Chapter Two. Linked scanning/CAD of pure peptides (Chapter Four)
has shown that it is possible to deduce the amino acid segquence of
the peptide under study from the mass differences between the
enhanced fragment ions. The research work evaluating the
applicability of linked scanning/CAD for sequence analysis of pure
peptides and more importantly sequence analysis of a peptide of an
unfractionated caomplex digest mixture is described in Chapter

Four of this thesis.

In order to assign several of the unknown signals in the complex
tryptic digest mixture of Al, prepared for the FAB-Mapping studies
in section 5.1, linked scanning techniques were applied. The
tryptic FAB-Map of subunit Al is shown in Figure 5.1. From the
previous FAB-Mapping experiments, it was found that no assigrment
on to the gene-derived sequence could be made for peptides at ny/z

' 789 and m/z 1016, observed in the tryptic FAB-Maps of all three
subunits. An aliquot of the tryptic digest of Al was examined by
linked scan/CAD initially for the peptide at m/z 789. The computer
was programmed for a linked scan .of m/z 789 with the resulting
linked scan/CAD spectrum shown in Chapter Four, Figure 4.6. From
the mass differences between the intense fragment ions the
sequence, Acetyl-Ser-Glu-Ile-Thr-Leu-Gly-Lys, was elucidated. A
detailed explanatibn of the spectrum interpretation is presented in
full in Chapter Four of this thesis. This peptide was found to
correspord to the N-terminus of the gene-derived sequence. However,
the data revealed a processing event of the N-terminus and a
post-translational modification of the gene-derived sequence. The

blocked N-terminus was confirmed by a single step of Edman
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degradation after which no mass shift of the signal m/z 789 was

observed on FAB-MS analysis.

The high quality data from the linked scan/CAD analysis of an
unknown camponent m/z 789, of the intact tryptic digest of the PDC
subunit Al, encouraged the application of this linked scanning
method to ancther unknown peptide component, m/z 1016. The computer
was programmed to calculate the B/E scan~law for this peptide mass.
The linked scan/CAD spectrum of m/z 1016 is shown in Chapter Four,
Figure 4.7. Similarly, from the intense fragment ions in the linked
scan spectrum the sequence,
Leu-Leu-Thr-Thr-Ile-Ala-Asp-Ala-Ala-Lys, was determined. A
detailed interpretation of this linked scan/CAD spectrum is
presented in Chapter Four of this thesis. This sequence was found
to correspond closely but not identically to residues 332 to 341 in
the gene-derived sequence. This signal was previously unable to be
mass matched on to the gene-derived sequence, and the linked scan
data shows that the reason is the finding of threonine at position
335 in the seguence not asparagine  as predicted from the gene
sequence. As described in Chapter Four, the finding that the linked
scan method was limited in applicability to peptides less than 2000
Da pre-empted its use in studying the unknowns at m/z 2104, 2285,

2287, 2521, 2741 arnd 3322.

This study has illustrated that;
(a) the novel application of B/E linked scan/CAD to direct mixture
analysis is ideal for parallel investigations with FAB-Mapping

studies for primary sequence analysis, particularly for the
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determination of unknown components of complex proteolyic digests,
and

(b) a processing and post-translational modification of the
N-terminus of the gene-derived sequence has occurred together with
the detection of a base difference in the gene sequence, leading to

a difference in amino acid sequence [39].

5.2.3 High Mass M8

Access to an instrument with a resolveable mass range up to 15,000
Da at full accelerating voltages allowed those peptide fragments,
generated by C(NBr cleavage, previously outside the resolvable mass
range of the mass spectrometer (ZAB-HF) used, section 5.2.1.5, to
be examined. A sample of intact protein, subunit Al, was chemically
digested with QNBr. A second sample of native PDC Al was
carboxymethylated prior to (NBr digestion. This carboxymethylation
reaction involves the reduction of the protein’s disulphide bridges
with subsequent substitution of a carboxymethyl group at each free
cysteine residue to stop the disulphide bridges reforming. Thus,
reduction and carboxymethylation of disulphides disrupts the
tertiary structure of the protein. However, the carboxymethylated
subunit Al contained salts and thus needed to be purified. Salts
are present due to the reaction conditions of the
carboxymethylation which require the protein sample to be dissolved
in an alkaline buffer, TRIS-(hydroxymethyl)-methylamine, "TRIS
buffer". Salts suppress peptide signals on FAB-MS analysis often

forming salt adducts. The salt was removed by loading the sample on
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to a C-18 Sep—pak; the protein was eluted by two solvent
concentrations, 20% and 40% l-propanol in 5% acetic acid. Both
fractions after lyophilisation appeared (detected visually) to
contain protein and hence, the contents of both the 20% and 40%
eluates were digested with (NBr. Reference will be made to A1-20%
and A1-40% to distinguish between the two eluted protein fractions.
An aliquot of the C(NBr digests of native Al, 20%-Al1 and 40%-Al were
examined by FAB-MS. The predicted (NBr fragments from the
gene—derived sequence are listed in Table 5.1.5. The FAB mass
spectra generated are shown in Figures 5.2, 5.2.1, 5.2.2, 5.2.3
(disulphide bridged PDC Al), 5.2.4, 5.2.5, (A1-20%) and 5.2.6
(A1-40%) . The spectra were computer recorded through a variety of
different mass ranges, the absence of spectra covering a certain
mass range indicates that there were no significant peaks in these
regions. It should be noted that accurate masses are recorded in
the spectra and hence an approximate conversion factor substracting
half a mass unit per 1000 daltons from the quasi-molecular ions,
[M+H]+, in the spectra, may be employed to convert accurate to

nominal mass, as previously discussed.

Interpretation of the spectrum in Figure 5.2.

This spectrum is characterised by signals my/z; 457, 977, 1167 and
1314. With the exception of the signal m/z 1167 (though it is noted
that this signal is weak) the other mass signals have been
previously ocbserved, with the peptide at m/z 977 (nominal mass 976)
and at m/z 1314 (nominal mass 1313) having been assigned between
positions (128-137) and (314-325) respectively, on to the

gene—derived sequence (Figure 5.1.3). The signal m/z 1167 could not
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be mass matched on to the gene-derived sequence. This peptide at
m/z 1167 is similar in mass to the expected CNBr generated
C-terminal fragment m/z 1179. However, the mass difference between
the two is only 12 a.m.u. and thus, it was concluded that the

peptide at m/z 1167 does not correspornd to a truncated C-terminal

fragment.
Interpretation of the spectrum in Fiqure 5.2.1

The most intense signal m/z 2568 in this spectrum was identified as
the oxidised form of the peptide at m/z 2552 (44-67). This signal
has previcusly been observed, section 5.1, and assigned as the
product of oxidation of the peptide [M+H]+ 2552. This spectrum
also contains a number of signals m/z; 2324, 2700 and 3025. None of
these mass signals could be mapped on to the gene-derived sequence,

although it is noted that these signals are of relatively low

intensity.
Interpretation of the spectrum in Fiqure 5.2.2

The intense signal m/z 4645 in this spectrum was assigned on to the
gene—derived sequence as a (NBr peptide fragment, generated from
between residues 326 and 369, with the methionine chemically
modified to its lactone. The signal m/z 4674 (approximately 28
a.m.u. higher than mass 4645), of lesser intensity, is interpreted
as the formyl derivative of the peptide at m/z 4645 (for (NBr
cleavage to proceed the sample to be digested is dissolved in 70%
formic acid). Another signal in this spectrum which could be
assigned to a predicted (NBr fragment was m/z 4782 (nominal mass

4799) which was found to correspond to the peptide 1 to 43 in the



18R ' 4645

95
3%
85.
88

= AR

85 |
68
ALl

6€¢C

;ﬁ67¢{Formyl deriv.]

5
ey
35 | 3547
3.
2.
2
15.
184

¥ g4 388? 3956

{146 428 4406

4846

3

hﬁﬁg&)iﬁ%‘ldw%l\"ﬂ: o Y ST bR A D)
5488 5683 5888 6288

3868 5288

ORI Y

%9 80 4w |

1608

4438 4088

Figure 5.2.2 FAB-MS of CNBr Digest of PDC Al between Mass Range 3500-6000 Da (ZAB-2SE).




240

gene—derived sequence, the post-translational modification and
processing event at the N-terminus determined from the linked
scan/CAD study, section 5.2.2, were incorporated in the mass

calculation.

Interpretation of the spectrum in Fiqure 5.2.3.

In this spectrum intense signals at m/z; 5396, 5422, 6531 and 6558
are observed. Signals m/z 5422 ard 6558 were assigned as the formyl
derivatives of the peptides at m/z 5396 and 6531 respectively. The
computer marks the highest isotope of the cluster and since this
varies statistically expansionsof the region are used to assign
masses. However, neither of these signals m/z 5396 or m/z 6531
could be assigned to a predicted (NBr fragment. The calculated
naminal mass for the (NBr fragment predicted to be generated
between residues 187 and 246 is 6556 a.m.u. This mass value
correspords to the C-terminal methionine residue chemically
modified to its lactone, it was noted that the peptides able to be
assigned previously were, in general, detected as their lactone
derivatives. The peptide generated from this region (187-246) in
the gene-derived sequence contains a stretch of twenty two amino
acid residues, 187 to 206, which have not been assigned by the
previous FAB-Mapping study in section 5.1. Hence, this region is
highlighted as one containing possible sequence changes. The mass
difference between the observed mass, 6531 (accurate mass) and the
predicted mass, residues 187 to 246, 6556 (nominal mass) is
approximately 28 a.m.u. The region, 187 to 206, for which no
sequence information was available was reviewed for the predicted
tryptic fragments arising between these residues. A tryptic peptide
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M+H]T 1241 was expected to be generated between residues 198 and
208 however, no such mass signal was observed in the tryptic
FAB-Map, Figure 5.1. There was nevertheless an intense signal
cbserved in this mass region in the tryptic FAB-Map, m/z 1213,
which was not able to be assigned on to the gene-derived sequence.
Interestingly the mass difference between 1241 and 1213 is 28
a.m.u. It is proposed therefore, that the cbserved peptide at m/z
6531 (acc. mass) maps on to the gene-derived sequence between
residues 187 and 246, and that between positions 198 and 208 there
is a sequence error. This error may be the result of one or more
amino acid changes. There is no other evidence e.g. from Edman/MS,
to support this hypothesis though the identification of differences
in the gene—derived sequence by linked scanning/CAD in section 5.2
denonstrates this proposal to be realistic.

Interpretation of the spectrum in Fiqure 5.2.4
This correspords to a FAB mass spectrum of the

carboxymethylated/CNBr digest of protein subunit Al (A1-20%).
scanned between masses 300-2000 Da. The presence of the signal at
m/z 1314 (314-325) indicates that this peptide is not cysteine
containing and confirms the sequence assigmment. The absence of the
signal m/z 1167, previously observed in Figure 5.2, with the
appearance of the signal m/z 1285 in this spectrum suggests that
they may be related with the peptide at m/z 1167 containing two
cysteine residues which have been carboxymethylated (+118 a.m.u.).
The gene-derived sequence was screened for a possible CNBr fragment
containing two cysteine residues and mass 1167 Da however, no

assigmment could be made. As previocusly discussed the signal n/z
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1167 is very close in value to the calculated C-terminal fragment
n/z 1179, not detected, though this C-terminal sequence contains
only one cysteine residue. A single amino acid substitution for
exanple Asp-543 with a cysteine residue, would produce a C-terminal
fragment with a mass 1167 a.m.u. with subsequent carboxymethylation
generating the signal m/z 1285. However, for cysteine to be misread
as aspartic acid at the DNA-level two bases must have been
incorrectly interpreted, which would have a low probability of
occurring. Furthermore, when this hypothesis was tested by
reviewing the FAB-MS data of previous digests, section 5.2.1, no
appropriate signal was fournd to suppt\brt this proposal with no
significant sequence information found which would prove or
disprove this proposed explanation of signals m/z 1167 and 1285.
Also observed in this spectrum, Figure 5.2.4, is a signal m/z 1435
for which no sequence assigmment could be made.

Interpretation of the spectrum in Fiqure 5.2.5.

The most intense signal, in this spectrum of A1-20%, m/z 2569
corresponds to the peptide 44 to 67 ([M#H)' 2552) containing an
oxidised tryptophan residue. This signal was previously cbserved in
Figure 5.2.1, the presence of this peptide after carboxymethylation
indicates that it does not contain cysteine, which confirms the
earlier sequence assigmment (44-67). Similarly, the presence of the
peptide at m/z 3025 (previocusly observed in Fig. 5.2.1), for which
no peptide assigmment on to the protein sequence was possible,
indicates that it does not contain any cysteine residues. Also
obsérved in this spectrum is a very weak signal m/z 4644/5, this

signal had been previously observed in Figure 5.2.2 and assigned on
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to residues 326 to 369. In a similar mass region as the signal nm/z
4644/5 there has appeared a signal m/z 4765 in Figure 5.2.5. It is
interesting to note that the approximate mass difference between
these two signals corresponds to the carboxymethylation of two
cysteine residues. However, the peptide sequence between residues
326 and 369 does not contain any cysteine residues. Therefore, no
sequence assigmment of the peptide at m/z 4765 could be made. A
weak signal at m/z 5136 is also ocbserved in this spectrum however,

this is thought to correspond to a dimer of the peptide at m/z 2568

(2mH)t.
Interpretation of the spectrum in Fiqure 5.2.6

This spectrum corresponds to a (NBr digest of the carboxymethylated
sample eluted off the Sep-pak in 40% propan-1-ol (in 5% acetic
acid), A1-40%. This spectrum is characterised by the intense signal
cluster around m/z 5549. This approximate mass value would
correspond to the carboxymethylated (containing two cysteine
residues) predicted C(NBr fragment at m/z 5431, 138-186, (lactone)
generated by CNBr digestion. However, this peptide at m/z 5431 was
not observed in the (NBr digest of oxidised PDC Al. The spectrum in
which this signal would have been expected to be observed, Figure
5.2.3 contains only an intense signal m/z 5396 for which no
sequence assigmment could be made. Thus, the presence of this
signal may be suppressing the predicted (NBr fragment (138-186) on
FAB-MS analysis of the digest mixture.

The data from these six spectra are summarised in Table 5.2

together with the deduced sequence assigmments. The absence of
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oxidised Al Al Me—-20%
]t ]
457 457

977 (128-137)

1167 2CYS — 1285
1314 (314-325) 1314
1435
2324
2568 (44-67) 2569
2700
3025 3025
4645 (326-369) 4765
4674 Formyl
4787
4782 (1-43)
5136
5396
6531

Al (Me—40%

)™

2568

4765

5549 (138-186)

Table 5.2 High Mass FAB-MS Analysis of C(NBr Digest Mixtures of

Oxidised (native) and Carboxymethylated Samples of

Pyruvate Decarboxylase, Subunit Al.
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predicted signals such as m/z 7243, 9086 and 9984 cannot be
interpreted as errors in the gene-derived sequence as they may have
been generated by the digest mixture but suppressed on FAB-MS
analysis. However, the presence of signals such m/z 3025 and 5396
for which no predicted CNBr generated peptide fragment exists
indicates that there may be one or two extra methionine residues in

this PDC sequence.

This data has allowed confirmation of numerous signals previously
assigned to peptide sequences in the gene-derived sequence, for
example m/z 1314 and 2568. Several high mass peptides have also
been mapped on to large peptides in the protein sequence providing
a rapid check of the gene-derived sequence, for example, the signal
at m/z 4645 which was able to be assigned to residues 326 to 369.
In addition, the post-translational modification and truncation of
the PDC protein, determined previocusly from the linked scan study
(section 5.2.2), has been confirmed by the presence of the signal
at m/z 4782 (4799-nominal mass) which corresponds to residues 1 to
43 with these changes incorporated. Furthermore, a region of amino
acid sequence has been identified as one containing possible errors
by the presence of the signal m/z 6531 in spectrum 5.2.3 which is
proposed to correspond to residues 187 to 246 (predicted fragment
naominal mass, 6556). This difference of approximately 28 a.m.u. is
supported by the previously observed signal m/z 1213 (unable to be
assigned) in all three tryptic FAB-Maps (Figures 5.1, 5.1.1 and
5.1.2) as discussed. Another large region (138-186) also able to be
assigned from this high mass analysis of CNBr fragments is from

interpretation of the signal at m/z 5549 in spectrum 5.2.6. This
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signal mass is determined to correspond to the carboxymethylated
CNBr fragment (lactone modification of methionine) mass 5431 Da.
Thus, the data obtained frcmtheseh_ighmssstudies of a (NBr
digest has aided the primary sequence analysis of pyruvate
decarboxylase, with interpretation of the FAB mass spectrum
allowing determination of regions of possible sequence error. The
presence of signals such as m/z 457, 1167 (1265), 2324, 3025, and
5396 (although it is noted that most of these signals are of weak
intensity) indicate that there are further regions of sequence
difference between the isolated enzyme subunits studied here and

that of the gene sequence.

5.2.4 Electrospray Ionisation Mass Spectrometry

The data from sections 5.2.1, 5.2.2 and 5.2.3 indicated that there
were sequence differences between the subunits of pyruvate
decarboxylase studied here and the gene-derived sequence. The
results from those studies reported above indicate that the
hypothesis that proteolytic cleavage of one peptide chain generates
the other is unlikely. Another camponent of this study was the
investigation of possible sequence differences between each
isolated protein subunit. A suitable method was required which
would allow differentiation between the separable subunits Al, A2
and B.

Classically molecular weight determinations have employed methods

such as SDS-gel electrophoresis. This method provides an



251

approximate molecular weight; for example, the molecular weight of
a PDC monamer unit by this technique was determined as 60,000 +3000
Da (1+5%). A technique which would allow accurate molecular weight
determinations would have a great impact upon the field of
structural analysis of biopolymers. For example, a gene-derived
sequence could be rapidly checked for sequence deletions or
post-translational modifications such as glycosylation. The
presence of such modifications could be inferred from the
calculated molecular weight of the gene-derived protein sequence
and that determined practically, by an accurate method.
Electrospray ionisation mass spectrometry, ESI-MS, has recently
been demonstrated, in this thesis work and by others [105], to
allow molecular weight determinations within +0.02% Thus a
molecular weight determination, of a protein monomer unit of PDC,
by this method would generate a value within 110 daltons. An
accurate molecular weight determination of subunits A1, A2 and B
would aid

(a) correlation of the gene-derived sequence with the practically
determined molecular weight, and

(b) an estimation of the extent of the sequence difference, if any,

between the subunits.

An ESI spectrum is characterised by a bell shape distribution of
multiply charged molecular ions. The multiple charging phenomenon
reduces the effective molecular weight range by a factor equal to
the number of charges and hence a quadrupole can be employed
instead of a conventional two sector mass spectrometer. The

resolution of a quadrupole mass spectrometer is low and thus, does
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not allow resolution of each isotopic contribution of the molecular
ion for high molecular weight substances. Therefore, methods of
molecular weight determinations from the most abundant ion or
average mass are based upon the centroid of the molecular ion
envelope. Adjacent peaks differ by only one charge. The ESI
spectrum of enzyme subunit A2 is presented in Figure 5.3
illustrating the characteristic bell-shape formation, as discussed.
The expanded bell-shape distribution of each subunit A1, A2 and B
are shown in Figures 5.3.1, 5.3.2 and 5.3.3 respectively. These
peaks as discussed represent the unresolved isotopic contribution
of each charged species and the centroids of these peaks are shown
in 5.3.4, 5.3.5 and 5.3.6. It is from these masses assigned to each

centroid that the molecular weight calculations are based upon.
Interpretation of the spectra 5.3.4, 5.3.5 and 5.3.6 is by
consideration of the relationship between a multiply charged ion
m; and the molecular weight of the molecule, i.e.

mn = mol. wt. + Hn where r=no. of charges

The molecular weight relationship between two adjacent multiply

charged ions m; and m,, where my>m;, is therefrofe:r
my(n-1) = mol. wt. + H(n-1)
These two equations may be solved for n

n = (my - H)/(my - m)
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Molecular weight determination for subunit PDC Al

no. of charges, mass, m mol. wt.

n

66 931.76 61,429.64
65 946.50 61,456.99
64 961.43 61,467.01
63 976.57 61,460.41
62 991.76 61,426.63
61 1008.27 61,442.99
60 1024.71 61,422.13
59 1042.33 61,438.00
58 1060.15 61,430.24

mean mol.wt. = 61,441.56
standard deviation = +16.3

Molecular weight determination for subunit PDC A2

no. of charges, mass, m mol.wt.

n

66 931.76 61,429.64
65 945.84 61,414.09
64 960.58 61,412.61
63 975.91 61,418.83
62 991.70 61,422.91
61 1007.88 61,419.20
60 1024.65 61,418.53
59 1042.14 61,426.79
58 1059.82 61,411.10

mean mol. wt. = 61,419.30
standard deviation = 16.3

Molecular weight determination for subunit PDC B

no. of charces, mass, m mol.wt.

n

66 932.02 61,446.80
65 946.30 61,443.99
64 961.04 61,442.05
63 976.24 61,439.62
62 991.96 61,439.03
6l 1008.47 61,455.19
60 1024.98 61,438.33
59 1042.20 61,430.33
58 1060.28 61,437.78

mean mol.wt. = 61,441.46
standard deviation = +6.9

Table 5.3 Molecular Weight Calculations Determined from
Electrospray Ionisation Mass Spectra.



261

Table 5.3 contains the molecular weight determinations for each
subunit Al, A2 and B respectively. The calculated molecular weights
of each subunit determined from the ESI-MS data are;

Al

61,441.56 +16.3 Da

B
I

61,419.30 6.3 Da

B = 61,441.46 16.9 Da

These data indicate that Al is indistinguishable from B and that A2
is 20-40 Da lower in mass than Al and B. From the above molecular
weights of each subunit it is inferred that there are in fact only
two subunits. PDC B isolated in the enzyme preparation studied is
suggested to be identical to PDC Al but chromatographically
separable due to the deamidation of certain residues and hence, is
more negatively charged than PDC Al and thus elutes from the
ion-exchange column later. Thus, PDC B can probably be explained as
a preparation artifact. Furthermore, the observation that PDC B
elutes from the gel filtration column later than PDC Al can be
explained in terms of its increased acidity, on deamidation of
certain residues, as it has been found that acidic proteins tend to
be retarded slightly longer than one would expect. These accurate
molecular weights conclusively illustrate that one subunit is not
formed by limited proteolysis of the other, as the mass difference
in molecular weights, 20-40 Da, does not correspond to a loss of
even a single amino acid residue. This data also substantiates
conclusions drawn from the FAB-Mapping experiments and High Mass
analysis of CNBr fragments, in sections 5.2.1 and 5.2.3

respectively, in that there are regions of amino acid sequence not
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coded for in the published gene sequence. The average mass
calculated fram this gene sequence is 60,095.83. This value is
approximately 1345 Da lower in mass than the molecular weights of

Al and B and 1323 Da lower than that of A2 determined by ESI-MS.

The ESI-mass spectrameter was initially callibrated with myoglcobin,
average molecular weight 16,950.7 Da. The molecular weight
determined from an ESI spectrum is 16,950.58 +3.3 Da. This
demonstrates the accuracy of the technique, with recent
applications of ESI to large protein analysis of mass similar to
that of PDC e.g. bovine albumin [105] giving data within 20

daltons.

5.3 Conclusion

The study presented in this chapter has investigated and solved a
nunber of important structural problems contributing towards an
understanding of the genetic regulation of yeast glycolysis. The
sequence data generated in the studies above prove that PDC Al is
encoded by the PDC1 gene, i.e. PDC1 is the structural gene of
pyruvate decarboxylase. The strategies employed for the primary
sequence analysis of PDC have been illustrated to be powerful
techniques ideal for sequence confirmation, the detection of
post-translational modifications and determining regions of
sequence errors as well as processing events. The high mass study
of (NBr fragments of PDC showed there to be a number of mass

signals unable to be correlated with the gene-derived sequence.
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From this investigation it can be inferred that there are stretches
of amino acid sequence which differ from the published gene-derived
sequence and that these numerous primary sequence differences
cbserved here may possibly be explained as a putative strain
difference between the MC16 strain (investigated in this thesis

research work) and Nasmyth’s and Reed’s gene library.

The novel application of B/E linked scanning/CAD to direct mixture
analysis of unknown components of an intact proteolytic digest of
pyruvate decarboxylase has illustrated;

(a) the method of linked scanning/CAD to be highly appropriate for
sequence analysis of large biopolymers with the rate-determining
step of purification removed, and

(b) the elucidation of a processing event at the N-terminus and a
post-translational modification of the pyruvate decarboxylase
protein subunits.

In addition, this thesis research work has allowed clarification of
the postulated existence of two subunits of pyruvate decarboxylase.
There were a variety of proposals reported as to the nature of the

differences between these subunits such as;

(1) two different polypeptides, as in the case of haemoglobin with

an alpha and beta chain,

(ii) one polypeptide chain is the result of proteolytic cleavage of
the other, and

(iii) the subunits forming the tetramer are identical.

However, the data generated here indicates that none of these

suggestions are correct. This conclusion was elucidated in two ways
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(1) FAB-Mapping, and (2) ESI-MS which allowed for the first time an
accurate molecular weight, for each of the subunits to be
determined within + (5-20) Da, (10.02%). From these molecular
weights it was possible to determine subunit A2 as 20-40 Da lower
in mass than Al or B. With the molecular weights of Al and B
indistinguishable; the difference in elution positions from the
ion-exchange colums during purification explained by the proposal
that subunit B is identical to Al except that it is partially or
totally deamidated, hence more negatively charged.The cbservation
that B eluted later from the gel-filtration column was explained by
the observation that acidic proteins tend to be retarded, slightly
longer than one would expect, on gel colums. The hypothesis that
one subunit is derived from the other by proteolysis can determined
as incorrect, from the molecular weight information, as the mass
difference between subunit A2 and Al (and B) is less than a single
amino acid residue mass. Sequence differences between the subunits
were determined to be virtually non-existant with the exception of
one or two signals. Thus, it is concluded that the sequence
differences between the subunits may be confined to only one or
more amino acid changes. However, an alternative explanation of
this mass difference of +20 Da, between the subunits, is that
subunit Al (and B) still has the Mg°" co-factor (at.wt. 24) or
same other small molecule, tightly bound. This small molecule may
even be a transition intermediate, for example bound acetaldehyde
(44 a.m.u.). This proposal is supported by the observation, in the
FAB-Mapping section of this chapter, that a molecule of
trifll%oacetic acid was found attached to a peptide derived by CNBr

cleavage of PDC. Thus, the subunits of pyruvate decarboxylase are
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possibly identical.

In addition an accurate molecular weight provides a rapid means of
checking the fidelity of the gene sequence. The molecular weights
of the subunits as determined above are approximately 1350 Da
greater than that calculated for the gene—derived sequence. It may
be therefore that in this strain of PDC, the C-terminus of the
protein is extended, or that there is an insertion sequence. This
would also correlate with the FAB-Mapping data and other sequence
studies presented here from which mass signals were cbserved but
which could not be assigned on to the gene-derived sequence. This
would also rationalise the inability to map the C-termini of the
protein subunits despite the extensive sequence analysis methods

employed here.

The genetic regulation of yeast glycolysis is a complex mechanism
and not fully understood. It has been recently determined that
there are two very hamologous structural genes for pyruvate
decarboxylase, PDC1l and PDC5. However, the transcription of PDC5 is
seen only when PDC1 is deleted. Thus, proposed areas of study would
be directed towards the primary sequence analysis of the protein
encoded by the PDCS gene for a comparison with that encoded by the
PDC1 gene. The protocol developed and described in this chapter
would be ideal for such a sequence analysis investigation. Another
interesting aspect would be a study of sequence homology between
the pyruvate decarboxylases isolated from different bacterial

strains, but this work must await production of sufficient

quantities of enzyme.
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CHAPTER SIX

OVERVIEW

One of the most challenging areas of research lies with the
structure elucidation of biologically active substances. Proteins
and peptides probably represent one of the most difficult examples
of structural analyses. In general they are polar, highly complex
molecules whose complexity may be further compounded by
post-translational modifications. Difficulties of structure
elucidation are associated with the quantity available,

involatility, combined with relatively high molecular weights.

Traditionally, mass spectrometry was not an cbvious method of
choice for the study of compounds such as proteins and peptides; it
was normally associated with the analysis of low molecular weight
volatile substances. However, the successful application of mass
spectrometry to the stucture detemmination of numerocus biologically
significant campounds over the last thirty years, as discussed in
this thesis, has revealed the potential of mass spectrometry so
that often it is the preferred method for solving structural

problems.

There are numerous methods and strategies by which mass
spectrametry may be applied to a problem, however, not all

combinations will solve particular problems. Thus, a key feature of



267

current research in structure elucidation studies is the
development and correct implementation of sensible strategies for
solving different types of problems. One of the most important
aspects of this research work was the selection of the correct
cambination of methods used in a concerted strategy for the primary
sequence analysis of two enzymes of industrial importance, D-xylose
isomerase and pyruvate decarboxylase. In both these protein studies
the strategy of FAB-Mapping was selected as highly appropriate for
the primary sequence analysis. However, it was the determination of
the best approach and application of this method which made these
studies successful. For example, important decisions lay with the
choice of digest, purification procedures and if they are
campatible with mass spectrometry. Illustrated by both the study of
D-xylose isomerase (Chapter Two) and pyruvate decarboxylase
(Chapter Five) is the integration of FAB-MS protocols with other
strategies encompassing the well established techniques of X-ray
crystallography and DNA technologies. Furthermore, presented in
Chapter Two is the novel application of mass spectrometric data for
interpreting the otherwise uninterpretable crystallographic data.
Similarly, the primary sequence analysis of pyruvate decarboxylase,
in Chapter Five, demonstrates, by the discovery of sequence
differences between the protein studied and that of the
gene—derived sequence, the need for efficient methods allowing
independant checks of an amino acid sequence which has been solely

derived by DNA sequencing methods.

Realising the need for providing new, realistic methodologies for

protein sequence analysis, two chapters in this thesis have been
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devoted to such an aim. The key to the success of any devised
methodology, which is to be applied to biological samples, is
sensitivity. Both the techniques for sequence analysis presented
here have been shown to possess this important feature. The partial
acid hydrolysis/MS method has been demonstrated to be readily
applicable to less than 500 picomoles of material. The novel aspect
of this application of partial acid hydrolysis was that for the
first time a concentrated mineral acid was used, unlike previous
acid hydrolysis studies. Similarly, from the linked scan/CAD study
high quality data has been generated from 100 picomoles to 1
nanomole of sample. This method of B/E linked scan/CAD has been
applied for the first time to direct peptide mixture analysis and
thus, has been demonstrated here not only to be well suited for the
sequencing of pure peptides, such as those isolated by HPIC
purification, but also has been shown to be ideal for studying
components of intact complex digest mixtures. This novel
application of linked scanning represents an important extension of
two sector mass spectrometry, removing the rate-limiting step of
purifcation when studying complex mixtures, and thus, presents an
attractive alternative, in certain circumstances, to four sector
mass spectrometry. Furthermore, from this linked scan study of two
unknown components of an unfractionated tryptic digest mixture of
pyruvate decarboxylase, a post-translational nbciifi;:ation and
truncation of the N-terminus of the protein was recognised and
identified, illustrating that mass spectrometry is the method of

choice for the analysis of post-translational modifications.

In sumary, this thesis presents data illustrating the successful
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development and application of two methodologies for peptide
sequencing, ard the selection and implementation of sensible
strategies to address individual structure elucidation problems.
With the anticipated introduction of mass spectrometers with design
specifications so as to allow the detection and measurement of as
little as 10 femtaomoles of high mass samples, the combination of
this instrumentation with the strategies devised herein promises a
revolution for protein and carbohydrate analyses over the next

decade.
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CHAPTER SEVEN

MATERIALS AND METHODS

7.1 Mass Spectrometry

7.1.1 The Fast Atom Bombardment mass spectra of;

(a) digest mixtures of D-xylose isomerase studied in Chapter
Two,

(b) acid hydrolysates and derivatives investigated in Chapter
Three, and

(c) digest mixtures of monomer units Al, A2 and B of pyruvate
decarboxylase analysed in Chapter Five,
were obtained on a VG ZAB-2HF instrument equiped with an M-Scan
fast atom gqun (any alternate instrument used is noted in the text).
The gun was operated using xenon gas at a beam current of 10}.1Aat
10keV. Mass spectra were recorded up to mass 3200 daltons at full
accelerating voltage. Both pure peptides and digest mixtures
examined were dissolved in 5% (v/v) acetic acid and 2}.11 aliquots
loaded on to the FAB target coated with a glycerol/thioglycerol
matrix. The instrument was scanned-in a mass controlled mode with

linear scans performed at a scan rate of 200 sec/decade.

7.1.2 The linked scan spectra, Chapter Four, and those from the
high mass analysis of a cyanogen bromide (CNBr) digest of pyruvate
decarboxylase subunit Al (Chapter Five) were recorded on a VG

ZAB-2SE mass spectrometer, with a resolveable mass range up to
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15,000 daltons at full accelerating voltage. Samples were dissolved
in 5% (v/v) acetic acid and 1—2}.11 loaded on to a FAB target coated
with mono-nitrobenzyl alcohol (MNBA) matrix. Spectra were recorded
using a 112507 data system and ionisation was achieved using a high
energy ca&smm gun operating at 30keV. Linked scan spectra were
recorded in the MCA mode by summing between 5-10 scans, depending
upon the sample life-time, at 10-20 sec/decade scan speed. The
optimum collision-gas (helium) pressure in the linked scan/CAD
study was found at a pressure reading of 1.5 x 10~/ Torr on the
analyser ggyge. This pressure corresponded to the reduction of a
tuned signal of Bl12 (m/z 1329) at the collector to one-third of its
original height on the oscilloscope. The coilision chamber was
located in the first field free region, between the ion source and
magnetic sector. Synthetic peptides Leu-enkephalin amide,
Angiotensin and Renin substrate were purchased from Sigma (London)

Chemical Co.

7.1.3 Electrospray Ionisation Mass Spectrometry (ESI-MS)
The ESI-MS quadrupole mass spectrometer used was a VG PMA 3000. The
PDC subunits Al, A2 and B (less than 1 nanomole) were dissolved in
a volatile solvent, e.g. methanol and injected into a capillary
colum at atmospheric pressure. The solution eluting from the
capillary, at a flow-rate of gll/min, was passed between an
electrode slit into a warm nitrogen atmosphere which is used to aid
desolvation and eliminate cluster formation. The multiply charged
sample is then directed into a quadrupole working at a pressure of

107° Torr.
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The water used in the following methods was purified using a

four-bowl Milli-Q system.

Specific Cleavages of Polypeptide Chains

7.2 ENZYMIC DIGESTIONS

7.2.1 Trypsin

Trypsin was purchased from Sigma (London) Chemical Co. The proteins
D-xylose isomerase and pyruvate decarboxylase studied in Chapters
Two and Five respectively were digested with trypsin. Enzymic
digestion of both the proteins was carried out in pH 8.4 ammonium
bicarbonate buffer (50mM) at an enzyme:substrate ratio of 1:50
(w/w) for 3h at 37°C. The reaction was terminated by freezing

followed by lyophilisation.

7.2.2 Chymotrypsin

Chymotrypsin was purchased from Sigma (London) Chemical Co.
Chymotrypsin digestion was carried out on a sample of pyruvate
decarboxylase, subunit Al (Chapter Five). The sample was incubated
with chymotrypsin, at an enzyme:substrate ratio of 1:50 (w/w) in an
amonium bicarbonate buffer(50mM), pH 8.4, for 2h at 37°C. The

reaction was terminated by freezing followed by lyophilisation.

7.2.3 V8 protease

V8 protease (from S.aureus) was purchased from ICN
Immunobiologicals. V8 protease digestion was carried out on the
mixture of peptides generated by trypsin digestion of PDC subunits

Al, A2 and B, Chapter Five. Aliquots of each digest mixture (1-2



273

nancmoles) were dissolved in an ammonium bicarbonate buffer (0.1M),
pH ~8, and incubated with the enzyme V8 protease with an
enzyme:substrate ratio of 1:20 (w/w) for 6h at 40°C. The reaction

was terminated by freezing followed by lyophilisation.

7.2.4 Carboxypeptidase B

Tryptic digest mixtures of D-xylose isomerase (Chapter Two) and
subunits of pyruvate decarboxylase (Chapter Five) were incubated
with carboxypeptidase B with an enzyme:substrate ratio of 1:50
(w/W) . The digestion was carried out in an pH 8.4 ammonium
bicarbonate buffer (50mM) for 1h at 37°C. The reaction was

terminated by freezing followed by lyophilisation.

7.3 CHEMICAL CLEAVAGE METHODS

7.3.1 Cyanogen Bromide

Samples of D-xylose isomerase (Chapter Two) and pyruvate
decarboxylase subunits (Chapter Five) were chemically cleaved with
cyanogen bromide (CNBr). Samples (1-2 nancmoles) of each were
dissolved in 70% formic acid with the addition of cyanogen bromide
at a CNBr:protein ratio of 3:1 (w/w). This reaction was carried out
at room temperature, in the dark, for 5h. The reaction was
terminated by the addition of water (5-fold volume of formic acid
used to dissolve the sample) followed by freezing and

lyophilisation.

7.3.2 Edman Degradation
Sequential Edman degradation was carried out on the digest mixtures

of D-xylose isomerase and subunits of pyruvate decarboxylase
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(Chapters Two and Five respectively), using at each stage, 5%
phenylisothiocyanate (PITC, Rathburn Chemicals Ltd., Walkerburn,
Scotland), in dry pyridine (Sigma (London) Chemical Co.), for 1h,
followed by cleavage with triflurocacetic acid (Rathburn Chemicals
Ltd., Walkerburn, Scotland) for 15 minutes at 45°C. The reaction

nmixture was dried under vacuum.

7.3.3 Partial Acid Hydrolysis

Synthetic peptides Substance P, alpha-Melanocyte Stimulating
hormone (MSH), Neurotensin, Renin substrate (porcine),
beta-Endorphin, Calcitonin Gene related peptide (CGRP), human
Adrenocorticotropic hormone (ACTH), Growth hormone releasing factor
1-44 (GHRF), Cytochrome C and Alcohol dehydrogenase were purchased
from Sigma (London) Chemical Co. Samples (500 picomoles) of each
were incubated with 12M hydrochloric acid (HCl, 100ul) for 45
mimutes at 65°C. The reaction was terminated by lyophilisation of

the acid hydrolysate mixture.

7.4 Chemical Modification of Proteins

7.4.1 Acetylation of Primary Amine Groups

Samples (1-5 nancmoles) of peptide acid~hydrolysates (Chapter
Three) were taken up in one drop of water, towhiChZO?Jl of an
acetylation mixture was added, stoppered, and left at room
temperature for 1 minute, the reaction mixture was dried under
vacuum. The acetylation mixture used was composed of a 1:1 (V/V)
(CH;00) ,C0 and (CD;C0) ,C0 mixture of acetic and

deuteroacetic anhydride added to methanol in a ratio of 1:4 (v/v).
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7.4.2 8-Carboxymethylation

S—carboxymethylation was carried out under nitrogen in

tris- (hydroxymethyl)-methylamine (TRIS)/HCl buffer (0.6M), pH 8.5,
after initial reduction with 5-fold molarA excess (over cysteine
residues) of dithiothreitol (DIT, Sigma (London) Chemical Co.)
followed by incubation at 37°C for 30 minutes. Iodoacetic acid
(Sigma (London) Chemical Co.) was used, with a 20-fold molar excess
(over cysteine residues), for alkylation at 37°C for 1h followed by
acidification to pH 4 using glacial acetic acid. The

S—carboxymethylated sample was then loaded on to a Cg sep-pak.

7.5 Methods of Protein and Peptide Mixture Purification

7.5.1 Sep-pak
Desalting of S—carboxymethylated protein and peptides was achieved
by using a C;g reverse-phase Sep-pak (Waters). The Sep-pak was
pre-washed using the following sequence of solvents, methanol
(5ml), propan-1-ol (5ml) and 5% acetic acid (5ml). The
S—carboxymethylated sample was loaded on to the Sep-pak and the
protein/peptide eluted off the colum with 5% acetic acid (5ml,
this fraction is expected to contain the salts) 20% propan-1-ol (in
5% acetic acid, 5ml) and 40% propan-1-ol (in 5% acetic acid, 5ml).
Each of these fractions was collected separately and dried down

under vacuum.

7.5.2 High Performance Liquid Chromatography (HPLC)
A Waters Associate high pressure liquid chromatographic model was

used equipped with a Universal Injector (UK66), a model 660
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gradient programmer, two solvent delivery systems (Model 510), and
two fixed wavelength ultra-violet (u.v.) absorbance detectors (254
and 280 nm). The same reverse-phase Clg-Ultraspherem—OIE

colum of dimensions 4.6mm (ID) x 25cm was used throughout this
thesis work. The solvents used for peptide elution were, water +
0.1% triflurocacetic acid (TFA, Sigma (London) Chemical Co.),
solvent A, and 90% (in water) acetonitrile (Rathburns, Scotland) +
0.1% TFA, solvent B. A flow rate of 1ml/min was employed and
fractions were collected at 1 minute intervals. Digest mixtures of
D-xylose isomerase, peptide acid hydrolysates and digest mixtures
of pyruvate decarboxylase (Chapters Two, Three and Five
respectively) were purified by HPIC with the conditions utilised as
described with variation only of elution gradient devised for

fractionation for each different sample.

7.6 Tables of elution gradients

Solvent A = water + 0.1%TFA; Solvent B = 90% acetonitrile + 0.1%TFA

7.6.1 Elution gradient employed for purification of the

CNBr/tryptic digest mixture of D-xylose isomerase (Chapter Two).

TIME A B Gradient

(min) ® ®)

Isocratic 0O 90 10 1
10 90 10 6
40 80 20 6

100 60 40 6
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120 40 60 6

130 20 80 6

7.6.2 Elution gradient employed for fractionation of the CNBr
digest of thermolytic digest product of D-xylose isomerase,

(limited proteolysis experiment, Chapter Two).

TIME A B Gradient
(min) () (®
Isocratic 0 90 10 1
20 80 20 6
50 70 30 6
70 60 40 6
85 ‘ 30 70 6
100 10 90 6

7.6.3 Elution gradient for the isolation of the components of the

acid hydrolysate of Neurotensin (Chapter Three).

TIME A B Gradient

(min)  (¥) (%)

Isocratic O 100 0 1
10 90 10 6
15 75 25 6
95 30 70 6

100 10 90 6
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7.6.4 Elution gradient employed for the purification of the

chymotryptic digest mixture of PDCA1 (Chapter Five).

TIME A B Gradient

(min) (%) (%)

Isocratic 0 100 0 1
15 a0 10 6
35 80 20 6
80 60 40 6
90 40 60 6
100 0 100 6

7.6.5 Elution gradient used for the purification of (NBr digests of

subunits Al, A2 and B of pyruvate decarboxylase (Chapter Five).

TIME A B Gradient

(min) (%) (%)

Isocratic 0 90 10 1
15 80 20 6
75 55 45 6
85 45 55 6
95 35 65 6

115 0 100 6
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