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Abstract

HPLC and mass spectrometry are versatile analytical techniques which have 

been widely applied to the analysis o f naturally occurring proteins and peptides. 

Mass spectrometric conditions have been investigated for the analysis of MHC 

class I and II restricted peptides. A micro-electrospray ionisation source has been 

constructed for coupling with a capillary HPLC system and investigations have 

been performed to increase the sample loading volume onto the system.

A robust method has been developed for the clean-up and identification of MHC 

class I and class II restricted peptides from surface eluted cells by mass 

spectrometric techniques. The procedure utilises solid phase extraction to desalt 

and concentrate the cell surface eluates followed by fractionation using strong 

cation exchange chromatography and analysis by on-line capillary 

HPLC/pESI/MS/MS using a quadrupole ion trap. The method has been shown to 

recover model peptides at an immunologically significant level. The procedure 

has been applied to the analysis o f cell surface eluates of patients suffering from 

chronic myeloid leukaemia and to eluates from k562 transfected cell lines. The 

purpose of these analyses was to acertain if  a selection of HLA.A2 predicted 

peptides, originating from the ber/abl fusion protein, are expressed on the surface 

of leukaemic cells. The clean-up method has also been applied to the 

identification of the class II invariant chain protein (CLIP) from immunopurified 

and cell surface eluted class II molecules.



Immobilised metal ion affinity cinematography (IMAC) also known as metal 

chelate chromatography has been shown to be a powerful tool for the purification 

o f proteins. Using chelated and immobilised copper ions, conditions have been 

investigated for the selective and non-selective binding of peptides. A histidine 

selective method has been developed, using a HEPES buffer at pH 7.2, which is 

~90 % selective. This method has been applied to the purification of cellular 

extracts and CML patient eluates prior to analysis by HPLC/MS/MS. The 

method has been shown to remain highly selective when subjected to these 

complex samples.
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Overall and Specific Research Aims

Cancer is a collective term for a large number of diseases that exhibit common 

factors with regard to the loss of the biochemical mechanism that controls cellular 

growth. Such disease are particularly difficult to treat because the immune response 

mechanisms of the human body do not recognise cancerous cells as they are not 

foreign in nature. Leukaemia is a disease, simply described as a cancer of the blood 

cells, see Chapter 1.

The study of cancer diseases is a vast, ongoing, area of scientific research. Although 

a great deal of progress has been made in recent decades in utilising surgical, 

radiochemical and chemotherapeutic treatments, many researchers feel that the 

body’s own immune response represents a potentially powerful ally in this fight if it 

could be activated effectively. The objective of this field was and continues to be the 

development of tailor made vaccines for the treatment of individual patients 

suffering from these diseases. The overall aim of the work reported in this thesis was 

the development of methods for the identification of MHC restricted peptides 

associated with chronic myeloid leukaemia (CML) by high performance liquid 

chromatography mass spectrometry (HPLC-MS).

These MHC restricted peptides, expressed on the surface of cells, dictate the body’s 

immune response. By employing HPLC-MS to study cell surface peptides it was 

believed that peptides unique to leukaemia patients could be identified. Such unique
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peptide molecules could then be incorporated into a leukaemia vaccine to bring 

about an immune response against cells expressing those identified peptides.

Individual Objectives

The work that was carried out to meet the aim originally established can be 

separated into three sections, each with their own particular objective. The 

objectives of these individual sections are described as follows.

Chapter 2

In order to allow the efficient analysis of peptides by HPLC-MS, initial work was 

carried out with the aim of establishing and optimising on-line electrospray/mass 

spectrometric conditions for the separation and identification of peptides. To fulfil 

this objective a number of instrumental parameters were studied, including variation 

of capillary temperature and tube lens offset voltage. The effect of parent ion charge 

state on the energy required to bring about fragmentation and the resultant fragment 

pattern generated was also studied. Since it has been shown that these two 

parameters can have a powerful influence on the nature of ions transmitted into the 

mass spectrometer.12 Following this system optimisation, the optimised instrumental 

conditions would then be used for the analysis of MHC class I and II restricted 

peptides.

2



An on-line miniature electrospray (microspray) source was constructed in-house and 

evaluated with the aim of enhancing the detection capability of the instrument. In 

addition, the reduction in flow rate allows the on-line coupling of nano-scale (75 pm 

internal diameter) HPLC columns which themselves offer a sensitivity advantage. 

This work is described in Chapter 2.

Chapter 3 Objectives

As a continuation of the objectives described above in chapter 2, employing the 

optimum instrumental conditions established, analysis was to be carried out with the 

aim of developing a versatile mass spectrometry based approach to allow the 

identification of both MHC class I and class II peptides. Within the immunological 

community it is the current opinion, of a majority of researchers, that the 

identification of both types of peptide is necessary for the successful development of 

immunotherapeutic vaccines.3'5

Such analyses would then to be compared with the established electrospray 

ionisation (ESI)-MS procedures for the study of such peptides and the procedure 

previously developed at the Nottingham Trent University for the identification of the 

A3 class I bcr/abl peptide (KQSSKALQR) on the surface of leucophoresed white 

blood cells from patients diagnosed with CML, described in Chapter 1.
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The surface elution method, as opposed to the cell lysis method, has formed the 

basis of a procedure previously developed at Nottingham Trent which was used to 

identify a peptide expressed on the surface of HLA-A3 CML patient cells, 

KQSSKALQR, which originates from the bcr/abl fusion protein.6 Although this 

method was successfully used to identify this peptide it suffered from a number of 

deficiencies which this research aimed to improve. The problems associated with 

this procedure are discussed, and their potential remedies addressed, in detail in 

Chapter 3.

Aims-To develop a procedure for the analysis of cell surface peptides including;

1. Identify procedures for the initial clean-up of extraction buffer,

removal of buffer salts and high molecular weight proteins and pre­

concentration of peptide fractions required for the large volumes of 

elution buffer required compared to immunoaffinity extraction 

methods.

2. Develop and orthogonal multidimensional chromatographic fraction

procedure for the analysis of the crude extracts prior to analysis by 

ESI/MS/MS.

3. Evaluate the procedure for the analysis of standard MHC class I

peptides and internal standard peptides spiked into cell eluates and 

CML patient samples

4



4. Apply the procedure for the identification of bcr/abl MHC class I 

peptides expressed on the surface of leukaemic cells and particularly 

to establish if the bcr/abl peptide SSKALQRPV is expressed on the 

surface of HLA-A2 cells.

5. Explore the application of the cell surface method to the analysis of 

MHC class II associated peptides.

Chapter 4 Objectives

A parallel avenue of research was also introduced to those aims already described. 

Immobilised metal ion affinity chromatography (IMAC) was studied as a potential 

approach to aid in the analysis of biological samples. IMAC is a technique which 

has been widely used for the purification of proteins as described in section 1.4.1. 

The most widespread application to the analysis of peptides involves the use of 

histidine tags rather than the naturally occurring peptide.

The potential of IMAC exists in its inherent ability to distinguish between a 

molecule that contains a particular moiety and one that does not. Such distinction 

can then allow the isolation of desired species. In the case of the IDA-Cu(II) 

technique which was explored here the target moiety is one or more histidine 

residues.

5



In conjunction with the objectives discussed in the first two research sections, it is 

the aim of this avenue of research to explore the potential application of IMAC to 

the analysis of biological samples.
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CHAPTER 1

INTRODUCTION



1.1.0. Mass Spectrometry

Mass spectrometry is an analytical technique for the study of gas phase ions. The 

first mass spectrometer was constructed in 1912 by J.J. Thompson who used it to 

study O2 , N2 CO, CO2 molecular ions and later neon isotopes 20 and 22.1 Since 

then it has found use in structural determination and characterisation of

unknowns, quantification at trace levels and mixture analysis with sensitivities as

# 2
low as the attomole/zeptomole region.

A mass spectrometer produces ions from a sample and separates them according 

their mass to charge ratio. A mass spectrum is produced which is a record of the 

ion intensity at each mass to charge ratio for all ions that reach the detector. All 

mass spectrometers consist of three major components, an ionisation source, a 

mass analyser and a detector (Figure 1.1.0.1). Each of these components will be 

discussed in detail below.

Computer controlled 

Figure 1.1.0.1. A schematic of a typical mass spectrometer.
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1.1.1. Ionisation Sources

There are a variety of different ionisation techniques in use, the purpose of which 

is to ionise the sample prior to entrance into the mass analyser. The technique 

used is dependent on the state of the sample and its physicochemical properties. 

Three techniques, Fast atom bombardment (FAB), matrix assisted laser 

desorption ionisation (MALDI) and electrospray ionisation (ESI) have been used 

widely in biological mass spectrometry for the ionisation of peptides and proteins 

and these techniques are described in this section.

1.1.1. J. Fast Atom Bombardment

Fast atom bombardment (FAB), also known as liquid secondary ionisation mass 

spectrometry (LSIMS) is a low fragmentation ionization technique which does 

not require prior evaporation of the sample. It can be applied to polar compounds 

and those with acidic/basic functionality and so is useful for smaller 

biomolecules. A schematic of the method is shown in Figure 1.1.1.1.

Developed in 1980 by the Barber group,3 fast atom bombardment was developed 

from an earlier technique, secondary ionization mass spectrometry (SIMS), in 

which a beam of high energy ions, typically Ar+ were used to bombard the 

sample surface leading to a short lived secondary current of ions. By dissolving 

the sample in a viscous polar liquid matrix, such as glycerol, and replacing the 

initial ion beam with a high energy (6-10 KeV) beam of ions and neutral atoms, 

Barber increased the duration of the secondary ion current allowing it to be 

observed for periods of several minutes. As with SIMS the high energy incident



beam damages the sample surface, however, convection and diffusion inside the 

liquid matrix result in the replenishment of the surface from which new ions can 

be ejected.4

Sample

Ion/atom beam

Secondary ion 
Target current

Figure 1.1.1.1. A schematic diagram of FAB/SIMS ionization technique. The ion/atom beam 

bombards the sample on the target surface leading to a secondary 

ion current which is directed into the mass analyser.

1.1.1.2. Matrix assisted laser desorption/ionization

Matrix assisted laser desorption/ionization (MALDI) was developed 

simultaneously in the late 1980s by two groups; Karas and Hillenkamp5 and 

Tanaka et al,6 the latter receiving the Nobel Prize for chemistry in 2002 for the 

work which has revolutionised the analysis of large biomolecules in excess of

The sample is deposited on a target and mixed with an excess of a matrix. 

Typically an organic matrix is mixed with the sample so to absorb energy at the 

same wavelength as that of the laser, most commonly a pulsed nitrogen laser (X -  

337 mn). The laser beam is directed onto the target energising the matrix 

molecules which are evaporated as a plume, from the target, carrying with them 

sample molecules. Gas-phase proton transfer leads to the formation of protonated

200 KDa.
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molecules and singly charged Na+ and K+ adducts are also commonly observed 

as a result of cationisation.7 MALDI is a ‘soft ionisation’ technique which allows 

the desorption of very large biomolecules into the gas phase intact. A schematic 

of the MALDI process can be seen in Figure 1.1.1.2.

Laser beam

Target
To mass analyser

Matrix molecule 

Sample molecule

Figure 1.1.1.2. A schematic diagram of the MALDI process. The sample is deposited on a 

target in an excess of matrix. An incident laser beam excites the matrix molecules causing a 

plume of matrix and sample molecules to be desorbed from the target and ionised before 

transfer into the mass analyser.

1.1.1.3. Electrospray Ionization

Electrospray ionisation (ESI) is a ‘soft ionisation' technique well suited to the 

analysis of biochemical molecules as large non-volatile molecules can be 

analysed directly from the gas phase. ESI was first described by Dole et al in
o

1968, but it was the work of Fenn et al and their application of ESI to the 

analysis of proteins and peptides9 10 which allowed the full potential of this 

technique to be realised. Table 1.1.1.1 exhibits a list of examples illustrating the

10



types of molecules which have been analysed by electrospray ionisation mass 

spectrometry.

Table 1.1.1.1. Applications of the types of molecules investigated by electrospray ionisation 

mass spectrometry.

Application Examples Reference
Proteins 11-15

Oligonucleotides 16-20
Oligosaccharides 21,22

Drugs/Natural Products 23, 24
Polymers 25

Inorganic metal complexes 26, 27

Initial interest arose from the ability of ESI to form multiply charged analytes of 

the type [M+nH]1vf as well as the potential for multiply charged fragment ions.28 

This enabled the molecular weight of large molecules to be determined using 

instruments whose mass range was limited to as low as 2000 Th. Today, with its 

ease of coupling to high performance liquid chromatography (HPLC), it has 

become the ionisation technique of choice for a range o f analytes from small 

drug molecules to peptides and polymers.

The mechanism of electrospray is discussed in the literature.29,30 In conventional 

ESI the sample solution is passed through a conductive needle at a flow rate of 1- 

5 pL min’1. An electric field gradient is obtained by applying a potential 

difference between the needle and a counter electrode. The application of this 

potential causes a separation of charges in the flowing liquid stream at the needle 

tip, which leads to the formation of a Taylor cone (Figure 1.1.1.3). The emerging 

liquid is then dispersed as a fine spray of charged droplets. A flow o f drying gas,
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typically nitrogen, may also be used to aid in the formation and vaporisation of 

droplets. The evaporation of sample solvent reduces the droplet size whilst the 

overall charge remains the same until the Rayleigh limit31 (equation 1.1.1.1) is 

approached.

q2 =  87c2 eGy D 3 (Equation 1.1.1.1)

q = charge

g0~ permittivity of environment 

y = surface tension 

D = diameter of droplet

At the Rayleigh limit the repulsion of charges on the surface of the droplet is 

equal to the surface tension and “Coulomb explosion” follows resulting in the 

formation of smaller droplets. There have been two mechanisms proposed for the 

subsequent formation of gas phase ions from these droplets, these can be seen in 

Figure 1.1.1.3.

• Charge residue model 

In the charge residue model proposed by Dole et a f  the repetition of the coulomb 

explosion cycle proceeds until the formation of very small droplets containing 

only one ion. Evaporation of the remaining solvent then reveals the naked ion.

12



• Ion evaporation model 

Proposed by Iribarne and Thomson32 this model suggests ion evaporation or 

emission of ions from the surface of small highly charged droplets. This is the 

result of surface electric field effects causing the ion to be ejected from the 

droplet.

Taylor cone
Liquid
f lo w ”

Solvent

©
Rayliegh limit 

evaporation Coulomb 
explosion 
occurs

Ion evaporation model
Surface electric field effects eject 
the ion from the droplet
 > 0 ------

Solvent
evaporation and 
coulomb explosion 
continues ; +

Charge residue mode!
Droplet contains only one analyte 
ion, evaporation of solvent reveals 
ion

Figure 1.1.1.3. The electrospray process incorporating the two models of ion evaporation 

and charge residue.

1. 1.1.4. Microspray and Nanospray

Microspray and nanospray are ionisation techniques which operate on a similar 

principle to electrospray, but with smaller spray tip internal diameters and lower, 

sub pi m in ', flow rates. Microspray typically refers to the source developed by 

Caprioli,33 which relied on a pumped liquid flow of 0.3-0.8 pL min'1 into the 

needle, ideal for coupling with liquid chromatography. Wilm and Mann reported 

a static nanospray source utilising pulled capillary tips with 1-5 pm i.d. and flow 

rates of 20-40 nl m in'1 allowing sequencing of proteins at femtomole

34 35concentrations. 9
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Reduction of the flow rate and tip internal diameter eliminate the requirement of 

a nebulising sheath gas. Mass spectrometers are mass flow dependent detectors, 

so reduction in the flow would reduce the sensitivity. However ESI/MS behaves 

as a concentration sensitive detector. Analyte desorption efficiency is increased 

and greater transmission of the analyte from the spray tip into the mass 

spectrometer is observed as the flow rate decreases leading to an increase in 

sensitivity.36,37

1.1.2. Mass Analysers

Once the sample has been ionised it is necessary to sort the ions according to 

their mass-to-charge ratio. This function is performed by the mass analyser of 

which there are several different types. Those commonly used in peptide analysis 

are discussed below, particularly with regard to the three main characteristics 

associated with them (upper mass limit, transmission efficiency and mass 

resolution).

1.1.2.1. Quadrupole mass analysers

Quadrupole mass analysers exist in two common configurations, the linear 

quadrupole analyser and the quadrupole ion trap.

1.1.2.2. Linear quadrupole analysers

Linear quadrupole mass analysers are relatively simple, compact and easy to 

operate devices. The analyser uses the stability of trajectories in an oscillating
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electric field to separate ions according to their m/z ratio. A quadrupole analyser 

consists of four circular and perfectly parallel rods. An electric field is created 

within the region by applying a positive dc potential (U) and a superimposed rf 

potential (Vcosoot), to one pair o f parallel rods, the other pair of rods carry a dc 

potential of -U  and rf  potential (Vcosrot) which is out of phase with the first pair 

of rods.6,37-40 A linear quadrupole analyser is shown in Figure 1.1.2.1.

By adjusting the dc and rf voltages applied to the rods it is possible to create 

stable trajectories for ions of different m/z ratio. At a given set of parameters ions 

of a very narrow m/z range will have a stable trajectory between the rods and 

will reach the detector. The remainder of ions will have unstable trajectories, be 

rejected from the quadrupole and not be detected. A mass spectrum is acquired 

by ramping the applied fields forcing other ions to follow the stable pathway 

with increasing m/z value. The upper mass limit of this analyser is limited to a 

few thousand m/z due to the limits of the rf amplitude which may be applied.
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-(U-Vcoscot)
 ►
x direction

co = angular frequency (related to frequency, f  by co = 27rf) 

t = time

Figure 1.1.2.1. A quadrupole mass analyser schematic with applied potentials to create an 

electric field between the rods.

The mass resolution of a linear quadrupole depends on the number of rf cycles. 

By applying an rf voltage only, a quadrupole may be used as a focusing device to 

transmit all m/z ions. Structural information can be obtained with quadrupole 

mass spectrometers by employing three in series, this is known as a triple 

quadrupole device and is shown in Figure I.I.2.2.41 This configuration allows 

tandem mass spectrometry to be performed. This is discussed in Section 1.1.3.

Q1 Collision cell Q3

Figure 1.1.2.2. A schematic diagram of a triple quadrupole device.
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1.1.2.3. Quadrupole Ion trap

The quadrupole ion trap (QIT) is a device which can function as both an ion 

store, where gaseous ions may be confined, and as a mass analyser.4, 42, 43 This 

permits the study of gas phase ion chemistry and ion structure elucidation by 

tandem mass spectrometry (discussed in Section 1.1.3). The mode of operation of 

a quadrupole ion trap is similar to that of a quadrupole mass filter. The trap itself 

consists of three electrodes, a ring electrode and two end-cap electrodes, which 

have a hyperbolic cross-section (see Figure 1.1.2.4).

ion source _

t Octapole
lens

End cap electrodes

Figure 1.1.2.4. A schematic representation of the quadrupole ion trap.
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There are small openings in the end-caps to allow ions in and out of the trap 

which is typically held at 10"3 Torr helium, this acts to reduce the expanding 

trajectories of the ions caused by ion repulsion and motion within the trap. The 

QIT is a dynamic mass analyser in which ion trajectories are influenced by time 

dependent forces.

A quadrupolar field is created by the application of a dc voltage and rf voltage to 

the electrodes, in practice this is applied to the ring electrode only. The motion of 

ions within the quadrupolar field can be described mathematically by the 

Mathieu equation and a stability diagram for ions in a pure quadrupole field can 

be constructed, as in Figure 1.1.2.5 44 This assumes that the relationship between 

the distance from the centre of the trap to the end cap (z) and the radius of the 

ring electrode (r) is rQ2 ="2z02. The axes of the stability diagram, a and q, are 

defined by the following relationships.

qz = 4eV az = -8eU (Equations 1.1.2.1 & 1.1.2.2)

mr2on 2 mr2GQ2

V = amplitude of applied rf voltage

U = applied dc voltage

r0 = radius of ring electrode

JQ = angular frequency of the rf  potential applied to the ring electrode (= 27tf

where f  is the frequency in Hz).
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Ions within the trap have their own secular frequency (to0) given by o)0 = PQ/2 

where |3r and pz are determined by the working point of the ion or p value at a 

particular a and q. The working point of an ion is defined by the az and qz values 

and can be altered by changing the amplitude of the applied dc and rf voltages. 

The az and qz values are chosen to ensure stability or instability of an ion of 

interest. Ions are stable when their trajectories remain within the dimensions of 

the trap zD and rQ.

0.2

- 0.2

-0 .4 -

- 0 .

1.0 1.40.2 0.6

Figure I.I.2.5. A stability diagram for a quadrupole ion trap. Ions within the boundary are 

stable in the trapping field.

Generally the trap is operated with the rf voltage applied only to the ring 

electrode (i.e. az = 0). Under these conditions the working point of an ion is 

described by the qz parameter as illustrated in Figure 1.1.2.6. As qz for each ion 

species reaches a value of 0.908 the ions are ejected axially through the end cap 

electrodes in order of increasing m/z value. This is known as mass selective axial
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instability and occurs at the boundary pz = 1 of the stability diagram where co0 == 

0 /2.

V = 1000 V 
exclusion limit 89 u

0 m/z 500 

Q  m/Z 1000 

fill m/Z 1500

\ /
0.091 0.182 0.272 0.363 0.454 0.545 0.636 0.726 0.817 0.908

V = 3000 V 
exclusion limit 287 u

 1 W  1— O  1--------------1--------------H © ---------!--------------1--------------1--------------t-------------H------
0.09r 0.182 0.272 0.363 0.454 0.545 0.636 0.726 0.817 0.908

V = 6000 V 
exclusion limit 534 u

Figure 1,1.2.6. A simplified stability diagram for three ions of different mass to charge ratio 

showing the effect of increasing the applied rf voltage.

1.1.2.4. Time-of-jlight

A time-of-flight (ToF) mass analyser operates on the principle of the separation 

of ions on the basis of their difference in velocity as they travel down an 

evacuated flight tube.7, 40,45 After acceleration to a constant kinetic energy (see 

equation 1.1.2.3) by an electric field, ions travel at velocities that have an inverse 

relationship with their m/z value (see equation 1.1.2.4) with lighter ions

— I--------------- 1--------------------- —i--H 0 — i  --------------1---------------1--------- — h --------------1—

0.091 0.182 0.272 0.363 0.454 0.545 0.636 0.726 0.817 0.908
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travelling faster than heavier ions. The time-of-flight of an ion down a flight tube 

of length d, is t = d/V where V is the potential by which the ions are accelerated.

Wiley and McLaren published the design for the linear ToF which became the

first commercial instrument of its type 46

zeV ~ Vi mv2 (Equation 1.1.2.3)

V = (2zeV/m)/2 (Equation 1.1.2.4)

ToF analysers have enjoyed a renewed popularity since the development of 

MALDI and progress in electronic technology to allow the handling of the data 

flow 47

A linear ToF consists of an acceleration region after the ionisation source and a 

flight tube culminating in a detector. All ions must enter the flight tube 

simultaneously and so ToF is well suited to pulsed ionisation techniques such as 

MALDI. The mass resolution of these linear ToF instruments, however, is poor 

due to factors that create a distribution in flight times among ions with the same 

m/z. These include length of the ion formation pulse, the size of the volume 

where the ions are formed and the variation of the initial kinetic energy of the 

ions prior to the acceleration phase, which result in a distribution of flight times 

for ions o f the same m/z. One method of improving resolution involves a delay 

o f up to a few microseconds between ionisation and acceleration to allow
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dissipation of the excess kinetic energy, this is known as delayed pulsed 

extraction.

Reflectron ToF is another way to improve resolution by correcting for any initial 

position and energy dispersions. The ions are accelerated through an initial field 

free region before being reflected by an electrostatic mirror, the ions are slowed 

and brought to rest, the direction of motion is then reversed and the ions are 

accelerated through another field free region to the detector. Ions with greater 

initial kinetic energy penetrate further into the reflectron field and so spend a 

longer time in the reflectron lens. Mass resolution is consequently improved. A 

schematic diagram of a reflectron ToF analyser, which can be operated in linear 

or reflectron mode, is shown in Figure 1.1.2.3.

Ionisation
Acceleration
region Reflectron region

source

Reflectron
detector

ILinear
detector

Figure 1.1.2.3. A Schematic of a reflectron ToF. Ions are produced as a pulse in the source 

and accelerated by an electric field applied in the acceleration region. The ions continue 

down the flight tube, which is a field free region, where ions are separated according to 

their m/z. in linear mode the ions are then detected, in reflectron mode they are reflected 

back down another field free region for detection.
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Orthogonal acceleration is a modified ToF configuration for continuous mode 

ionisation techniques. It consists of an additional field free sampling region in 

which ions are stored after ionisation before a short pulse of an orthogonal 

accelerating field is applied to eject those ions into the flight tube.

1.1.2.5. Post source decay

Structural information can be obtained with ToF instruments using post source 

decay (PSD). PSD is a metastable decay which occurs within the flight tube. A 

precursor ion will fragment and its daughter ions have the same velocity but 

different kinetic energy to the parent. In linear mode the time-of-flight of both 

parent and daughter ions will be the same, however, in reflectron mode this is not 

the case. So on comparison of spectra, ions that appear under reflectron mode but 

not linear mode are the result of PSD.

An alternative approach to elucidating structure of an unknown molecule by ToF 

mass spectrometry is to add a collision cell between tandem ToF analysers as 

described in Section 1.1.3.

1.1.3. Tandem mass spectrometry

Tandem mass spectrometry or MS/MS is a method which involves multiple 

stages of mass analysis separated by ion dissociation to yield structural 

information. This process is shown schematically in Figure 1.1,3.1. The most 

commonly used technique for ion dissociation is collisionally induced
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dissociation (CID). This is a powerful technique for the determination of ion 

structures of isolated ions. CID is a two stage process in which the precursor ion 

(M+) is first excited by collision with a neutral atom or molecule (N) (equation

1.1.3.1), it then dissociates as a result o f gaining excessive internal energy 

following the collision (equation 1.1.3.2).

M+ + N  ► M* (Equation 1.1.3.1)

M* --------- ► Fi +F2 (Equation 1.1.3.2)

There are two ways that CID can be carried out, either by coupling multiple 

analysers together, as with the triple quadrupole mass spectrometer (Figure

1.1.2.2), or by trapping ions in an ion storage device, such as a quadrupole ion 

trap. In the former case, the central quadrupole is filled with gas and acts as a 

collision cell. The first quad is used to select specific masses which are passed 

into the collision cell to undergo CID and the final separates the fragments by 

m/z prior to detection. In the latter case, a selected ion is isolated in the trap by 

applying an auxiliary rf  voltage in resonance with the secular frequency of all 

ions except the one to be isolated. This causes the ions to become excited and 

develop an unstable ion trajectory causing them to be ejected from the trap. The 

selected ion remains in the trap and can be subjected to CID by applying a 

different auxiliary rf  voltage in resonance with its secular frequency such that 

excitation is achieved but not ejection. On application of this voltage the excited 

ion moves away from the centre o f the trap, colliding with the helium buffer gas 

and thus causing dissociation.
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Figure 1.1.3.1. A schematic of the MS/MS process. The precursor ion is selected and

isolated, it is then subjected to dissociation to produce fragment ions which can be used to

garner structural information.

1.1.3.1. Tandem mass spectrometry o f  peptides

Peptides are formed by the combination of two or more amino acids. Peptide

ions, when subjected to CID, fragment predominantly at the amide bond along

the peptide backbone generating a ladder sequence of ions as shown in Figure

1.1.3.2.
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Figure 1.1.3.2. A peptide fragment ion series produced when ions undergo collisionally 

induced dissociation. Cleavage of the alkyl-carbonyl (CHR-CO), the peptide-amide (CO- 

NH), and amino-alkyl (NH-CHR) bonds are shown. Both the N- and C-terminus fragments 

can retain the charge resulting in 6 possible sequence specific fragment ions. The 

nomenclature used is shown in this Figure.

The b and y ions are most frequently observed, with loss of H2 O and NH3 from b 

and y ions also commonly found. A series o f either type of fragment ions allows 

the amino acid sequence to be determined by differences in masses of adjacent 

sequence ions.48"'̂ 0
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During ionisation of peptides protonation will occur at all the strongly basic sites 

in the molecule, the N-terminal amine and the side group of any of the basic 

amino acid residues (e.g. lysine, arginine, histidine). A proton associated with the 

more basic sites is strongly attached and remains fixed during CID whereas a 

proton on the less basic N-terminus is free to move along the length of the 

peptide. A population of peptide ions with the mobile proton associated at 

different points along the sequence results. The protonation site then directs the 

fragmentation reaction producing a series of product ions which are collectively 

used to determine the peptide structure. Examples of this ‘mobile proton’ are 

shown in Figures 1.1.3.3 and 1.1.3.4.

+

h 9n

N
H

OHN
H

O

CH2OH CH2(C6H4)OH

CH(CH3)OH CH2(C6Hs)

OH

CH2CH(CH3)2

Figure 1.1.33. The singly protonated peptide ATSFYL. The single basic site, the N- 

terminus, is protonated. The proton (shown in red) is then able to migrate along the peptide 

producing a pool of peptides with differing sites of protonation. (Adapted from reference 

45).
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CH(CH3)OH CH2(C6H5)

N
H

OH
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Figure 1.1.3.4. The doubly protonated peptide ATSFYK is protonated at the N-termimis 

and the basic lysine (K) residue. The proton associated with the lysine residue remains fixed 

whilst the N-terminal proton is the mobile proton and is able to migrate along the peptide 

directing fragmentation. (Adapted from reference 45).

The pathway of collisionally activated dissociation for a doubly charged peptide 

ion is shown in Figure 1.1.3.5. The fragmentation reaction occurs to release 

energy gained by the peptide ion during its collision. The protonation site 

initiates a cyclisation reaction leading to two possible pathways. Pathway 1 is 

favoured and results in the formation of a complementary pair of b and y ions. 

Pathway 2 results in the formation of a doubly charged y ion.
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Figure 1.1.3.5. Collisionaliy induced fragmentation pathway of a doubly charged peptide 

ion (ATSFYK). Fragmentation occurs via a cyclisation reaction. Pathway 1 is favoured, 

pathway 2 results in a doubly charged product ion. (Adapted from reference 45).
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1.1.4. Chromatography

Chromatography is a separation method in which analyte components are 

selectively distributed between two immiscible phases, one stationary and one 

mobile. The stationary phase may be packed in a column or spread as a layer or 

film. The mobile phase may be gaseous or liquid.51 Separation occurs as a result 

o f differences in an individual analytes affinity for the stationary phase and the 

mobile phase.

1.1.4.1. Reverse phase high performance liquid chromatography 

Reverse phase high performance liquid chromatography (RP-HPLC) is a liquid 

chromatography technique in which a polar mobile phase is mechanically 

pumped through a column which contains a non-polar stationary phase. One of 

the first of these systems was constructed by Horvath et al in the late 1960’s.52 

The most common stationary phase used in RP-HPLC consists of octadecyl 

siloxane (ODS) groups covalently attached to spherical silica particles with 

diameters in the range 3-10 pm. The mobile phase is usually a mixture of 

aqueous and organic solvents (e.g. methanol, acetonitrile) and separation is a 

result of hydrophobic interactions of the analyte. Hydrophobic compounds are 

strongly retained by the stationary phase and elute later requiring greater organic 

mobile phase content than hydrophilic compounds. The mobile phase can be 

pumped through the column in two modes; isocratic elution, which refers to a 

flow of unchanging mobile phase composition or gradient elution, which 

involves continuous change in the composition of the mobile phase. Gradient 

elution allows separation of sample components of widely varying affinity for
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the stationary phase. There are three major properties that determine the 

resolution of two peaks in a chromatographic separation. These are capacity 

factor, selectivity and efficiency.

Capacity factor( k& )

This is a measure of the retention of an analyte as a result o f the strength of 

interaction between the analyte and the stationary phase and is given by the 

expression in equation 1.1.4.1.

kR,=  (tR - to) / 10 (Equation 1.1.4.1)

tR = retention time of the analyte

to = time taken for a non-retained analyte to pass through the system 

Selectivity (a)

This is a measure of the difference in retention times between two peaks and is 

given by the equation 1.1.4,2.

c t =  ( t R B  -  t o )  /  ( t R A  -  t o )  (Equation 1.1.4.2)

tRA" retention time of first analyte 

tRB = retention time of second analyte
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Efficiency

This factor is obtained from the number of theoretical plates and is given by 

equation 1.1.4.3.

N = 16 (Ir/W)2 (Equation 1.1.4.3)

W — peak width at baseline.

Resolution (R)

The resolution parameter concerns the degree of separation between two peaks 

and is given by equation 1.1.4.4.

R = 2 (Irb ~ tRA.) / (W b + W a )  (Equation 1.1.4.4)

Complete resolution of two peaks is achieved when R > 1.5 and for accurate 

quantification of two peaks a resolution of greater than 0.8 is required.

The relationship between resolution and capacity factor, selectivity and 

efficiency is given by equation 1.4.5.

R = N/4 (a -1 / a) (kR5 / 1 + kR*) (Equation 1.1.4.5)
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1.1.4.2. Miniaturisation

Conventional HPLC is performed on columns with internal diameters of 2.0-4.6 

mm. Microcolumn HPLC uses columns with internal diameters <1.0 mm and has 

some advantages over conventional HPLC.53 One such advantage is an 

improvement in sensitivity when coupled to a concentration sensitive detector, 

such as ESI/MS, due to reduced chromatographic dilution.53'55 McLuckey et al 

first recognised the benefits of miniaturisation when coupling a microbore LC 

with an ion trap mass spectrometer.37

Chromatographic dilution (D) occurs because a compound will be subjected to 

dilution, within the mobile phase, during the chromatographic process and is 

given by equation 1.1.4.6.56

D  -  Cn =  €7tr2( l + k )  a/ 2 tiL H  (Equation 1.1.4.6)

C nax V  jjij

cD= original compound comcentration

Cmax = final compound concentration at peak maximum

r = column radius

L = column length

e = column porosity

Vinj = injected sample volume

H = column plate height is given by H=L/N, where N=(tr/Wb)0,5
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Chromatographic dilution increases proportionally with the square of the column 

radius and to the square root of the length and plate height of the column. It is 

possible to calculate that a reduction in column diameter from 4.6mm to 75pm 

will result, theoretically, in approximately a 5000 fold relative concentration 

increase at the detector, if  the peak widths are the same for both columns, as 

shown in Table 1.1.4.1.57

Table 1.1.4.1. Effect o f column diameter on relative capacity and concentration at the 

detector.

column i.d. /mm Typical flow 

rate/pL m m 1

Relative concentration 

at the detector

Relative loading 

capacity

Conventional 4.6 -1000 1 5000

Microbore 1.0 -50 20 400

Packed capillary 0.1-0.32 -5.0 200 40

Nanoscale <0.1 -0.2 5000 1

One important consideration of miniaturisation is that extra-column band 

broadening processes must be reduced to prevent considerable loss of efficiency 

which would result in decreased resolution of the column. Connecting tubing in 

the system is also particularly important. The three most commonly used tubing 

materials are stainless steel, polyetheretherketone (PEEK) or fused silica. The 

presence of tubing in the system configuration contributes to extra column band 

broadening linearly with length and to the power of four of the radius, so for 

500pm - 1 .0  mm i.d. columns, tubing i.d. should be 0.25 mm to 0.125 mm. For 

smaller diameter columns the connecting tubing should be avoided, where 

possible, with connections made directly. When this cannot be done tubing
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should be < 25 fim i.d. and only short lengths should be used with connections 

made carefully to ensure a zero dead volume. One of the major drawbacks of 

reducing the column diameter, and hence flow rate through the system, is the 

corresponding reduction in the injection volume which can be applied to the 

column in a reasonable amount of time. This can be overcome, however, by 

preconcentration o f analytes at the head of the column.

1.1.4.3. Immobilised metal ion affinity chromatography

Immobilised metal ion affinity chromatography (IMAC) was first reported by 

Porath in 1975 under the name of metal chelate chromatography.58 IMAC has 

since become a powerful separation tool employed in the purification of proteins 

and peptides.58"62 In IMAC a chelating ligand is covalently bound to a solid 

chromatographic support, metal ions are then complexed with the ligand and 

immobilised on the support. The metal ion acts as a lewis acid and can bind to 

electron donor groups on the surface of a peptide or protein allowing separation 

from other sample components. The commonly used complexation metals 

include the transition metals (e.g. Cu (II) and Ni (II)) to which the electron 

donating atoms may be nitrogen, oxygen or sulphur. Hard lewis metal ions (such 

as A1 (III)) have also been used in IMAC due to their high affinity for binding 

with oxygen rich groups, such as phosphate groups.63

The Cu (II) metal ion is commonly used in the isolation of proteins due to its 

high affinity for histidine residues (Histidine pKa ~6.5).64 Histidine residues 

occur rather infrequently within protein structure, in terms of natural abundance,
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appearing on average as 2 % of the molecule. Only half of such histidine residues 

will be surface exposed, i.e. available for binding to the Cu (II) metal ion. Ni, Zn, 

Co, Ca and Mg may also be used to isolate histidine residues, however such 

metal ions differ in their ability to bind. Although Ni may be used for the 

isolation of peptides, it exhibits more stringent binding requirements such as the 

need for two residues to be close to one another.65,66

The analyst can take advantage of the high affinity between Cu (II) ions and 

histidine residues by employing chelating agents, or Tags’, to enhance the 

association between metal ion and peptide or protein. Such chelating agents 

broaden the range of target molecules that can be isolated via this approach. 

Iminodiacetic acid (IDA), a tridentate chelator, is the most commonly used 

chelating agent but others may also be employed.67 Nitrilotriacetic acid (NTA) is 

an alternative tetradentate chelator developed by Hochuli.68 A tetradentate 

chelator may provide enhanced chelating strength, however can exhibit weaker 

protein retention power. For example when Cu2+ is chelated with IDA there is 

only one coordination site free for protein binding, whereas when Ni2+ is 

chelated with IDA three coordination sites are available but binding with the 

target is not as strong and leakage can occur. The relative stability of complexes 

formed with an IDA derivative of cellulose and a divalent metal ion are 

Cu(II)>Ni(II)>Zn(II)>Co(II)»Ca(II), Mg(II)69,70 Alternatively when Ni2+ is 

chelated with NTA two sites are free for binding, such an approach has been 

shown to be selective for neighbouring histidine residues on peptides and 

proteins.67
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Hochuli et al demonstrated the use of IMAC in the purification of recombinant 

proteins with engineered histidine affinity tags in conjunction with a Ni (II)- 

nitrotriaceticacid (Ni-NTA) stationary phase which selectively bound adjacent 

histidine residues, these are relatively uncommon in nature.68, 72 Such tags have 

become widely popular recently.73'76

In a peptide/protein molecule of interest if only one histidine residue is present 

the most appropriate metal ion for best retention is Cu (II). If more than one 

residue is present in the molecule then Ni (II) may also be used.77 Table 1.1.4.4 

highlights the appropriate metal ions required for the isolation of target 

molecules relative to the component number of histidine residues.

Table 1.1.4.4. Illustrates the most appropriate metal ion for use relative to the number of 

histidine residues present on the protein surface.77

Number of His residues Metal ions providing adsorption
No His -

One His C u "
>One His Cu2+ (stronger ads), Ni2+

Cluster of His Cu2+, Nii+, Zn2+,Co2+

Ni-NTA IMAC has been successfully employed in the isolation of a range of 

proteins using an affinity tail, typically consisting of multiple histidine residues. 

Phenacrylic acid decarboxylase, GroES and rat finger protein are examples of 

sample molecules isolated using a hexahistidine tag on the N- or C- terminus of
7o on

the protein. ' The penicillin binding protein has also been isolated using a 

heptapeptide containing four histidine residues.81
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Figure 1.1.4.1 is a reaction scheme highlighting the binding process for a 

histidine residue employing an IDA chelating agent.
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Figure 1.1.4.1. A reaction scheme of the complexation of Cu(II) with H)A and the binding of 

the histidine residue to the immobilised metal ion.

In Figure 1.1.4.1 the metal/histidine binding occurs at neutral to basic pH (6-8), 

when the histidine residues are in the non-protonated form under more alkaline 

conditions coordination with amino functional groups can also occur thus 

decreasing selectivity.82 Following binding, the release of the analyte molecule 

can be achieved by lowering the pH or by ligand exchange using, for example, 

imidazole which exhibits the same side chain structure as that in histidine so
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competes for the binding site. The imidazole has a greater affinity for the copper 

therefore resulting in displacement of the histidine residues.

IMAC has high ligand stability and uses mild elution conditions, experiencing 

complete ligand recovery following column regeneration. This technique is also 

a low cost approach to peptide/protein isolation.77

1.1.4.4. Ion exchange chromatography

Ion exchange chromatography is a form of adsorption chromatography in which 

one ionic species is exchanged for another.85,86 An ion exchanger consists of a 

matrix to which a stationary phase can be bound for presentation to a mobile 

phase carrying the analyte molecules of interest. Basic (anionic) exchangers 

present positively charged groups whilst in acidic (cationic) exchangers the 

groups are negatively charged. Stationary phases are classified as weak or strong 

with reference to the pka of their charged groups similar to that of acids and 

bases, however, this classification is not representative of the binding strength of 

analyte molecule to stationary phase functional groups. The stationary phase of 

an ion exchanger exhibits an overall positive or negative charge providing sites 

for ion exchange with counter ions of opposite charge. The functional groups of 

an anion exchange stationary phase are primarily amines, quarternary amines are 

employed when a stronger phase is required. For cation exchangers carboxylic 

acid groups are normally used for the interaction whilst sulfonate groups are 

presented in stronger phases. All cation exchangers have a limiting pH below

39



which they are not functional. Some examples of stationary phase functional 

groups can be seen in Table 1.1.4.2.

Table 1.1.4.2. Examples of cation and anion exchange functional groups and their 

structures.84

Designation pk Structure
Anion
Diethylaminoethyl DEAE 9.-9.5 -OCH2N+H(C2H5)2
Trimethylaminoethyl TMAE -OCH2CH2N+(CH3)3
Dimethylaminoethyl DMAE ca. 10 -OCH2 CH2N+H(CH3)2
Trimethylhydroxy propyl QA -OCH2CH(OH)N+H(C2H5)2
Quaternary aminoethyl QAE -OCH2N+(C2H5)2CH2CH(OH)CH3
Quaternary Amine Q -OCH2N+(CH3)3
Triethylamine TEAE 9.5 -0CH2N+(C2H5)3
Cation
Methacrylate 6.5 CH2=CH(CH3)COOH
Carboxymethyl CM 3.5-4. -o c h 2c o q h
Orthophosphate P 3,6 ~o p o 3h 2
Sulfoxyethyl SE 2 -o c i-i2c h 2s o 3h
Sulfopropyl SP 2-2.5 -o c h 2c h 2c h 2s o 3h
Sulfonate s 2 -o c h 2s o 3h

Ion exchange chromatography is a technique that is well suited to the separation 

of proteins and peptides. It has a high resolving power and high protein/peptide 

binding capacity. The technique is versatile in terms of the variety of exchangers 

available and the ability to vary both pH and buffer composition.

Proteins and peptides are composed of amino acids that carry individually 

charged groups, such as carboxy or amino groups, resulting in an overall net 

charge. The strength of adsorption to stationary phase functional groups 

increases as this net charge increases, therefore the degree o f adsorption is a 

function of pH. At low pH carboxy groups lose their negative charge whilst
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amino groups become protonated. At high pH carboxy groups dissociate to 

become negatively charged whilst amino acids are deprotonated to become 

neutral. pH is one of the most important parameters in this separation technique 

as it determines the charges on both the analyte and ion exchanger. Almost all 

proteins exhibit both positive and negative charges at pH values used in ion 

exchange chromatography. Of the 20 naturally occurring amino acids 7 contain 

functional groups that are weakly acidic or basic. The pka values and % 

occurrence of these 7 amino acids can be seen in Table 1.1.4.3.84

Table 1.1.4,3. The naturally occurring amino acids with weakly acidic or basic side chains.

Amino acid group pka in protein Occurrence in proteins

<%)

Arginine 12.0 5.7

Lysine 10.4-11.1 5.7

Tyrosine 10.0-10.3 3.2

Cysteine 9.0-9.5 1.73

Histidine 6.0-7.0 2.2

Aspartic acid 3.9-4.0 5.3

Glutamic acid 4.3-4.S 6.2

a-amino 6.8-8.0

a-carboxy 3.5-4.3

The interaction between stationary and mobile phase species is a dynamic 

equilibrium and the elution of adsorbed species can be achieved in two ways. 

Firstly a change in pH can lead to the reduction in net charge of both the 

stationary phase and analyte functional groups allowing desorption of the sample 

molecule. Secondly the addition of a salt solution can lead to competitive binding 

and blocking o f sample molecules and ultimately their elution. Sample molecules
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are eluted in order of increasing net charge and elution can be performed in a 

stepwise fashion or via a gradient.

Ion exchange chromatography utilises an orthogonal mode of separation to RP- 

HPLC and combination of the two techniques enables two dimensional 

separation to be performed.

1.1.4.5. Multidimensional Chromatography fo r  protein and peptide identification 

Through the application of orthogonal modes of separation, multidimensional 

chromatography can be a powerful approach to the resolution of complex 

samples. Traditionally the identification and quantification of proteins, in the 

field of proteomics, has been carried out by making use of 2-dimensional gel 

electrophoresis coupled to mass spectrometry. More recently soft ionization 

techniques such as electrospray and MALDI have been employed during 

identification and quantification analysis.87,88 However, for proteins of low 

abundance these techniques are not sensitive enough, particularly when studying 

whole cell lysates and proteome digests.89 The dominant multidimensional 

technique has, therefore, become ion exchange chromatography (typically cation 

exchange) followed by RP-HPLC. Yates et al developed a technique 

incorporating these two phases, which they call MudPIT (multidimensional 

protein identification technology), in which a biphasic column consisting of 

mixed strong cation exchange and C l 8 RP materials are packed into the same 

column. The MudPIT strategy has been used to identify almost 1500 proteins
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from the yeast proteome.90'92 Table 1.1.4.4 details various examples of samples 

analysed by multidimensional chromatography.

Table 1.1.4.4. Examples of some uses of multidimensional chromatography.

Type of 
multidimensional 

analysis
Sample Type Reference

S CX/S AX-RP-HPLC Ribosomes (Tryptic 
digest) 93

SCX-RP-HPLC Urine 94
SCX-RP-HPLC Blood ultrafiltrate 95, 96
SCX-RP-HPLC E»coli 97

SCX-RP-HPLC Saccharomyces 
Cerevisiae (Yeast) 90

SCX-RP-HPLC BSA in-gel digest 98

MudPIT Saccharoyces 
Cerevisiae (Yeast) 92

MudPIT Plasmodium Falciparum 
(Yeast) 99

RP-mPC-CE MHC peptides in EL4 
cells 100

SE-RP-HPLC E-coli 101

The majority of examples given utilise strong cation exchange and RP-HPLC 

however there are also instances of the use of other orthogonal modes of 

separation, for example size exclusion chromatography followed by RP-HPLC.

1.1.5. Immunology

Immunity can be divided into two basic types; imiate or natural immunity and 

acquired or adaptive immunity.102"106
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Innate immunity is the basic immune response we are all bom with and consists 

o f a range of cells which are available for immediate response to a wide range of 

pathogens without the need for previous exposure. An innate response is 

achieved in several ways including anatomic barriers such as skin, physiologic 

response to pathogens, such as fever which inhibits their growth, and 

inflammation in response to tissue damage with secretion of antibiotic serum 

proteins and delivery of phagocytes and endocytes, which engulf and digest 

invading macromolecules and micro organisms.

An acquired immune response is able to specifically recognise and selectively 

eliminate foreign micro organisms and molecules. Acquired immunity possesses 

four distinct characteristics which separate it from innate immunity. These are 

antigenic specificity and diversity, which allows the body to distinguish subtle 

differences among antigens; immunologic memory, which means that the 

immune response will be more effective 0 11 re-exposure to a particular antigen; 

and self and non-self recognition, which allows the immune system to distinguish 

between the two and only attack the non-self.

Together the innate and acquired immune responses have evolved to become a 

powerful defence against infection and disease. All cells of the immune system 

develop from pluripotent stem cells in the bone marrow and can be divided into 

two groups; lymphocytes and antigen presenting cells.
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1.1.5.1. Lymphocytes

Lymphocytes are types of white blood cells that make up approximately 20 % of 

their complement and are found in the lymphoid organs. The different types of 

lymphocytes are described as follows.

B lymphocytes

B lymphocytes mature in the bone marrow and each possess a unique antigen 

binding receptor on its surface known as the B-cell receptor. This is a membrane 

bound antibody consisting of two identical light peptide chains and two non­

identical heavy peptide chains. A light chain is bound to a heavy chain by 

disulphide linkages and non-covalently by hydrogen bonds and salt linkages to 

form heterodimers, these in turn are similarly bound together as shown in Figure

1.1.5.1. The antigen specificity of the antibodies is conferred by differences in 

the V  chains of the molecule’s antigen binding site.

Upon encounter with the antigen for which the receptor is specific, the naive B 

cell divides rapidly into memory B cells and effector cells, also called plasma 

cells, which produce a secretable form of antibody. The antibody circulates in the 

blood seeking out and neutralising antigens or marking them for elimination. B- 

cells recognise antigen on the surface of cells which have been released by an 

invading pathogen or altered self cells, for example that have become cancerous. 

The process of B-cell maturation is illustrated in Figure 1.1.5.2.
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B-cell receptor

Figure 1.1.5.1. a) Representation of a B lymphocyte with B-cell receptor on its surface, b) 

An enlarged view of the structure of the surface bound antibody molecule. (Adapted from 

reference 106).

Bone Marrow

Memory B-cell

+ Antigen sJ

Naive B-cell The B-cell receptor 
encounters antigen 
and becomes 
activated

Peripheral lymphoid organ

Plasma cell

Secreted antibody

Figure 1.1.5.2. B-cell maturation and proliferation scheme after encounter with an antigen. 

(Adapted from reference 106).

Progenitor B-cell

B-cell maturation 
occurs in the bone 
marrow
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T lymphocytes

In contrast to the B lymphocytes, T lymphocytes mature in the thymus and 

express a unique antigen binding receptor. After maturation, the naive T-cells 

circulate through the bloodstream and peripheral lymphoid organs in search of 

foreign antigens. T lymphocytes further differ from their B counterparts in that 

they are only able to recognise an antigen when it is associated with the cell 

membrane protein called the major histocompatibility complex (MHC), see 

section 1.1.6. When the T-cell encounters the MHC associated antigens it also 

proliferates and differentiates into memory and effector cells.

There are two kinds of T lymphocyte, these are distinguishable by the presence 

on their surface of a glycoprotein. T-helper cells possess a molecule known as 

CD4 and bind to antigen peptides associated with MHC class II. Once bound 

they become effector cells which stimulate the release of cytokines, which are 

important in the activation of B-cells and further immune responses. Cytotoxic T 

cells are identified by the presence of a molecule known as CD8 011 their surface. 

They bind antigen peptides associated with MHC class I. Upon interaction with 

the complex the cytotoxic lymphocytes (CTLs) proliferate and differentiate into 

effector cells which possess cytotoxic activity and destroy any cells which 

display that antigen.
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Figure 1.1.5.3 a) T-helper cell, characterised by the presence of T-cell receptor and CD4 

membrane glycoprotein, b) Cytotoxic T-cell characterised by the presence of T-cell receptor 

and CD8 membrane glycoprotein.

The process of T-lymphocyte activation for both T-cells and T-helper cells is 

shown schematically in Figure 1.1.5.4.

a) The altered/diseased cell 
presents antigen as an 
MHC class I complex to 
T-cell receptor and is 
recognised.

b)

The CTL is activated to 
seek and destroy 
altered/diseased cells.

Cytotoxic T-lymphocyte

Figure 1.1.5.4 a) Scheme showing the activation of cytotoxic T-lymphocytes after 

recognition of T-cell associated with CD8 and antigen-!MHC class I complex, b) Scheme 

showing the resulting release of cytokines and activation of CTL and B-cells upon

Internalised antigen is 
presented by the MHC 
class II complex to a T- 
helper cell.

The T-helper cell is 
activated and produces 
cytokines which are 
involved in the 
activation of B-cells and 
T-cells.
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recognition of the T-helper cell associated with CD4 with an antigen-MHC class n  complex, 

(Adapted from reference 106).

Antigen presenting cells (APCs) include macrophages, B-lymphocytes and 

dendritic cells which present on their surface MHC class II molecules. They 

function as a control o f the T-helper cell activation, so that an antigen will only 

be recognised when in conjunction with the class II molecule. Antigens are 

typically complex peptides with small immunologically active regions, known as 

epitopes, which are bound by the receptor.

1.1.6. Major histocompatibility complex

The major histocompatibility complex (MHC) is a large genetic complex found 

on chromosome 6 which encodes the human leukocyte group A (HLA), the 

products of which play an important role in self/non-self discrimination in the 

immune response.102'106 The genes exist in many different forms, known as 

alleles. The MHC has three regions which encode class I, class II and class III 

gene products. Class I and II molecules are membrane proteins, which are 

integral to the presentation of antigens. Class III are not membrane bound and do 

not take part in antigen presentation so will not be discussed further here.

MHC class I molecules are polymorphic transmembrane glycoproteins which are 

found on the surface of almost all nucleated cells. Structural information has 

been obtained by X-ray crystallographic analysis of the crystallised 

molecule.103,106 It consists of an alpha chain (45 kDa) which is encoded by the A,
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B and C regions of the HLA complex. This is non-covalently associated with a 

smaller protein f^-microglobulin (12 kDa). The alpha chain is organised into 

three extracellular domains with the p2m making up the fourth. It is attached to 

the membrane by a hydrophobic chain with a short hydrophilic chain linking it to 

the cytoplasm.107 The structure for MHC class I is shown in Figure 1.1.6.1.

Figure 1.1.6.1. The structure of MHC class 1. The alpha chain is shown in red and the p2- 

microglobulin in blue. A peptide is shown in the binding cleft.

A peptide binding groove is formed by the alpha 1 and 2 binding domains and is 

highly polymorphic. Different allelic forms of the gene confer different
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structures on the antigen binding cleft. These forms are inherited, one of A, B 

and C from each parent, and are known as haplotypes. There are almost 1000 

haplotypes in the human population.108 Each allelic variant binds a different set 

of peptides. Within the binding cleft are anchor residues, class I peptides are 

typically 8-11 amino acids in length, most commonly nonamers. The peptide 

amino acid residues bind to the anchor residue sites via their side chains which fit 

into pockets within the binding cleft. For class I there are two anchor positions, at 

position 9 on the carboxy terminus which is invariant and a further residue which 

is allele dependent and may reside at position 2, 3, 5 or 7. The MHC class I 

molecules presents peptides from endogenous proteins.106, 109 It is shown 

schematically in Figure 1.1.6.2.

Figure 1.1.6.2. Representation of the transmembrane MHC class I molecule with nonamer 

peptide in the binding groove. Anchor residues, at the 2 and 9 position, are shown in red.

The MHC class II molecule is also a membrane bound glycoprotein molecule 

which shares extensive sequence homology with the class I molecule. It consists 

of two, non-covalently bound, polypeptide chains, the alpha chain is 34 kDa and 

the beta chain 28 kDa. Unlike the class I molecule, the class II molecule is found
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only on the surface of specialist antigen presenting cells such as B-cells, 

dendritic cells and macrophages. It is encoded by the DP, DQ and DR region of 

the HLA complex. As with class I many alleles exist and are inherited, one from 

each parent. Structural information has been obtained by X-ray crystallographic 

analysis of the crystallised molecule.109’110 It is made up of two external domains 

a l , a2 and p i, p2. A peptide binding groove is made from the a l and pi domains 

which, like class I a l and 2 domains, are highly polymorphic. The structure of 

the class II molecule is shown in Figure 1.1.6.3.

Figure 1.1.6.3. The structure of MHC class II. The a l and pldomains are seen to form the 

binding groove in which a peptide is nestled.
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MHC class II peptides can vary in length and are usually between 12 and 25 

residues long. This variability in peptide length is due to a lack of restriction in 

the binding groove. A core sequence of 9 amino acids sits in the binding groove 

with a further, indeterminate number of residues on either side. The MHC class 

II molecule presents peptides derived from exogenous proteins. It is shown 

schematically in Figure 1.1.6.4.

Figure 1.1.6.4. Representation of the transmembrane MHC class II molecule with a peptide 

core sequence is bound within the groove and shown in red, further amino acid residues are 

shown extending from the groove. The class II groove typically possesses 3 anchor positions, 

most importantly at position 1 but also 4, 6, 7 or 9 .m

1.1.6.1. Processing pathways fo r class 1 and class II antigen presentation 

Cytosolic proteins are made up of a variety of sequences involved in the routine 

cellular processes, including foreign structures such as viral proteins. These 

proteins are then degraded into peptides of optimal length, usually nonamers. 

The MHC class I complex is assembled in the endoplasmic reticulum with a 

calnexin chaperone for stability. Binding of a peptide within the groove then
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occurs eliminating the need for the chaperone. The assembled complex is then 

transported through the golgi stack and to the cell surface,112 This process is 

summarised in Figure 1.1.6.5.

Class I presentation of endogenous antigen.

MHC class lft>eptide complex 
transported through Golgi to cell 
surface

In ER, MHC complex 
assembled with cainexin 
chaperone for stability 
prior to formation of 
peptideMIHC complex

Endogenous protein is 
degraded in the cytosol to 
give peptides

Figure 1.1.6.5. Class I endogenous antigen presentation pathway.

It is estimated that MHC class I complexed with a single peptide can vary in 

abundance from 1-10000 copy numbers per cell. Naturally, o f these, the most 

abundant will be the self peptides.113 The number therefore which can elicit a 

cytotoxic T-lymphocyte response would be considerably lower, in the region of 

1-1000 copies per cell.114,115 Table 1.1.6.1 lists a number of MHC class I peptides 

which have been identified and the levels at which they were estimated to be 

present on the surface of the cells.
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Table 1.1.6.1. MHC class I peptide sequences and their estimated copy numbers per cell.116

Peptide Definition Copies/cel! Ref

YLDPAQQNL MHN24 alloantigen 85-125 116

LSPFPFDL p2Ca alloantigen 12000 117, 118

ALWGFFPVX AH111 12-2 xenoantigen 1600 119

SLVELTSL BmlBZ194 10* 120

YIGEVLVSV HA-2 minor HAg 260 121

SPSVDKARAEL K-Y minor HAg 100 122

SLYNTVATL HIV-1 gag 400 123

ILKEPVHGH HIV-1 RT 12 118, 123

KYQAVTTTL P I98 tum-Ag 100 124

TYQRTRALV Influenza ANP 100-540 125

ASNENMETM Influenza ANP 100-220 124

SIINFEKL OVA 88 118, 126

FLWGPRALV MAGE-3 38-39 127

RRIYDLIEL EBV <1 128

* estimate 10 however assay prone to underestimate copy number due to 
competitive behaviour o f other peptides in the extract

The peptides identified represent a range of originating proteins and a greater 

range of abundances from as low as 10-12 copies per cell up to 12000, although 

it may be difficult to really compare these copies/cell figures as they have been 

estimated using different protocols/techniques and assumptions. Hunt et al have 

identified a further fifteen peptides from HLA-B7 JY cells which were 

immunopurified and fractionated by RP-HPLC prior to analysis by HPLC 

ESI/MS/MS on a triple quadmpole mass spectrometer. These were identified 

with copy/cell numbers ranging from 90-1300.129

Although estimates as low as 10 copies per cell have been made these are in the



minority a copy/cell number between 50-100 would represent a sensible lower 

limit for which to aim.

The MHC class II molecule presents exogenous antigen on its surface. The 

exogenous protein is internalised by phagocytosis prior to degradation to peptide 

fragments in the endosome. The class II ajl dimer is assembled together with the 

invariant chain in the endoplasmic reticulum. The complex is then transported 

through the golgi stack and the invariant chain is proteolytically cleaved in a 

post-golgi compartment leaving class II invariant chain peptide (CLIP) in the 

peptide groove. ' The molecule HLA-DM then facilitates the exchange of 

CLIP for an antigenic peptide prior to presentation on the cell surface. This 

presentation pathway can be seen in Figure 1.1.6.6.

Class II presentation of exogenous antigen

Exogenous protein internalised 
by endocytosis/phagocytosis

i-
DM exchanges CLIP o'S 
for antigenic peptide ,5 
before transport to 
cell surface

Exogenous antigen degraded 
^ in the endosome

. Transport through Golgi apparatus

Invariant chain is degraded to leave CUP 
in binding groove.

class II assembled with 
invariant chain in the ER.

Figure 1.1.6.6. MHC class II exogenous antigen presentation pathway.
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1,1.7. Cancer Immunotherapy

Cancer in general is extremely astute when it comes to resisting the advances of 

the immune system. Various types of the disease have developed immunologic 

escape mechanisms which may be exhibited either alone or in combination. They 

include.

■ Down regulation of HLA class I expression, this makes the tumour a less 

attractive target for cytolytic T-cells.

■ Surface expression of growth inhibiting/apoptosis inducing molecules 

(FasL, RCAS1) which react with the T-cells bearing their corresponding 

receptors.

■ Internal defects in apoptosis, which favour the emergence of a tumour 

clone, also serve to make it harder to kill.

Mutation of the tumour suppressor protein p53 and its over expression is also 

common in human cancers.

The rationale behind research into cancer immunotherapy is that it should be 

possible to induce the immune system to reject cancerous cells. In order for this 

to happen it is necessary to identify antigenic protein or peptide targets in the 

patients’ tumour and augment the existing weak anti-tumour response through 

therapeutic vaccination with tumour antigens by presenting them to the patient in 

such a way as to induce an immune response.133,134
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Tumour specific antigens (TSAs) are the ideal choice. These are antigens which 

are expressed solely by the malignancy, and are mutated proteins whose function 

is required to maintain the cancerous state, or embryonic proteins expressed due 

to a loss of the cellular control.135'138 Tumour associated antigens (TAAs) are 

proteins which are not unique to cancer cells, but are over expressed compared to 

normal cells.

More than 100 genes encode antigens that are tumour associated or tumour 

specific and which are capable of acting as targets for cell mediated immune 

response. Tumour antigens can be divided into a number of different types and 

shown below are examples o f each kind that have been identified.103’138442

■ Viral antigens

e.g. Epstein Barr virus (EBV), Burkitfs lymphoma; Human papilloma 

virus (HPV), cervical cancer; Human T-cell leukaemia virus.

■ Over expressed and mutated antigen, these genes are expressed 

ubiquitously but are mutated in tumour cells.

e.g. HER-2/neu, breast, lung; p53; MUC-1, colorectal, pancreatic; ras, 

pancreatic, colon, lung; c-myc

■ Cancer testis, expressed in tumour and immune privileged tissue such as 

testis and placenta.

e.g. MAGE, melanoma, lung, gastric; GAGE, melanoma; BAGE; NY- 

ESO-1; SSX

■ Differentiation antigens, expressed in normal and tumour cells but 

restricted to the tissue type in question.
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e.g. Melan-A/MART -1, melanoma; Tyrosinase, melanoma; gplOO, 

melanoma; CEA, colorectal, lung, breast.

* Fusion Proteins, arise from chromosome translocation events and are 

found in tumour tissue.

e.g. BCR/ABL (9:22), Leukaemia; ALL-l/AF-9 (9:11)

When attempting vaccination with tumour associated antigens the assumption is 

made that any autoimmune response is tolerable. One such side effect is the 

destruction of melanocytes, causing Vitiligo, seen in patients receiving 

immunotherapy targeting melanoma T A A.143

An approach pioneered by Boon and co-workers for the identification of tumour 

antigens has led to the identification of the cancer testis antigen MAGE and the 

melanoma antigens Melan- A/M ART and tyrosinase.144'148 This ‘genetic 

approach’ involves the transfection of cell lines with expression libraries of 

cDNA originating from diseased cells or tumours, into cells which expressed the 

desired MHC haplotypes. The transfection cells were then screened for 

expression of a tumour specific antigen by their ability to stimulate anti-tumour 

T-cells. The transcript which encodes for the MHC peptide was then isolated.

1.1.8. Identification of HLA peptides

The function of MHC class I and IT molecules is to present antigens to CD8+ T~ 

cells and CD4+ T-helper cells for immune surveillance. Characterisation of the
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MHC antigen peptides is a continuing area of interest with a view to identifying 

potential vaccine candidates for immunotherapy. There are two major 

approaches which are used for the identification o f HLA peptides.140,149-152 These 

approaches are described as follows.

1.1.8.1. Reverse Immunology

Under the reverse immunology approach, proteins associated with disease are 

searched for potential MHC binding epitopes using the consensus binding motifs 

of known MHC haplotypes. Prediction of allele specific sequence motifs are 

made by cataloguing the frequency of amino acids in different positions of 

peptides that are known MHC binders. Such motifs were first established 

employing Edman degradation on pooled MHC samples and confirmed and 

further redefined by tandem mass spectrometry.108,153, 154

The establishment of these motifs has allowed the development of software tools 

that may be used in the prediction of corresponding sequences within a protein. 

Two such algorithms are SYFPEITHI (developed by Rammensee et a/.108) and 

HLA_BIND (developed by K. C. Parker.155). Following software identification 

potential sequences can then be synthesised to establish their ability to stabilise 

the MHC molecule and stimulate an immunogenic CD8+ T-cell response. Most 

studies have identified HLA-A2 associated class I peptides as it is the most 

common human class I allele. A number of different allele specific peptides may 

be identified for each protein. The MAGE-1 protein is a good example of this, 

see Table 1.1.8.1.
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Table 1.1.8.1. MAGE peptides identified using the reverse immunology approach.

Sequence Source HLA Reference

EADPTGHSY MAGE-1 A1 156
SLFRAVITK MAGE-1 A3

157
EVYDGREHSA MAGE-1 A28

DPARYEFLW MAGE-1 B53

SAFPTTINF MAGE-1 CW3

However there are disadvantages to this approach, these are as follows:

i. The need for very well characterised binding motifs for the wide 

variety of haplotypes.

ii. It has been reported that these algorithms are correct only 30 % of the 

time. That is to say, less than one third of the sequences with the 

correct binding motif will actually bind to the MHC molecule.158

iii. Furthermore, the ability to bind and stabilise an MHC molecule does

not guarantee its natural processing and surface expression.

iv. Potentially miss out on a wide range of peptides which have

undergone post-translational modification such as glycosylation or 

phosphorylation.159' 163

1.1.8.2. Direct Identification

The second approach involves the direct identification of MHC bound peptides 

from infected/transfected cells. This is generally done in one of three different 

ways.
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Cell lysis

Cells are lysed with trifluouroacetic acid solution to give a complex mixture of 

intracellular and extracellular peptides. The addition of protease inhibitors to this 

solution is necessary to limit peptide degradation. The peptide mixture is 

fractionated by RP-HPLC and screened using a functional assay for the presence 

of particular T-cell epitopes. 166167 However, only a small number of the peptides 

released would actually have been bound to MHC complex prior to cell lysis. As 

this peptide mixture contains the peptide content of the entire cell the subsequent 

identification of MHC class I peptides with any confidence is far from 

straightforward.

Immunoaffinity Purification

This approach, sometimes known as the direct biochemical approach, utilises the 

elution of HLA peptides from immunopurified MHC complexes.168'170 Cells are 

lysed by employing a detergent, or by lowering the pH, allowing the release of 

the total cellular content. Similar to the cell lysis approach, the addition of 

protease inhibitors is necessary to limit peptide degradation. Monoclonal 

antibodies raised against particular class I haplotypes are then used to 

immunopurify class I complexes. An acid wash is then used to release the 

peptides from these immunopurified complexes. The released peptides are 

separated into fractions by RP-HPLC and each tested for their ability to stimulate 

T-cells.
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This approach has been used extensively, in conjunction with mass spectrometric 

methods, by Hunt and coworkers and is described in detail later in this 

chapter.171, 172 The major advantage of this approach is the ability to identify 

peptides which exhibit post translational modifications. The use of 

immunopurification also ensures a significantly cleaner extract than that 

observed by cell lysis alone. However, the possibility exists for MHC molecules 

to bind peptides which have been released from the cell interior by cytolysis. If 

these peptides are not normally expressed on the surface of cells and thus never 

presented for immune surveillance, this would lead to the incorrect identification 

of peptide vaccine targets.

Cell surface elution

An alternative method, which does not require cell lysis is the elution of peptides 

from the surface of cells using a mild acid wash. This elution occurs due to 

disruption of the MHC complex p2-microglobulin, which destabilises the MHC 

complex and releases the peptide from the binding groove without affecting cell 

viability.173,174

There are several advantages to this approach. The complexity of the elution 

mixture, compared to that obtained by cell lysis, is much reduced. After elution 

the MHC complexes will be reloaded with peptide allowing repeat elution of the 

same cells. This means that fewer cells may be required in order to generate 

sufficient peptide for analysis. Critically, unlike both of the previous methods, it 

can be said with a high degree of certainty that peptides identified after surface
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elution were presented on the surface of cells and therefore subject to 

surveillance by the immune system.

The cell surface elution method has been applied to the identification of the 

MART-l/Melan-A peptide ILTVILGVL from the peripheral blood of melanoma 

patients. 174 The HLA-A3 bcr/abl peptide KQSSKALQR has also been identified 

from leukaemia patients and transfected cell lines.175

1.1.8.3. LC/MS methods fo r  HLA peptide identification

Although the methodologies described in section 1.1.8.2 differ in their approach 

to peptide isolation, once this has been achieved the overall goal remains the 

same; to isolate and identify those peptides which are antigenic. There are three 

LC/MS based approaches commonly described in the literature for the 

identification of antigenic peptides following isolation. Examples of peptides 

isolated by these three methods can be seen in Tables 1.1.8.3a-1.1.8.3c. In most 

cases these examples have used immunopurification for the purpose of peptide 

isolation prior to analysis. However, these LC/MS methods may be applicable to 

other methods of isolation like those described in section 1.1.8.2. These LC/MS 

methods are described as follows.

• Predict/calibrate/detect 

Epitopes of interest are predicted from protein sequences of known tumour or 

viral antigens. The corresponding synthetic peptides are then used to calibrate the 

LC/MS system prior to analysis of the extracted natural peptides using the same
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LC/MS conditions. The peptides are identified by co-elution and tandem mass 

spectrometry. This method has been successfully applied to the identification of

  t / " c    1 r7'7

antigens from p53, CEA ‘ and MAGE. Pascolo et al have used capillary 

LC/MS/MS with a split flow of -300 nl/min and a 75 pm column and nanoflow 

ESI/MS/MS using a hybrid q-tof mass spectrometer for the identification of a 

MAGE-1 HLA-A2 epitope. 16399 Examples of peptides identified using this 

approach are given in Table 1.1.8.3a.

Table 1.1.8.3a. Examples of peptide sequences identified using the predict/calibrate/detect 

method.

Sequence Source HLA Reference

KVLEYVIKV MAGE-1 Al 177

PI/LDGEYFTI/L p53 A2 176

GVI/LV GVAI/L/I/L CEA A2 165

© Differential or subtractive analysis 

Hunt et al developed a method known as differential analysis which involves a 

comparison of the peptide products of infected/cancerous vs ‘normal’ cells. Two 

sets of MHC derived peptides, one from infected/cancerous tissue and one from 

healthy tissue are analysed by LC/MS. A comparison of the healthy and infected 

ion chromatograms is then performed over the entire scan range of the mass 

spectrometer using a window of 1 Da. This method is laborious and time 

consuming but will eventually reveal peptides unique to the diseased tissue.171,178 

Employing differential/subtractive analysis the human B lymphoblastoid cell line 

CIR-A2.1 and its non-transfected CIR counterpart were immunopurified and
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fractionated by capillary RP-HPLC/MS/MS on a triple quadrupole instrument. A 

broad band of material was observed in the CIR-A2.1 extracts but not the CIR 

extracts. A total of eight nonamer peptides were estimated to be present at a level 

of 100-3000 copies per cell. This study also investigated MHC binding motifs 

with all eight sharing a similar binding motif, a Leucine at position 2.171 Similarly 

the viral MHC class I peptides KLWESPQEI was identified by differential 

analysis of EBV transformed cells and their measles virus infected counterparts. 

The MHC molecules were immunopurified and fractionated by RP-HPLC prior 

to ESI/MS/MS analysis on an ion trap mass spectrometer.178 Differential analysis 

was used to identify two HLA-A2 peptides from the MAGE family, 

FLSLREAAL (MAGE-1294-3 02) and FLWGPRALV (MAGE-327i-279). Peptides 

were eluted from the surface of hepatocellular carcinoma tumour cells and 

healthy liver cells using a mild acid wash. Elution profiles were obtained by 

analysing peptides from both cell types by RP-HPLC-UV detection. Tumour 

specific peak fractions were identified by comparison of elution profiles and 

were analysed together with the non-tumour fraction by ESI-q-tof. Following this 

the MAGE-3 peptide was quantified and found to be present at 38-39 copies per 

tumour cell. CD8+ T-cell response was estimated by tetramer and IFN-y cell 

release assay, this showed that the peptide produces an immune response in- 

v itro m  Combined with derivitisation, differential analysis was used to identify 

the HLA-A2 peptide RLASYLDRV expressed on Keratin-18 transfected cells. 

Normal and cancerous tissue were immunopurified and the peptides derivatised 

separately, one with a deuterated derivitisation agent. The two were then 

combined and fractioned by HPLC prior to ESI/MS analysis to quantify the
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2Dx/lHx peak ratio and then MS/MS to perform sequence identification. 

Acetylation and guanidation/nicotinylation derivitisation were both utilised 

during this work.180 Further examples of peptides identified using this approach 

are given in Table 1.1.8.3b.

Table 1.1.8.3b. Examples of peptides identified using differential/subtractive analysis.

Sequence Source HLA Reference

GLDVLTAKV Vinculin/HIV-1 A2

181RILGAVAKV Vinculin/HIV-1 A2

KLWESPQEI Measles/MV-C A2

178

QLPEATFMV Measles/MV-M A2

LMIDRYPVL Measles/MV-H A2

RRYPDAYYL Measles/M V-F B27

RLASYLDRV Keratin-18 A2 180

• Ligand and T-cell split assay 

Hunt’s group also developed a comprehensive mass spectrometry based strategy 

to characterise antigens presented by MHC class I molecules.40,182 This protocol 

includes a multi-step reverse phase HPLC fractionation of peptides, CTL-based 

assay to identify active fractions and micro-LC/ESI/MS/MS to characterise the 

peptides. HPLC fractions are sampled and aliquots checked for biological 

activity, the active fractions are pooled and re-chromatographed and the 

procedure repeated, effectively reducing the peptide pool until it contains only 

peptide exhibiting immunological activity. In the third stage of chromatography
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the immunologic assay is performed on-line with mass spectrometric 

identification by splitting the sample.115,172

The general protocol of a ligand and T-cell split assay is described below:

1. The peptide-MHC complex is isolated by passing the supernatant of lysed 

cells through an allele specific monoclonal antibody column.

2. The liberated peptides are then separated from the high mass 

contaminants by ultrafiltration and fractionated by HPLC.

3. Each fraction is then analysed using a CTL-based assay.

4. Bioactive components are further fractionated with a second stage of RP- 

HPLC.

5. Each resulting fraction is then analysed by micro-LC/ESI/MS/MS in 

which the flow is split.

This approach has been used for the identification of a number of MHC bound 

peptides including a peptide epitope by high affinity CTL’s from five melanoma 

patients. The peptide YLEPGPVTA was isolated from the melanoma cell line 

DM6 from HLA-A2 molecules. The peptide is isolated from 15 fmol of peptide 

extracted from 4.109 cells which implies only 2 peptide/HLA-A2 complexes per 

cell however low binding suggests disproportionate losses are experienced 

during immunoaffinity purification therefore as many as several hundred 

complexes per cell could be expected. A 12 % yield was estimated based on -70  

% recovery during class I purification and extraction and 25 % recovery during
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the first two rounds of HPLC.172 The ligand and T-cell approach has also been 

used to identify more than 30 novel HLA-presented peptides on renal clear cell 

carcinoma line. The cells were lysed and immunopurified prior to fractionation 

by microbore HPLC. These fractions were then rechromatographed and the 

eluent spotted onto a MALDI target. A novel peptide has been identified by this 

approach originating from the tumour associated gene NY-BR-16. Both on-line 

LC/MS and LC/MALDI/MS were used, a number of overlapping peptides were 

identified by both techniques and each identified a smaller group of different 

peptides, suggesting that the two techniques are complementary.183 Further 

examples of peptides identified by the ligand and T-cell split assay are shown in 

Table 1.1.8.3c.
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Table 1.1.8.3. Examples of peptides identified by the ligand and T-eell split assay.

Sequence Source HLA Reference

YLEPGPVTA Pmel-17/gpl00 A2 172

SNFVFAGI p68 H2-IC 184

ALLAVGATK Pmel-17/gpl00 A3 185,186

ALWGFFPVL unknown A2 119

YLDPAQQNL zinc finger A2 116

KTWGQYWQV gplOO -

187

ITDQVPFSV gplOO -

VLYRYGSFSV gplOO -

AAGIGILTV MART-1 -

SQNFPGSQK VMM18/VMM12 (melanoma) A3

0
0

o
o

RLSNRLLLR cancer testis antigen A3

SQNFPGSQ VMM 12 (melanoma) A3

RRIYDLIEL EBV B27 128

YMDGTMSQV Tyrosinase A2 185

It can be seen from the relative number of examples which have been found in 

the literature from each of these three methods that the Ligand and T-cell split 

assay approach is by far the most widely used and has been responsible for the 

identification of a number of MHC class I associated peptides. Although the 

approach requires multiple stages o f separation, often leading to low peptide 

recoveries (-12 %, as described above) its ability to simultaneously identify the
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peptide sequence whilst confirming its potential immunogenicity makes it a 

reliable tool for identifying MHC class I antigens.

Whatever the approach used, identification of tumour associated antigens is a 

considerable challenge as, at best they represent a tiny percentage of the cellular 

component and it may be difficult to ascertain their uniqueness to the cancer 

cells.

Several identified tumour antigens have been tested in clinical trials.151

• The cancer testis antigens MAGE-3; NY-ESO-1 and Melan-A/MART -1; 

tyrosinase and gp70 have all been tested and some promising results have 

been obtained.146'148,172,189'190

• Trials with peptide vaccines only,191'192 with adjuvant and cytokines in 

melanoma and lymphoma patients.190,193-194

• Use of antigen presenting cells (APC), dendritic cells (DC’s) as a delivery 

system. The patients own dendritic cells are isolated and pulsed in vitro 

with peptides representing tumour antigens. The DC’s are then 

reintroduced to the patient, they migrate to the lymph nodes and initiate 

the generation of an anti-tumour response.193,195-199

It is clear, however, that in order for immunotherapy to be successful against 

cancer, the tumour load must first be reduced by chemotherapy, radiotherapy or 

surgery.



1.1.9. Chronic myeloid Leukaemia

Chronic myeloid leukaemia (CML) is a myeloproliferative disease which 

originates in the haemopoetic stem cell. It is characterised by an initial chronic 

phase of variable duration followed by an accelerated phase which progresses to 

a shorter terminal blastic phase. Once in blast crisis, patient survival is only 3-6 

months.

CML is characterised by a chromosomal abnormality, a reciprocal translocation 

between chromosomes 9 and 22, t(9, 22) which results in a shortened 

chromosome 22 known as the Philadelphia chromosome and a lengthened 

chromosome 9, 9q+. The translocation gives rise to a chimeric gene, bcr/abl on 

the Philadelphia chromosome and the abl/bcr gene on the 9q+ chromosome, the 

fusion mRNA is translated into a chimeric fusion protein.200'204 The breakpoint 

occurs on chromosome 9 in the c-abl gene between 1st and 2nd intron. This can be 

anywhere within a 300kb segment in the 5’ end of the gene, upstream of 1st 

alternate exon lb between la and lb or downstream of la, this location has little 

impact. The breakpoint on chromosome 22 occurs in the bcr gene, at several 

locations. The major breakpoint region (M-bcr) in the bcr gene gives rise to two 

possibilities, between exon 2 (b2) and exon 3 (b3) or between exon 3 and exon 4 

(b4). This breakpoint occurs in 95 % of all patients and results in hybrid bcr/abl 

mRNA molecules with a b2a2 and/or b3a2 junction encoding a p210bcr/abl fusion 

in each case. * In rare cases the bcr breakpoint occurs further upstream in the 

minor breakpoint region (m-bcr), the bcr/abl transcript contains an ela2 junction

72



and is translated into a smaller 190 kDa fusion protein pl90bcr/abl. A 

representation of these locations is shown in Figure 1.1.9.1.

a) ABL
X lb X
- o —

a2 a3la X
0 OOOOD

b) BCR

m-bcr

T
e1a2

b2 b3 e19

o d
*— ► 

M-bcr

TT
jj-bcr

T
b2a2 b3a2 e19a2

Figure 1.1.9.1. The breakpoint regions on a) the abl gene and b) the bcr gene which form 

the various bcr/abl fusion genes.

The protein which is encoded by the bcr/abl gene has elevated tyrosine kinase 

activity which is regarded as pivotal in the mechanism which underlies the

• 7 0 7  OAQchronic phase of CML. ' The chimeric fusion protein is a tumour specific 

antigen as the junctional region contains areas of both the bcr and abl proteins in 

a unique association not present in other cells. The protein also contains a new 

amino acid at the breakpoint, a lysine residue in b3a2 and glutamic acid residue 

in b2a2. The chromosomal translocation which results in the formation of a 

Philadelphia chromosome with a b3a2 breakpoint is represented in Figure

1.1.9.2. The amino acid sequence of the resulting protein which spans the fusion 

region of the translocation is also shown. The unique amino acid residue which

73



has been spliced between the interrupted bcr and abl proteins, in the b3a2 case a 

lysine residue, is highlighted in yellow.

C hrom osom e 9

C hrom osom e 22

Philadelphia C hrom osom e
i-------------1

b3a2 bcr/abl fusion protein

bcr gene
bcr/abl
chim eric
gene

H SA T G FK Q SSK A LQ R PV A SD

! abl gene

Figure 1.1.9.2 Representation of the reciprocal chromosomal translocation which generates 

the b3a2 bcr/abl fusion protein p210bcr/“bl. The uniquely produced lysine residue (K) is 

highlighted in yellow.

1.1.9.1. Treatment o f  CML 

Chemotherapy

Treatment after initial diagnosis and during the chronic phase is through 

chemotherapeutic agents. Hydroxyurea and bisulfan were once the drugs of 

choice to reduce leukocyte numbers. However, these are no longer routinely used 

and have been superseded by interferon alpha which has shown great 

effectiveness during the chronic phase. Up to 80% of patients achieve 

haematological remission and a quarter will show a complete or major
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cytogenetic remission.210 This therapy shows prolonged survival and is very good 

during the early stages of disease although some patients can suffer badly from 

side effects.

Imatinib Mesylate (Gleevac)

A new drug has been highly successful, Imatinib mesylate or Gleevac is a 

rationally designed compound which blocks tyrosine kinase activity and so is an 

ideal weapon against the bcr/abl p210 protein as it is known that the tyrosine 

kinase activity of the protein is essential to its transforming ability, driving 

unchecked blood cell proliferation.211,212 It works by binding to the ATP binding 

site of ABL when the activation loop of kinase is closed and stabilises the protein 

in the inactive conformation.213 It is a small molecule inhibitor which produces 

clinical remission in CML patients with minimal toxicity. It has also shown some 

success in treating patients in blast crisis 214 The drug is now a frontline therapy 

but resistance to its effects is increasingly being encountered.215

Stem cell transplantation

The only treatment currently available which is considered a potential curative is 

allogenic stem cell transplantation with a HLA matched donor. Only a minority 

of patients are eligible for this treatment due to a lack of suitable donor or the 

patient’s age, as the risks o f this procedure become more pronounced in older 

patients. Autologous transplantation, where the patients own stem cells are 

harvested soon after treatment has begun and transplanted to the patient at a later 

stage, is sometimes explored. This can offer prolonged survival to patients who
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are not responding well to interferon alpha treatment or who are not eligible for 

allogenic stem cell transplantation.

Vaccination with bcr/abl derived peptides

Bocchia et al216 investigated whether peptides derived from the bcr/abl 

breakpoint are able to bind with high affinity to the groove of the HLA molecule. 

It was determined that four b3a2 peptides displayed intermediate to high strength 

binding to A3, A l l ,  B8 and A3/A11 haplotypes. The ability of these peptides to 

elicit, in vitro, class I CTLs in healthy donors was tested.216 A 25 amino acid 

peptide spanning the junctional region was also tested. Half of all the donors and 

all of the A3 positive ones mounted a specific T-cell cytolytic reaction to the 

peptides. The same peptides were also tested on patients with encouraging 

responses.217 The first phase one dose escalation trial was performed on 12 

patients.218 The CML patients were all b3a2 and were dosed with 5 peptides with 

an immunologic adjuvant QS-21 with mixed responses. All but one patient had a 

high tumour burden. The single patient in cytogenetic remission experienced 

transient disappearance of b3a2 mRNA. Vaccination after treatment with 

Imatinib for 12 months or interferon alpha for 24 months has also been 

explored.219 All but one of the patients saw an improved cytogenetic response 

with 2 patients achieving complete cytogenetic remission. Patients also 

experienced CD4 cell proliferation and IFNy production. It is believed that the 

vaccination route is more successful when the tumour burden has been reduced 

as far as possible hence initial treatment with imatinib or interferon alpha 

improves the patients’ chances.
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If peptide vaccines are to be developed that are effective against CML and other 

cancers then it is necessary to show that specific antigens are associated with 

MHC class I and II molecules.
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CHAPTER 2

DEVELOPMENT OF MS AND CAPILLARY 

HPLC/MS FOR THE ANALYSIS OF PEPTIDES



Chapter 2 Aims Breakdown

In order to be able to successfully analyse MHC associated peptides, obtained via 

cell surface elution using the published method,1 it was necessary to study the 

chromatographic and mass spectrometric conditions. The low levels of peptide 

which are anticipated for MHC peptides necessitate that the maximum possible 

sensitivity be obtained from the LC/MS system. It was necessary, therefore, to 

optimise chromatographic separation and mass spectrometric fragmentation to 

allow a successful isolation o f the desired species followed by the maximum 

transmission of peptide ions which would be most useful in sequence 

determination.

In order to do this it was necessary to address the following points.

♦ The peptide fragmentation conditions.

Firstly the charge state of the peptide ion ([M+H]+, [M+2H]2+ or 

[M+3H]3+) would be studied to establish which would provide the most 

beneficial fragmentation pattern. Following this work, optimum 

conditions would then need to be established in order to generate a 

predominance of these ions by electrospray ionisation.

• The mass spectrometry ionisation source.

The ionisation source was to be studied for two reasons. Firstly, as a 

chromatographic separation of low flow rate was desired, a
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complementary electrospray ionisation source needed to be developed 

that could accept such flow rates. Secondly a low flow rate electrospray 

source is known to provide improved sensitivity based on their ability to 

generate smaller solvent droplets and better desolvation.2

• Instrumental sensitivity determined by chromatographic separation.

As the sensitivity of the LC/MS instrument is dependent, to a certain 

extent, on the degree of chromatographic dilution work was carried out 

on the separation of analyte species employing low flow rates.3

• Degree of sample volume loading.

It was necessary to configure a system which could accommodate the 

loading of large sample volumes (-1ml) which are expected from the 

previously developed MHC class I clean-up method.1 A compatibility 

issue exists between the flow rate used in capillary LC and the injection 

volume requirements of the method. This conflict needed to be resolved.

The study, and compromise, of these four points would determine the optimum 

instrumental conditions for the analysis and identification of MHC class I and II 

peptides.
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2.1.0. Introduction

The use of mass spectrometry for the analysis of peptides is a popular and ever 

growing field of interest. Whilst conditions for the analysis of tryptic peptides 

have been investigated, there have been few similar studies for MHC 4 Different 

ionisation techniques are available to allow the study of peptide molecules, and 

these have been discussed in Chapter one, however this thesis will only be 

concerned with analysis using the technique of electrospray ionisation (ESI/MS).

Under ESI/MS conditions it is possible, and common, to encounter doubly 

protonated peptides ([M+2H]2+) which undergo a charge separation reaction 

giving rise to an intense fragmentation series of usually singly charged b and y 

ions.5,6 Protein identification is usually performed by characterisation of peptide 

products resulting from the tryptic digestion of the protein in question. Trypsin is 

favoured as the cleavage results in the presence of a basic amino acid residue at 

the C-terminus.7 The presence of the basic residues encourages the formation of a 

doubly charged parent ion which fragments to form a series of y ions, making the 

spectra easier to interpret.8

A number of different factors are thought to influence the fragmentation of 

peptides. The use of collisionally induced dissociation, which is a relatively low 

energy technique, tends to favour b and y ion formation. Tabb et a t  found that 

the amino acid residue adjacent to the amide bond influences its cleavage, for 

example, a proline residue enhances cleavage at the N-terminal amide bond and
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fragments with loss of ammonia are common where Gly/Asn residues are 

present.10 In small peptides, the number of basic sites determines the maximum 

charge state of the ion (Arg, Lys, His are all more basic than the peptides free N- 

terminus). The mobile proton model proposes that peptide dissociation results 

from charge directed cleavages initiated by intramolecular proton transfers. 

Fragmentation of most protonated peptides requires the involvement of a proton 

at the cleavage site, that cleavage is charge directed.11,12 The ease of 

fragmentation is dependent on peptide composition and size, doubly charged 

peptides will fragment more easily than singly charged. Peptides with basic 

amino acid residues require more energy to dissociate, the mobile proton 

explanation for this is that a basic residue will have a strong affinity for the 

proton and therefore to move it from the side chain to the backbone to initiate 

charge directed cleavage and produce b and y ions more energy will be 

required.13 The dissociation energy is greater for Arg containing peptides than 

Lys, mirroring the order of decreasing gas phase basicity.11 Fragmentation of the 

highest possible charge state of the peptide can lead to the most informative 

fragmentation. However, if  a single proton is fixed to a basic amino acid there 

remains no mobile proton to direct fragmentation which is therefore limited, even 

at severe low energy conditions. If the charge state of the peptide is greater than 

two then the location of additional non-terminal basic residues is important due 

to its effect on the migration of the mobile proton. The mobile proton will not 

reside close to another fixed proton therefore little fragmentation will be seen at 

these positions.14 The mobile proton theory is illustrated in Figure 2.1.0.1 for the 

doubly charged peptide ATSFYK.
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Figure 2.1.0,1. The peptide (ATSFYK) has two basic sites and so is doubly protonated when 

ionised via electrospray. The proton on the C-terminal lysine residue is fixed due to the 

basicity of that site. The proton attached to the N-terminal amine is not fixed and can 

migrate down the peptide chain by internal solvation resulting in a heterogeneous mixture 

of peptides with different sites of protonation along the same peptide sequence.
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This also explains the simplicity of doubly protonated tryptic peptide 

fragmentation as, under low energy conditions, one proton remains associated 

with the most basic residue with the remaining proton free to initiate charge 

induced dissociation along the peptide backbone.15

The formation of the parent ion and the number of charges it will support is 

dependent on a number of factors during the electrospray process. Wang and 

Cole discussed composition and pH of the analyte solution. At low pH, <6.5, the 

calculated solution ratio of doubly : singly charged ions is much greater than that 

seen in the gas phase for the peptides bradykinin and gramicidin S.16 Coulombic 

repulsion and attraction of counter ions were hypothesised to be responsible for 

this together with the protonation of non-aqueous solvent molecules. The 

application of the work was intended to be on-line LC/MS analysis therefore the 

solvent composition was not experimented with and was intended to mimic, as 

closely as possible, the post-column eluent. Instrument parameters were studied 

to determine the optimum conditions for the analysis o f these peptides.

The temperature of the mass spectrometers heated capillary and the tube lens 

offset voltage were both studied in relation to the formation of peptide ions. The 

effect of these parameters on the charge state of the MHC class I and II peptide 

ions and the resulting fragmentation spectra obtained were both explored. Other 

variable such as capillary voltage and the voltages applied to the octapoles and 

lenses in the pre trap region can be collectively ‘tuned’ automatically by the 

software for the transmission of particular species. Figure 2.1.0.2 is a schematic
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representation of the ion stack which illustrates the location of the heated 

capillary and the tube lens.

U r t r t ' f r 'I -*->,-1 I l ( ^  ru c a i c u  ^ a p m c u y
To ion trapIons in

tube lens

Spray shield

Figure 2.1.0.2 Schematic representation of the atmospheric pressure ionisation (APT) stack 

demonstrating the location of the heated capillary and tube lens.

The potential advantages of micro/nano-spray ionisation over conventional 

electrospray have been discussed in Chapter 1 (section 1.1.1). Reduction in the 

spraying orifice size results in smaller droplet formation and better desolvation 

during the electrospray process thereby improving sensitivity at the detector. 

Enhancing sensitivity is desirable considering the low level of MHC peptides 

which is expected.

One of the aims of this work was to develop on-line LC/MS analysis to increase 

sample throughput and automation leading to a more robust system. The use of
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capillary HPLC was therefore necessary in terms of compatibility of flow rate 

when coupled to a p-spray ionisation source. It also benefits for an increase in 

sensitivity due to a reduction in chromatographic dilution as discussed in Chapter 

1 (section 1.1.4).

One limitation of capillary HPLC involves the reduction in sample injection 

volume. It was known that the MHC class I method which had been previously 

developed resulted in samples in excess of 1 mL. It was therefore necessary to 

configure a system which would allow the loading of large sample volumes.
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2,2.0. Materials and Methods

Investigations were performed into the optimum instrumental conditions for 

peptide identification by nano-spray ionisation mass spectrometry. Peptides were 

analysed using an in-house constructed static nano-spray ionisation source with 

unbroken nano-spray tips (Protana, Denmark), coupled to a Finnigan LCQ 

quadrupole ion trap mass spectrometer (QITMS) (ThermoFinnigan, Hemel 

Hempstead, UK). The tips were broken by gently touching them against the 

surface of the mass spectrometers heated capillary to one side of the inlet orifice 

using the xyz manipulator onto which the nanospray source was mounted.

Optimisation of mass spectrometric conditions was carried out by sustained 

spraying from a nanospray tip. This was done to ensure that optimisation was 

performed on a steady and continuous signal which would allow the relative 

intensities of ions to be obtained from averaged data of approximately 50 pscans. 

Trends in collision energy and fragmentation spectra remain consistent. Similarly 

the trends observed in peptide mass spectra with variation in capillary 

temperature and tube lens voltage remain applicable in the long term. As such 

replicate analyses were unnecessary, as was the repetition of the exercise on a 

different day.

Investigation of the effect of spray tip internal diameter was performed by 

infusion of peptide solutions at a flow rate of 3 pl/min. In each case peptide 

signal duration was up to 10 minutes which allowed the spray to stabilise and the
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averaging of mass spectra over multiple g scans to compensate for scan to scan 

variations across the whole scan range of the mass spectrum. Once again this 

eliminated the need for replicate optimisation.

2.2.1. Effect of peptide charge state on collision energy and fragmentation 

spectra

The effect of charge state o f the parent ion on collision energy required to 

fragment the ion and fragmentation pattern observed was explored for an 1 lmer 

peptide (GFKQSSKALQR, MWt 1248.7 gmol'1, 100 pmol pi'1 in 50/50 % v/v 

acetonitrile/H20 + 1 % acetic acid) and an 18mer peptide

(ATGFKQSSKALQRPVASD, MWt 1890.2 gmol'1 100 pmol pi'1 in 50/50 % v/v 

acetonitrile/H20 + 1 % acetic acid). Both of these peptides represent sequences 

from the bcr/abl protein junctional region. Analysis was performed using a static 

nanospray source with Au/Pd coated nano-spray tips (Nano-ES tip, Protana, 

Denmark).

The ion trap experimental conditions were as follows:

Sheath gas, 20 arb units; Auxiliary gas, 0 arb units; Capillary temperature, 180 

°C; Spray voltage, 1.1 kV; Capillary voltage, 46 V; Tube lens offset, -40 V; 

Collision energy, variable.
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2.2.2. Optimisation of mass spectrometric tube lens voltage and heated 

capillary temperature

The effect of mass spectrometric conditions, specifically tube lens offset voltage 

and capillary temperature, on the distribution of charge state of peptide parent 

ions were investigated. Analysis was performed using a static nanospray source 

with Au/Pd coated nano-spray tips (Nano-ES tip, Protana, Demnark). Capillary 

temperature was allowed to equilibrate prior to analysis.

The ion trap experimental conditions were as follows:

Sheath gas, 20 arb units; Auxiliary gas, 0 arb units; Capillary temperature, 180 

°C / 250 °C; Spray voltage, 1.1 kV; Capillary voltage, 46 V; Tube lens offset, 

variable.

These conditions were then tested on a MHC class I predicted 9mer peptide 

(GFKQSSKAL, MWt 964.4 gmol'1 100 pmol pi'1 in 50/50 % v/v 

acetonitrile/H20  + 1 % acetic acid) to ensure that these were the optimal 

conditions for the generation of useful mass spectra. The ion trap experimental 

conditions are as above with the exception of tube lens offset, -40 V; Capillary 

temperature, 180 °C.

2.2.3. Development and evaluation of a microspray ion source

An on-line miniature electrospray (microspray) source was constructed to 

accommodate the low flow required for HPLC columns with an internal diameter
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of <300 pm. The source is shown schematically in Figure 2.2.3.1. An xyz 

manipulator with a PTFE mounting and a plastic tube holder was used to support 

and insulate a zero dead volume stainless steel union (SGE, Australia), which 

was used to connect a fused silica transfer line (100 pm i.d.) to the spraying tip. 

A voltage was then applied directly to the union.

Teflon mount

Plastic holder

Fused silica tubing

Mini-union 
(voltage applied)

xyz manipulator

Figure 2.2.3.1 Schematic representation of the in-house constructed microspray source.

A comparison was made between the sensitivity of the microspray ion source and 

the normal LCQ ESI source, using a range of fused silica tip internal diameters. 

Flow injection analysis was used to introduce peptide solution (sequence 

ATGFKQSSKALQRPVASD, 1.0 pmol p f 1 in 50/50 % v/v acetonitrile/H20  + 1 

% acetic acid) from a 10 pL injection loop into a flow of 50/50 % v/v 

acetonitrile/FhO + 1 % acetic acid. This flow was then pumped into the LCQ 

microspray ion source at a flow rate of 3 pi min'1 using the integral syringe 

pump. Full scan MS and MS/MS data were obtained for the Finnigan ESI source

102



and for the microspray source fitted with tips with internal diameters of 100 jam, 

50 pm and 25 jam.

The ion trap experimental conditions were as follows: auxiliary gas, 0 arb units; 

capillary temperature, 180 °C; capillary voltage, 46 V; tube lens offset, -40 V; 

collision energy, 20 %. Finnigan ESI source: sheath gas, 60 arb units; spray 

voltage, 4.5 kV. Microspray source: sheath gas, off; spray voltage, 3.5 kV.

2.2.4. Nano-LC/p-ESI/MS

An interface was constructed for use with a nano-HPLC system to allow on-line 

HPLC separation followed by micro-electrospray ionisation ion trap mass 

spectrometry. The microspray ESI source previously described (section 2.2.3) 

was modified to allow for sub pi min'1 flow rates by replacing the 100 pm i.d. 

inlet tubing with a 75 pm i.d. capillary LC column and 20 pm i.d. fused silica 

capillary tubing. The spray tip was replaced with a conductively coated tip of 20 

pm i.d. pulled to a 5 pm i.d. spray orifice (New Objective, Massachusetts, USA).

Experimental conditions were as follows:

Sample solution: Peptide gp70 SPSYVYHQF(4 5 4-462) 18 fmol pF1 in 0.01 % 

TFA(aq). Injection volume: 1 pi. Column: Pepmap 75 pm i.d. x 150 mm C l8 

nanobore column (Dionex, Surrey, UK). Mobile Phase A: H2O + 0.09 % formic 

acid. Mobile Phase B: Acetonitrile + 0.08 % formic acid. Flow rate: 200 nl min'1.
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Gradient profile, 100 % A to 40 % B in 60 minutes. Pump: Ultimate™ nano LC 

pump (Dionex, Surry, UK).

Mass spectrometry was performed using on-line micro-electrospray ionisation 

mass spectrometry on a Finnigan LCQ ion trap (ThermoFinnigan, Hemel 

Hempstead, UK). Mass spectrometric conditions were as follows: spray voltage, 

2.0 kV; capillary temperature, 180 °C; capillary voltage, 46 V; tube lens offset, - 

40 V; No sheath gas or auxiliary gas required.

2.2.5. Introduction of large sample volumes

A trap column, Pepmap 300 pm i.d. x 5 mm, (Dionex, Surrey, UK) was 

incorporated into the capillary LC system by modifying the Ultimate LC pump 

injection valve to allow the loading and preconcentration of large sample 

volumes. The modified injection valve configuration is shown schematically in 

Figure 2.2.5.1.

injection loop injection loop
Switching -5—1 Switching- o —

splittersplitter

To waste To waste

trap
column

trap
column

analytical
column

analytical
column

loading
pump

loading
pump

Ultimate
nano­
pump

Ultimate
nano­
pump

Figure 2.2.5.I Schematic of the Ultimate switching valve configured for the loading of large 

sample volumes, (a) Shows the valve in the load configuration with the flow of
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sample/solvent shown in red. (b) Shows the valve in the inject configuration with the flow of 

sample/solvent shown in blue.

Loading of the trap column was achieved by pumping the sample solution from 

the injection loop in 0.1 % TFA at a flow rate of 20 pi min'1. Varying the loop 

volume allowed a sample volume of up to 1000 pi to be introduced in 

approximately 50 minutes. Using a Waters 501 HPLC pump operated at 0.6 ml 

m in 1 which was reduced to 20 pL min"1 using a flow splitter (SGE, Australia). 

After sample loading was complete, the valve was switched and the gradient 

activated to allow elution of the analytes from the trap column onto the analytical 

column using the nano LC pump. The configuration was tested with the gp70 

peptide SPSYVYHQF(4 s4_462), 10 pi injections of peptide (1.8 fmol p f 1 in 0.1 % 

TFA) and 1000 pi injections of peptide (1.8 fmol total in 0.1 % TFA). All 

Ultimate™ and LCQ conditions were as described above (Section 2,2.5) except 

for the solvent gradient which was set to change from 90 - 40 % A in 90 minutes.
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2,3.0. Results and Discussion

Investigations were performed into the optimum instrumental conditions for 

peptide identification by nano-spray ionisation mass spectrometry.

2.3.1. Effect of peptide charge state on collision energy and fragmentation 

spectra

The effect of peptide charge state on fragmentation has been investigated for 

tryptic peptides. Poor fragmentation efficiencies were observed in low energy 

collisionally induced dissociation of singly protonated peptides that contain 

strongly basic residues.17

Substantial differences in the extent of collisionally induced fragmentation are 

frequently observed for multiply protonated ions and their singly protonated 

counterparts. Investigations into peptide fragmentation have shown that doubly 

charged peptides fragment differently to their singly charged counterparts. The 

role of ionising protons and basic residues in the fragmentation process in terms

of their location and interaction within the peptide ion has also been explored.18'

22

The effect of the charge state of the peptide on collision energy required to 

fragment it and on the fragmentation spectra produced was investigated for three 

peptides composed of nine, eleven and eighteen amino acids, approximating
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MHC class I and II length, originating from the junctional region of the bcr/abl 

fusion protein. A solution of an MHC class II 18mer peptide 

(ATGFKQSSKALQRPVASD, MWt 1890.2 gmol'1100 pmol pi4 in 50/50 % v/v 

acetonitrile/H20) was initially analysed using the nano-spray source. The doubly 

and triply charged ions were both subjected to collisionally induced dissociation 

to determine the optimum charge state for peptide fragmentation. The singly 

charged ion was not investigated as it has been shown that singly charged parent 

ions which contain one strongly basic residue fragment poorly due to the 

sequestering of the proton by the basic residue. In the case of the peptide 

RLICFSCFR, fragmentation of the singly charged parent ion (generated by FAB) 

gives poor fragmentation due to sequestering of the proton by one of the arginine 

residues.23 The breakpoint region consists of a unique lysine (K) residue 

therefore all of the likely bcr/abl targets will fall into this category.17 A solution 

o f an MHC class I llm er peptide (GFKQSSKALQR, MWt 1248.7 gmol"1 100 

pmol pi"1 in 50/50 % v/v acetonitrile/FkO) was subjected to the same analysis. 

Data was acquired continuously using nanospray tips loaded with the peptide 

solutions. The data was averaged over a period o f ca. 50 pscans to account for 

slight variations in signal intensity with time. The MS and tandem MS data for 

the 18mer and llm er peptides can be seen in Figures 2.3.1.1 and 2.3.1.2 

respectively. For the 18 mer peptide a collision energy of 19 % was required to 

fragment the triply charged parent ion and a collision energy of 27 % for the 

doubly charged parent ion. Similarly for the CID of the llm er peptide, a lower 

collision energy was required to fragment the triply charged ion compared with 

the doubly charged ion (15 % and 20 % respectively). Ions with greater charge
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accelerated through the same potentials as ions of lower charges have greater 

energies so collision energy requirements may be reduced for multiply charged 

ions.24 It has also been shown that triply charged ions experience 50 % higher 

collision activation than that for the doubly charged ions for a given potential 

difference due to their increased coulombic repulsion.25 Figures 2.3.1.1 and

2.3.1.2, panels b and c, show the resulting tandem mass spectra for these two 

ions for the 18 mer peptide and 11 mer peptide respectively. It can clearly be 

seen that greater coverage o f b and y ions is observed upon fragmentation of the 

doubly charged ion. Intensity of the product ions observed during CID of the 

[M+2H]2+ in the high mass region, m/z 1000-2000, is greater than for the product 

ions of the triply charged, [M+3H]3+, ions. For example in Figure 2.3.1.1 the bn, 

b i3 and yi3 yi4 (m/z 1247-1515) ions are clearly present in the fragmentation 

spectrum of the [M+2H]2+ ion (c) but are absent in the fragmentation spectra of 

the [M+3H]3+ ion (b). A similar pattern is seen for the 1 Imer peptide in Figure

2.3.1.2. The b? (m/z 789.4) and yg (m/z 917.5) ions are present in both MS/MS 

spectra, however the relative intensity of these ions in the product ion spectrum 

of the [M+2H]2+ (c) ion is between 5 and 10 times greater than is observed in the 

product ion spectrum of the [M+3H]3+ ion (b). The wider sequence coverage 

which can be obtained will allow greater confidence in the identification of 

unknown peptide sequences. It has been reported26,27 that for the peptide 

RLCIFSCFR, fragmentation of the triply charged ions yields product ions with 

an efficiency two orders of magnitude greater than for the doubly charged ion. 

However, this peptide is unusual in that both Arginine residues are at the peptide 

terminal ends and therefore the mobile proton will not be hindered by the
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presence of sequestered protons in the body of the peptide. In triply charged 

peptides the location of the basic residues is important as it will affect the 

migration of the mobile proton. The proton will not reside alongside another and 

therefore fragmentation at these sites will be limited.14 This may explain the 

greater sequence ion coverage which was observed for the [M+2H]2+ ion than the 

[M+3H]3+ ion during these experiments.

To summarise, with both the 18mer and 11 mer peptides, fragmentation of the 

doubly charged peptide ion yielded the most structural information about the 

peptide, so for both class I and class II peptides the [M+2H]2+ ion was targeted in 

all subsequent experiments. As discussed in section 2.1.0, investigations of 

peptide dissociation have focused predominantly on tryptic peptides, these have 

been shown to generate predominantly doubly charged parent ions during 

ESI/MS due to the presence of C-terminal Lys/Arg residues.8 The MHC 

processing pathway however does not guarantee the same cleavage therefore the 

fragmentation spectra which occur may be of greater complexity. In these 

examples extensive fragmentation is seen and as with the tryptic peptides the y 

series of ions predominates, b ions are also seen and these aid in identification. 

Coincidently, the 11 mer peptide terminates in an Arg residue although the 18mer 

peptide does not. Multiply charged ions have higher kinetic energies than their 

singly charged counterparts, consequently when accelerated with the same 

potential they will retain more energy for electronic and vibrational excitation 

during collision.13’15,28
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Figure 2.3.1.1 a) Full scan mass spectrum of peptide ATGFKQSSKALQRPVASD showing 

|M +2H |2+ (m/z 946.1) and |M +3H|3+ (m/z 631.4) ions, b) tandem mass spectrum of the 

|M +3H|Jf ion. c) tandem mass spectrum of the |M +2H|2+ ion. Mass spectra were averaged 

over ca. 50 pscans.
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Figure 2.3.1.2 a) Full scan mass spectrum of peptide GFKQSSKALQR showing |M+2H]2+ 

and |M+3Hj34 b) Tandem mass spectrum of the |M+3Hj3+ion. c) Tandem mass spectrum of 

the |M +2H|2+ ion. Mass spectra were averaged over ca. 50 pscans.

It has been shown that doubly charged peptides give different fragmentation 

spectra to singly charged peptides, it follows that triply charged peptides will 

differ again. This is confirmed in Figures 2.3.1.1 and 2.3.1.2 which exhibit 

markedly different fragmentation spectra for the doubly and triply charged 

peptide ions, both in terms of intensity and identity of the ions produced. A 

greater abundance of y ions has been observed in Figures 2.3.1.1 and 2.3.1.2. It 

has been shown to be the case with the fragmentation of tryptic peptides that y- 

ions are more abundant than the complementary b-ions.17 29 It has been suggested
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that this is because y-ions are inherently more stable than the b-ions and 

therefore more resistant to further decomposition.19

Fragmentation of precursor ions to products of lower charge state clearly implies 

formation of complementary ions. Observation of complementary pairs 

facilitates the interpretation of product ion spectra. It has been noted that 

fragmentation of tryptic [M+2H]2+ ions yielded product ion spectra in which b- 

ions (with charge retention at N-terminus) appeared at considerably greater 

relative abundance than y counterparts, due to higher stability of b-ions.18 This is 

consistent with the idea of the b-ions site of charge being primarily on C-terminal 

amino acid residue side chain whereas y-ions have no strongly favoured site of 

charge.23,27 On comparison of [M+H]+ and [M+2H]2+ ions it can be seen that 

high mass N-terminal (b) sequence ions have greater relative abundance in the 

fragmentation of doubly rather than singly charged ions.24

2.3.2. Optimisation of mass spectrometric tube lens voltage and heated 

capillary temperature

Analyte sensitivity and mass spectra depend not only on buffer composition and 

pH but also on ESI voltage and ion focusing parameters.30 The relative 

proportion of singly vs multiply charged peptide ions depends on solvent 

composition and skimmer potential.31
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Since the [M+2H]2+ ion has been identified as the most useful charge state for the 

identification of peptide sequences (section 2.3.1) the optimum tube lens offset 

voltage (TLV) and capillary temperature for the transmission of these ions has 

been investigated. These parameters can have a marked effect on transmission of 

ion charge states and are relatively easy interface parameters to manipulate. 

‘Tuning’ of the capillary and octapole voltages was additionally performed in 

conjunction with these determinations to establish maximum ion transmission. 

Two peptides, an 11 mer and 18mer, were used for this optimisation. With the 

results confirmed by analysing a third peptide 9, amino acids in length, to 

confirm the findings. This set of peptides was chosen as they originate from the 

breakpoint region of the bcr/abl fusion protein which is the target for this work. 

The lengths represent MHC class I (9-11 mer) and MHC class II (core sequence 

of ~9, indeterminate chain length).32 Although only 3 peptides were studied 

during this optimisation they were sufficient to indicate a trend in the effect of 

conditions on mass spectra. Additionally they represented the breakpoint region 

which was ultimately o f interest in this work. Furthermore the conditions 

optimised here were utilised in the development of nano-LC (section 2.3.4) using 

a 9mer peptide originating from the gp70 protein to target the [M+2H]2+, hence 

further confirming the trends observed here.

2.3.2.1 Tube lens offset voltage

The tube lens offset voltage is the voltage offset from ground that is applied to 

the tube lens to focus ions towards the opening of the skimmer (a voltage is not 

applied to the skimmer on the LCQ ion trap). The tube lens offset voltage also
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assists in the desolvation of adduct ions by accelerating the ions into the 

background gas. Low values of this parameter result in low energy collisions 

with the background gas which lead to desolvation, high values will lead to 

higher energy collisions which may result in collision induced dissociation.33

The 11 mer and 18mer peptides were both analysed using the static nano-spray 

source. The tube lens offset voltage (as shown in Figure 2.1.0.2) was varied to 

ascertain the optimum condition for formation of the doubly charged ion for the 

two model peptides. Figures 2.3.2.1 and 2.3.2.2 show the effect on the % relative 

abundance of the [M+H]+, [M+2H]2+ and [M+3FI]3+ ions for both the 18mer and 

11 mer peptides observed when the tube lens offset voltage was varied, whilst 

maintaining a fixed capillary voltage (+46 V) and capillary temperature (180 °C). 

The data was averaged over a period o f ca. 50 pscans to compensate for 

variability of signal intensity over time.

Figure 2.3.2.1 shows the trends in the relative abundance of the singly, doubly 

and triply charged ions for the 18mer peptide. At high negative tube lens voltages 

the [M+3H]3+ ion dominates the spectra with the [M+H]+ and [M+2H]2+ ions 

present in only very low abundance. As the voltage increases there is a steady 

increase of [M+H]+ and pVl+2H]2+ ion intensities whilst the [M+3H]3+ ion 

maintains its dominance. Above a tube lens voltage of +40 V, the intensity of the 

[M+3H]3+ ion begins to fall and the [M+2H]2+ ion increases reaching 100 % 

relative abundance at a tube lens voltage of +50 V.
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Figure 2.3.2.1. The variation of the relative abundance of the peptide ion against tube lens 

offset voltage for the singly, doubly and triply charged ions of the 18mer peptide 

ATGFKQSSKALQRPVASD (capillary temperature 180 °C).

A similar trend is observed in Figure 2.3.22  for the llm er peptide. At negative 

tube lens voltages the [M+3H]3+ ions predominate, although both the [M+H]+ 

and [M+2H]2+ have a greater relative abundance at negative tube lens voltages 

than that observed for the 18mer peptide ions. The [M+2H]2+ ion becomes the 

dominant ion in the spectrum at a tube lens voltage of +20 V. The [M+H]1 ion
 ̂I (

abundance continues to rise more gradually, and that of the [M+3H] falls, with 

the increased tube lens voltage. These observations suggest that higher positive 

tube lens voltages favour transmission of [M+2H]2+ ions into the ion trap. It has 

been shown that a relatively high skimmer voltage optimises [M+H]+ product 

whereas at a lower potential the [M+2H]2+ ion is favoured.31 Low electrospray
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'y'x 'kaskimmer voltages favour survival of higher charge state ions. ’ 5 A similar 

trend is observed in these experiments with the highest charge state ion (3+) 

favoured at low voltages and the increase in the lower charge state ions (1+ and 

2+) as the voltage is increased. This effect is observed, for both peptides, until 

the [M+2H]+ ion dominates the mass spectra. Had even higher voltages been 

explored it may have been the case that the [M+H]+ ion would have eventually 

been dominant as described in the literature above.

[M+H]+ —c:—  [M+2H]2+ —a ~  [M+3H]3+

-100

<oo
ECO
13
E
S3

J3<0)>

-— 6 0 -

re
Q>OS

-60 -50 -40 ■30 -20 -10 0 10 3020 40 50

Tube lens voltage IV

Figure 23.2 .2 . The variation  o f the relative abundance of the peptide ion against tube lens 

offset voltage for the singly, doubly and trip ly  charged ion fo r the 11 m er peptide 

GFKQSSKALQR (capillary  tem peratu re  180 °C).
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2.3.2.2. Capillary temperature

A heated capillary aids in droplet desolvation. The use of high temperatures and 

occurrence of collisions within the capillary assist in the desolvation process and 

help to accomplish the declustering of ions from neutrals, thereby improving 

sensitivity.36 Increasing the temperature will result in increased energy for the 

ions therefore more collisions and better desolvation and declustering however a 

greater incidence of in source fragmentation may also result. As such there must 

be a balance between increasing temperature to optimise desolvation but not so 

much that fragmentation occurs which will lead to a reduction in sensitivity.

The 11 mer and 18mer peptides were also analysed at different heated capillary 

temperatures and tube lens offset voltages of -50 V and +40 V. Figures 2.3.2.3 

and 2.3.2.4 show the effect o f analysing these peptides at capillary temperatures 

of 180 °C and 250 °C. It has already been shown that effective ion desolvation 

occurs during nano-spray analysis when employing capillary temperatures of 

150-200 °C.37 The purpose of these experiments therefore was to examine the 

effect of increasing the capillary temperature to determine if  there was a positive 

effect upon desolvation and transmission of a particular ion charge state. Figure 

2.3.2.3 shows the experimental results for study of the 18mer peptide. It can be 

seen that at -50 V the heated capillary temperature has little effect on the charge 

generated on the peptide. At a tube lens voltage of +40 V, increasing the 

temperature from 180 °C to 250 °C has a significant effect on the level of doubly 

and triply charged ions. The [M+2IT]2+ ion increases from -50  % up to 100 % 

relative abundance and the [M+3H]3+ ion behaves in the opposite way with the
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abundance falling to <40 % at the higher capillary temperature. Little effect is 

seen on the abundance of the [M+H]+ ion.

□  [M+H]+ a[M +2H ]2+ □  [M+3H]3+

180 C/-50 V 250 C/-50 V 1 8 0 C /+ 4 0 V  250 C/+40 V

TLV and capillary temperature

Figure 2.3.2.3. The variation of the relative abundance of the peptide ion charge state with 

capillary temperature for an 18mer peptide.

Figure 2.3.2.4 shows the experimental results for study of the 1 lmer peptide. At - 

50 V there was an increase in relative abundance of the doubly charged ion from 

-20  % to ~70 % upon increasing the capillary temperature from 180 °C to 250 

°C. For the same voltage, the singly and triply charged ion abundances remain 

relatively static over the same temperature range. At +40 V there was an increase 

in relative abundance of the [M+H]+ ion up to 100 % from <60 % with an 

increase in temperature. Under the same variation in conditions the relative 

intensities of the [M+2H]2+ and [M+3H]3+ ions were both slightly reduced. The
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increased transmission of the [M+H]+ ion with increased capillary temperature

may be explained by improved desolvation of these ions.

□ [M+H]+ □  [M+2HJ2+ □  [M+3HJ3+
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Figure 2.3.2.4. The variation of the relative abundance of each peptide ion charge state with

capillary temperature for an 1 lm er peptide.

Examining the data from both the tube lens voltage and capillary temperature

optimization it is apparent that in order to favour the transmission of doubly

charged peptide ions, which have been shown to be the most desirable for

sequence identification, a positive voltage and a higher capillary temperature are

preferred. However, it is also important to look at the quality of the spectra

obtained in these experiments, these may be seen in Figure 2.3.2.5. It should be

noted that the peptide sequences on which these experiments were performed

contain three basic residues (Arginine, R, pka -12; Lysine, K, pka -10.5) which

1
1
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make formation of a triply charged parent ion highly favourable. However, the 

concentration of basic residues is less common in the general peptide pool, 

particularly for shorter peptide lengths, due to the natural abundance of the
Q ft

residues in proteins. Both Arginine and Lysine occur at a level of -5.7 % in 

proteins, which is close to the 5% occurrence which would be true if all 20 

naturally occurring amino acids had equal abundance. As the peptide chain 

shortens the probability of the appearance of one of these two diminishes. 

Therefore in a 9mer peptide the occurrence of a chain containing three of these 

amino acids would be low.
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Figure 2.3.2.S. Full mass spectra of the llm er  peptide GFKQSSKALQR under different 

conditions, a) Tube lens offset, -50 V; Capillary temperature, 180 °C. b) Tube lens offset, -
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50 V; Capillary temperature, 250 °C. c) Tube lens offset, +40 V; Capillary temperature, 180 

°C. d) Tube lens offset, +40 V; Capillary temperature, 250 °C. Mass spectra were averaged 

over ca. 50 pscans.

It is clear from Figure 2.3.2.S that the spectra shown in (a) and (b), recorded with 

a tube lens voltage of -50 V, are much cleaner than the spectra in (c) and (d) 

where the tube lens voltage was +40 V. The spectra recorded at a tube lens 

voltage of +40 V are characterised by the presence of peptide fragment ions 

derived from the doubly and triply charged ions (as seen in Figures 2.3.1.1 and 

2.3.1.2). These arise from dissociation as a result of collisions between peptide 

ions and air in the mass spectrometer interface. This is commonly referred to as 

cone voltage or in-source fragmentation.39 Optimum skimmer potential is unique 

for each peptide and represents a balance between generating ions of sufficient 

energy for ms/ms experiments and inducing the onset of other processes such as 

source fragmentation.40 The extent of fragmentation in electrospray spectra is 

dependent on source conditions, particularly the potential applied to the 

skimmer.25,41-44 The magnitude of the skimmer potential determines the degree 

of collisional activation o f ions accelerated through the intermediate pressure 

region in the source. The higher skimmer potentials generate ions with increased 

initial internal energies therefore more fragmentation occurs.25,31 This has been 

used to deliberately fragment the synthetic peptide HSIAGPPVPPR. By 

increasing the voltage between the end of the capillary and the first voltage lens, 

dissociation was induced leading to two stage fragmentation allowing the trap to 

be filled with ions o f interest which were then further fragmented.45 This has also 

been used for the doubly charged parent ions of Bradykinin and angiotensin II.25
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In keeping with these observations the fragment ion abundances were 

significantly reduced when the tube lens voltage was set to -50 V presumably 

because the ion translational energy is lower at this voltage. A very small amount 

of fragmentation is seen in Figure 2.3.2.5 (a), but as the temperature was 

increased to 250 °C (Figure 2.3.2.5 (b)) the fragmentation was seen to increase 

slightly, particularly for the m/z 789.6 (y7) and 917.5 (y8) fragment ions.

These experiments suggest that a higher capillary temperature (250 °C) and a 

high tube lens voltage are the ideal conditions for the formation of doubly 

charged ions for the 18mer peptide. These conditions also generate a high 

abundance of the doubly charged ion for the 1 lmer peptide, although the singly 

charged ion dominates under these conditions (Figures 2.3.2.1-2.3.2.4). However 

it can also be seen in Figure 2.3.2.5 that at both tube lens voltages increasing the 

temperature from 180 °C to 250 °C results in an overall loss o f sensitivity of 

approximately 5-10 fold. At -50 V, when increasing the capillary temperature 

from 180 °C to 250 °C (Figure 2.3.2.5, panels a and b) the signal intensity is 

reduced from 1.7 E8 to 4.2 E7. Similarly at +40 V, when increasing the capillary 

temperature from 180 °C to 250 °C (Figure 2.3.2.5, panels c and d) the signal 

intensity is reduced from 1.2 E8 to 1.2 E7. As stated earlier the use of high 

capillary temperature may improve sensitivity by assisting in the desolvation 

process, however, by increasing an ion’s energy the risk of initiating unwanted 

fragmentation is also increased.36 In these experiments it has been shown that 

increasing capillary temperature is detrimental to sensitivity. The application of a 

tube lens voltage of +40 V also leads to a decrease in signal to noise ratio and an
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increase in cone voltage fragmentation resulting in a far less clean mass 

spectrum. It therefore must be concluded that the optimum conditions for doubly 

charged peptide ion formation are a lower capillary temperature and a lower tube 

lens voltage (180 °C and -50 V respectively). Although these conditions should 

favour the formation of a triply charged ion, this will only occur if the peptide 

contains multiple basic residues as with the 11 mer and 18mer peptides used in 

this investigation. In practice this is uncommon and so the doubly charged ion 

will be formed preferentially. This can be seen in Figure 2.3.2.6 which shows the 

full scan mass spectrum of the 9mer MHC class I predicted peptide 

GFKQSSKAL,46 a shortened version of the 11 mer peptide which is without the 

terminal arginine residue and so does not contain 3 basic residues, this results in 

a spectrum in which the doubly charged ion predominates.

Full raj I 150.00-2000.00] NU 5.30E? [M *2H]2’
100. “

8
1 “ 
i 40 
K  20

0

Figure 23.2.6. Full scan mass spectrum of 9mer peptide GFKQSSKAL generated under optimal 

doubly charging conditions, capillary temperature 180 °C and tube lens voltage -50 V.
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2.3.3. Development and evaluation of a microspray ion source

An on-line microspray ion source was developed to assess the potential increase f

in sensitivity compared with conventional electrospray ionisation sources. Wilm
I

and Mann proposed that the efficiency of analyte desorption increases with I
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decreasing droplet size due to its increased surface area to volume ratio. The 

transmission efficiency from needle to inlet is therefore increased, as much as 

500 times, allowing detection limits as low as 50 amol.2 A peptide solution 

(ATGFKQSSKALQRPVASD) was analysed using the LCQ ESI source and the 

on-line microspray source, operated at 3 pi m in 1, with 100 pm, 50 pm and 25 

pm i.d. spraying tips. The peptide solution was infused through a 10 pi injection 

loop at a flow rate of 3 pi min-1 using an integral syringe pump resulting in a 

signal duration of up to ca. 10 minutes. Mass spectra were averaged over ca. 75 

pscans. Compared to peptide study via ESI, the analytical conditions varied only 

in the sheath gas flow (60 arb units for the ESI but not used with the microspray 

ion source) and the spray voltage (4.5 kV for the ESI and 3.5 kV for the 

microspray ion source). The plots of spray tip size vs ion count (products of the 

[M+3H]3+ ion) are shown in Figures 2.3.3.1 and 2.3.3.2.
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Comparison of conventional ESI source with microspray source
of various tip sizes
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Figure 2.3.3.I. Ion count data for the peptide ATGFKQSSKALQRPVASD in full scan IMS 

mode, |M+3H]3+ (m/z 631.4) analysed by conventional ESI and microspray with various tip 

internal diameters.

Figure 2.3.3.1 shows a plot of the ion intensity for the [M+3H]3' ion of the 

peptide ATGFKQSSKALQRPVASD analysed by ESI/MS and microspray/MS 

with spray tip internal diameters of 100 pm, 50 pm and 25 pm. The graph shows 

a steady increase in the signal for the parent ion going from conventional ESI 

(Finnigan ESI source) to microspray ion source and again as the internal 

diameter of the spraying tip decreases. A steady increase is seen up to 50 pm and 

from 50 pm to 25 pm a sharp increase in signal is observed. The steady increase 

in sensitivity as tip id decreases can also been seen in Figure 2.3.3.2, which 

shows the signal intensity vs tip id for the main tandem fragment ion of the 

18mer peptide, m/z 625.3.
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Comparison of conventional ESI source with microspray source
of various tip sizes

□  MS/MS
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Spray tip

Figure 2.3.3.2. Fragment ion count data for the peptide ATGFKQSSKALQRPVASD in 

tandem mass spectra using the m/z 625.3 fragment ion to compare sensitivity of 

conventional ESI and microspray with various tip internal diameters.

This increase in sensitvity can also be observed in the mass spectra obtained 

from this analysis, which can be seen in Figure 2.3.3.3. Figure 2.3.3.3(a) shows 

the full scan mass spectrum and (b) the tandem mass spectrum for the 18mer 

peptide analysed using the conventional ESI source. Figure 2.3.3.3(c) shows the 

full scan mass spectrum and (d) the tandem mass spectrum for this peptide 

analysed using the 25 pm microspray source.
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Figure 2.3.3.3. (a) Full scan mass spectrum of an ESI analysed 18mer peptide (b) Tandem 

mass spectrum of the 18mer peptide (m/z 631.2) from ESI analysis, (c) Full scan mass 

spectrum of a 25 pm microspray analysed 18mer peptide, (d) Tandem mass spectrum of the 

18mer peptide (m/z 631.2) from 25 pm microspray analysis.

It can be seen in Figure 2.3.3.3 that the absolute signal intensity improved 

significantly from the conventional ESI source in Figure 2.3.3.3 (a) to the 25 pm 

microspray in 2.3.3.3 (c). The signal to noise ratio also improved for the 25 pm 

id spectrum compared with the conventional ESI spectrum. In both cases good 

tandem mass spectra are observed in Figure 2.3.3.3 (b) and (d) and again a much 

greater signal intensity was obtained using microspray analysis with the 25 pm

127



internal diameter spray tip. From this investigation we can infer that further 

increase in sensitivity may be observed as the spray diameter is decreased 

although this would require operating at sub pi min'1 flow rates as with the nano­

electrospray source developed by Wilm and Mann which utilises a 1-2 pm spray 

orifice and flow rates of -20  nl/min.47

2.3.4. Nano-LC/p-ESI/MS

It has been shown in section 2.3.3 that significant improvement in instrument 

sensitivity can be obtained by reducing the electrospray spray tip diameter. The 

ability to couple the microspray device with capillary HPLC would further 

increase the sensitivity at the detector by a reduction in flow rate and therefore 

chromatographic dilution of the analytes as described in section 1.1.4.2. The 

coupling of nanoscale LC systems with micro-electrospray MS has resulted in 

detection limits in the attomole range.48,49 Hunt’s group have utilised 75 pm 

capillary columns in their investigation of MHC peptides from melanoma cells 

and EBV transformed cells.50"52 The [M+2H]2+ ion is targeted in all cases using 

the optimised conditions determined in Sections 2.3.1 and 2.3.2. The capillary 

LC/MS analysis of the peptide gp70 S P S Y V Y H Q F ^^) was performed 

successfully using a flow rate of 200 nl min"1 and a nano-ESI tip with a 5 pm 

internal diameter. The resulting chromatogram and mass spectrum are shown in 

Figure 2.3.4.1. A peak corresponding to the gp70 [M+2H]24 ion, m/z 564.3, can 

be seen eluting from the column after 28 minutes. The peak is sharp with a base 

width of -1  minute for an 18 fmol injection of peptide. The LCQ was tuned to
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optimise the abundance of the doubly charged ion using the conditions 

determined in section 2.3.2. However a response is also observed for the [M+H]+ 

ion, m/z 1127.5 with a relative abundance of ~10 %.
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Figure 2.3.4.I. a) Single ion chromatogram of the peptide gp70 SP SY V Y H Q F ^.^) b) 

Mass spectrum of the gp70 peptide showing both the doubly charged ion, m/z 564.5 and the 

singly charged ion, m/z 1127.5.

The sensitivity of this system is excellent; the peptide peak is strong and the 

signal clearly detectable in full scan mode. Peak area reproducibility (calculated 

using the range error equation (equation 3.4.1) was 2 % for two replicate 

injections.

Xn-X i

x

Xn = highest result 

X] = lowest result

x 100 

X =  mean result

(Equation 3,4.1)

1849.6

2000
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2.3.5. Introduction of large sample volumes

The nano-LC column is suitable for the analysis of small sample injection 

volumes (<1 pi), the maximum injection volume for a 75pm x 15cm 

microcolumn has been calculated to be not larger than 6.1 nl.53 The low peptide 

concentration and high volume of sample anticipated after sample clean-up 

necessitate the injection of larger sample volumes than those commonly 

employed with capillary LC systems. It was therefore necessary to adapt the 

capillary LC/MS set-up to allow for injection volumes of up to 1000 pL. A trap 

column was therefore included in the system and evaluated for the loading of 

larger volumes of dilute solutions at higher flow rates (20 -30 pi min'1) than 

those used for the analytical LC column (-200 nl min'1). Microcapillary trap 

columns have been used in conjunction with narrowbore columns (75 pm - 300 

pm i.d.) with injections volumes up to 5-8 pi.54,55 A reverse phase teflon 

membrane inserted into a 10 port switching valve was used to inject sample 

volumes up to 100 pi for the investigation of peptide expression after measles 

virus infection.56 However no record of such high volumes being loaded onto 

these capillary columns could be found in the literature. The valve configuration 

of the nano-LC pump injector was altered to accommodate the addition of a trap 

column.

Loading o f  large injection volume onto the trap column

A 10 pi injection was first loaded onto the trap column and then the valve was 

switched to allow the peptide to be transferred to the head of the analytical 

column and analysed using the conditions described in section 2.2.4. The
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resulting single ion chromatogram and mass spectrum of the injected peptide can 

be seen in Figure 2.3.5.1. The trap and analytical column configuration was 

further tested by loading a sample from a 1000 pi injection loop of the peptide 

gp70 SPSYVYHQF(454-462) onto the trap column. The resulting chromatogram 

and mass spectrum can be seen in Figure 2.3.5.2.

b)
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Figure 2.3.5.L  a) Single ion chrom atogram  of the peptide gp70 S P S Y V Y H Q F ^ .^) from  a 

10 pi injection using the tra p  colum n and analytical colum n configuration, b) M ass

spectrum  of the gp70 peptide show ing both the doubly charged ion, m /z 564.5 and the singly 

charged ion, m/z 1127.5.
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Figure 2.3.5.2. a) single ion chromatogram of the peptide gp70 SP SY V Y H Q F ^.^) from a 

1000 pi injection using the trap column and analytical column configuration, b) mass 

spectrum of the gp70 peptide showing both the doubly charged ion, m/z 564.5 and the singly 

charged ion, m/z 1127.5.

Figure 2.3.5.2 shows the single ion chromatogram and mass spectrum of a 1000 

pi loading of 1.8 fmol of the gp70 peptide using the newly configured trap and 

analytical column. The peptide is well retained on the trap column during the 

loading time required for both the 10 pi (0.5 minutes) and the 1000 pi (50 

minutes) injection volumes. The peptide peak remains sharp, with base width of 

~1 minute and good peak shape in each case. The signal intensity remains good 

for both the 10 pL and the 1000 pL injections (which is ten fold lower peptide 

concentration than for the 10 pL injection).

The use of a trapping column allows for the analysis of low concentration, large 

sample volume solutions without loss o f chromatographic resolution and this 

configuration was used in all subsequent peptide analyses.
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2.4.0. Conclusions

The effect of charge state on collision energy and fragmentation spectra of three 

MHC class I and II peptides, 9, 11 and 18 amino acids in length was investigated. 

It was observed that for larger peptides a greater collision energy was required 

for fragmentation to occur. The doubly charged peptides also require higher 

collision energies than their triply charged counterparts. It has been shown that 

the doubly charged peptides fragment to give greater coverage of b and y ions 

than the triply charged ions. The intensity of fragment ions in the higher mass 

region, m/z 1000-2000, is greater for the doubly charged ions. In some cases b 

and y ions were observed in this region only for the doubly charged ions or were 

up to 10 times greater intensity. As greater sequence coverage will improve 

confidence in the identification of unknown peptide sequences generation of the 

[M+2H]2+ parent ion is preferred.

The tube lens offset voltage (TLV) and capillary temperature were investigated 

for their effect on the relative abundance of [M+H]+, [M+2H]2+ and [M+3H]3+ 

parent ions. It was found that at high negative TLV the [M+3H]3+ ion dominates 

the mass spectrum. The results seemed to suggest that the doubly charged ion is 

favoured with positive TLV and higher capillary temperature. However closer 

inspection of the mass spectra revealed that under these conditions a high degree 

o f in source peptide fragmentation was observed and the signal to noise ratio was 

not very good. Increasing the capillary temperature from 180 °C to 250 °C also 

sees up to a ten fold loss in sensitivity. Therefore the optimum conditions for
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formation of the [M+2H]2+ ion were found to be a lower capillary temperature 

(180 °C) and a high negative tube lens offset voltage (-50 V).

A microspray ionisation source was assessed for the increase in sensitivity 

compared with conventional electrospray ionisation. Tip sizes of 100 pm, 50 pm 

and 25 pm were compared with the conventional ESI source and a steady 

increase in signal was observed as the spray tip diameter was decreased. An 

increase in signal to noise ratio was also observed.

A microspray source was constructed in-house and the spraying tip size was 

further reduced to ~5 pm in order to allow coupling with a capillary HPLC 

system. Excellent sensitivity was seen with the analysis of low femtomole 

quantities of peptides. This system was further adapted by incorporation of a 

trapping column and loading pump to allow the injection of much larger sample 

volumes than would normally be possible when operating at a flow rate of <200 

nl min'1. Injection volumes of up to 1000 pL of very dilute samples were 

successfully applied to the trapping column at a flow rate of -30  pL min"1, 

without loss of chromatographic resolution.

134



2,5.0. References

1. Clark R.E., Dodi I.A., Hill S.C., Lill J.R., Aubert G., Macintyre A.R., Rojas J,, Bourdon

A., Bonner P.L.R., Wang L., Christmas S.E., Travers P.J., Creaser C.S., Rees R.C.,

Madrigal J.A., Blood, 2001, 98, 2887 - 2893.

2. Wilm M., Mann M., Anal.Chem., 1996, 68, 1-8.

3. Novotny M., Anal Chem., 1998, 60, 502A-510A.

4. Marina A. Garcia M.A., Albar J.P., Yague J., de Castro J.A.L., Vazquez J., J. Mass

Spectrom., 1999, 34, 17-27.

5. Roepstorff P., Fohlman J., J. Biomed. M ass Spectrom. 1984, 11, 601.

6. Sonsmann G., Romer A., Schomburg D., J. Am. Soc. Mass Spectrom., 2002, 13, 47-58.

7. Marie G., Serani L., Laprevote O., Anal. Chem., 2000, 72, 5423-5430.

8. Standing K.G., Cun. Opin. Structural Biol., 2003, 13, 595-601.

9. Tabb D.L., Smith L.L., Breci L.A., Wysocki V.H., Lin D., Yates J.R., Anal. Chem., 

2003, 75, 1155-1163.

10. Wysocki V.H., Tsprailis G., Smith L.L., Breci L.A., J. Mass Spectrom., 2000, 35, 1399- 

1406.

11. Dongre A.R., Jones J.L., Somogyi A., Wysocki V.H., J. Am. Chem. Soc., 1996, 118, 

8365-8374.

12. Vachet R.W., Glish G.L., J. Am. Soc. M ass Spectrom., 1998, 9, 175-177.

13. Downard K.M., Biemann K., J. Am. Soc. Mass Spectrom., 1994, 5, 966-975.

14. Kinter M., Sherman N.E., Protein Sequencing and Identification Using Tandem Mass

Spectrometry, 2000, Wiley, New York.

15. Tang X-J., Thibault P., Boyd R. K., Anal Chem., 1993, 65, 2824-2834.

16. Wang G., Cole R.B., Org. M ass Spectrom., 1994, 29, 419-427.

17. Poulter L., Taylor L.C.E., Int. J. Mass Spectrom. Ion Proc., 1989, 91, 183-197

18. Tang X-J., Boyd R.K., Rapid Comm. M ass Spectrom., 1992, 6, 651-657.,

19. Tang X-J., Thibaiult P., Boyd R.K., Anal. Chem., 1993, 65, 2824-2834.

135



20. Burlet O., Orkiszewski R.S., Ballard K.D., Gaskell S.J., Rapid Comm. M ass Spectrom., 

1992, 6, 658-662;

21. Burlet O., Yang C-J., Gaskell S.J., J. Am. Soc. Mass S p e c tr o m 1992, 3, 337-344;

22. McCormack A.L., Somogy A., Dongre A.R., Wysocki V.H., Anal Chem., 1993, 65, 

2859-2872.

23. Cox K.A., Gaskell S.J., Morris M., Whiting A., J. Am. Soc. Mass Spectrom., 1996, 7, 

522-531

24. Tomer K.B., McGown S.R., Deterding L.J., Org. M ass Spectrom., 1993,28, 534-541

25. Katta V., Chowdhury S.K., Chait B.T., Anal. Chem., 1991, 63, 174-178

26. Gaskell S.J., Bolger M.S., Riba I., Summerfield S.G., M ass Spectrometry in 

Biomolecular Sciences 1997 Ed Caproli R.M., Sidona G., Kluwer, Dordrecht.

27. Gaskell S., J. M ass Spectrom., 1997,32, 677-688

28. DownardK.M., BiemannK., Int. J. Mass Spectrom. Ion Processes, 1995, 148, 191-202.

29. Baringa C.J., Edmonds C.G., Udseth H.R., Smith R.D., Rapid Comm. Mass Spectrom., 

1989, 3, 160-164

30. Smith K.D., Olivares J.A., Nguyen N.T., Udseth H.R., Anal. Chem.., 1988, 60, 436-441

31. Kilby G .W , Sheil M.M., Org. M ass Spectrom., 1993, 28, 1417-1423

32. Roitt I.M., Delves P.J., Essential Immunology 9th Edition, Blackwell, Oxford, 1997

33. Xcalibur 1,3 software, ThermoFinnigan, Hemel Hempstead, UK

34. Ashton D.S., Beddell C.R., Cooper D.J., Green B.N., Oliver R.W.A., Org. Mass 

Spectrom., 1993,28, 721-728;

35. Smith R.D., Loo J.A., Loo R.R., Busman M., Udseth H R ., M ass Spectrom. Rev., 1991, 

10, 359-452.

36. Cech N.B., Enke C.G., M ass Spectrom. Rev., 2001, 20, 362-387.

37. Lill J. R., PhD Thesis, 2000, Nottingham Trent University.

38. Protein Purification 2nd edition Ed Janson JC; Ryden L; 1998, Wiley, New York

39. Harrison A.G., Rapid Comm. M ass Spectrom., 1999, 13, 1663-1670.

40. Alexander A.J., Boyd R.K., Int. J. M ass Spectrom. Ion Proc., 1989,20 , 211

41. Voyksner R., Pack T., Rapid Comm. M ass Specti'om., 1991, 5, 263;

136



42. Katta V., Chowdhury S.K., Chait B.T., J  Am. Chem. Soc., 1990, 112, 5348-5349;

43. Loo J.A., Edmonds C.G., Udseth H.R., Smith R.D., Anal. ChimicaActa, 1990,241, 167- 

173;

44. Hofstadler S.A., Bakhtiar R„ Smith R.D., J. Chem. E d , 1996, 73,A82-A88

45. Komer R., Wilm M., Morand K., Schubert M., Mann M., J. Am. Soc. M ass Spectrom., 

1996, 7, 150-156

46. Norbury L.C., Clark R.E., Christmas S., British Journal o f  Haematology, 2000, 109, 

616-621

47. Shevchenko A., Wilm M., Vorm O., Mann M., Anal. Chem., 1996, 68, 850-858

48. Vanhoutte K., Hoes I., Lemiere F., van Dongen W., Esmans E. L., van Onckelen H., van 

den Eeckhout E., van Soest R.E.M., Hudon A.J., Anal. Chem., 1997, 69, 3161

49. Oosterkampe A., Gelpi E., Abian J., J.Mass Spectrom., 1998, 33, 976

50. Skipper J.C.A., Kittlesen D.J., Hendrickson R.C.; Deacon D.D., Harthun N.L., Wagner

S.N., Hunt D.F., Engelhard V.H., Slingluff C.L., J. Immunol., 1996, 157, 5027-5033.

51. Crotzer V.L., Christian R.E., Brooks J.M., Shabanowitz J., Settlage R.E., Marfo J.A., 

White F.M., Rickinson A.B., Hunt D.F., Engelhard V.H., J. Immunol, 2000, 164, 6120- 

6129.;

52. Hogan K.T., Coppola M.A., Gatlin C.L., Thompson L.W., Shabanowitz J., Hunt D.F., 

Engelhard V.H., Slingluff C.L., Ross M.M., Immunol. Letters, 2003, 90, 131-135.

53. Chervet J.P., Ursem M., Salzmann J.P., Anal. Chem., 1996, 68, 1507-1512.

54. Vissers J.P.C., Hulst W.P., Chervet J-P., Snijders H.M.J., Cramers C.A., J  Chrom. B., 

1996, 686, 119-128;

55. Yi E.C., Lee H., Aebersold R., Goodlett D.R., Rapid Comm. M ass Spectrom., 2003, 17, 

2093-2098.

56. Ovsyannikova I.G., Johnson K.L., Naylor S., Poland G.A., J. Immunol Methods, 2005, 

297, 153-167,

137



CHAPTER 3

DEVELOPMENT OF A METHOD FOR THE 

IDENTIFICATION OF MHC CLASS I AND 

CLASS II RESTRICTED PEPTIDES



Chapter 3 Aims Breakdown

A method for the identification of the MHC class I peptides developed at Nottingham 

Trent prior to the work described in this thesis, and used to confirm the presence of 

the HLA-A3 peptide KQSSKALQR, which originates from the bcr/abl fusion protein 

in patient and transfected cell lines. The method was as follows:1

Step 1 Surface elution of CML patient or transfected cells using Storkus14

mild acid elution with citrate phosphate buffer at pH 3.3.

Step 2 Protein precipitation by addition of trichloroacetic acid (TCA), this

acidified the solution to pH 0-1 denaturing the protein and causing 

precipitation, followed by centrifugation.

Step 3 Solid phase extraction of the supernatant using SCX phase cartridges

to extract the peptides from the citrate phosphate buffer and other salts. 

Step 4 Fractionation of the peptide SCX extract utilising RP-HPLC.

Step 5 Analysis of individual RP-HPLC fractions by off-line nano-

ESI/MS/MS.

The method was tailored specifically towards the identification of the target 

KQSSKALQR peptide, which contains three basic amino acid residues (K, R) and as 

such has an abnormally high affinity for the SCX solid phase extraction cartridges 

which were used to remove die elution buffer salts. The presence of three basic 

residues is not representative of short chain peptides in general.
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The objective of the work reported in this thesis was to develop this method in order 

to establish a generic procedure for the identification of MHC class I and II peptides. 

There were a number of ways in which it was hoped to improve on the original 

method;

• Increase the variety of peptides to which the method may be applicable.

• Establish improved peptide recovery through the clean-up procedure.

• Incorporate nano flow HPLC separation with on-line pESI/MS/MS.

• Incorporate peptide internal standards for a more robust method.

Specific modifications investigated for steps 2-5 are discussed below.

Step 2: Protein precipitation by addition of TCA

The addition of TCA for protein precipitation lowers the pH of the solution below the 

optimum operational condition of the SCX SPE cartridges utilised in the following 

step. This is not a problem for the strongly bound A3 peptide, but a consequence of 

the use of TCA is that peptides with lower affinity for that stationary phase may not 

be retained. The degree of losses which might be associated with the co-precipitation 

of peptides during protein precipitation is also not known. The investigation of 

alternative methods for the removal of proteins during this step was therefore a key 

objective of the work reported in this thesis.

Ultimately, it was found that a C l 8 solid phase extraction could be used for the 

removal of both extraneous proteins and citrate phosphate buffer salts in a single step, 

as well as concentrating the eluate. Solid phase extraction is a well established
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technique, which has seen widespread use in the separation of small molecules of 

pharmaceutical interest from biological matrices such as urine and plasma. "

Step 3: SCX solid phase extinction

SCX is an orthogonal separation phase to C l 8 and therefore is an excellent way to 

improve separation efficiency in complex mixtures. However, a single step clean-up 

SPE does not fully utilize this separation. Incorporating an HPLC pump with SCX 

stationary phase column enables the stepwise elution of peptides in order of their 

increasing affinity for the stationary phase using salt fractions of increasing 

concentration. This resulted in 100 pi fractions of reduced complexity, which can be 

loaded directly onto a RP-HPLC trap column prior to capillary LC separation.

Step 4 and 5: HPLC fractionation and ESI/MS/MS analysis

The final improvement in this method was to combine HPLC and MS steps to allow 

on-line separation and identification of MHC peptides. The combination of these two 

steps reduces sample handling, increases sample throughput and is less labour 

intensive than off-line HPLC and static nano-ESI analysis. The use of pspray MS 

also lead to an improvement in sensitivity over conventional electrospray. In order to 

incorporate HPLC on-line with pspray it is necessary to utilize flow rates in the 

nL/min region, this means columns with internal diameters <100pm. These columns 

also serve to improve the sensitivity of the analysis by reducing chromatographic 

dilution.
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3,1.0 Introduction

The work presented in this chapter concerns the development of methods for the 

identification of MHC restricted antigenic peptides presented on the surface of cells. 

The aim of the investigation was to establish a versatile mass spectrometry based 

approach that would allow both class I and class II restricted peptides to be identified, 

as the current view within the immunological community maintains both are 

necessary for the successful development of immunotherapeutic vaccines.6

A variety of procedures have been reported for the identification of MHC class I 

restricted peptides using ESI-MS based procedures. These have been recently 

reviewed7 and were discussed in Chapter 1. These procedures included a method 

previously developed at Nottingham Trent University and used for the identification 

o f the A3 class I bcr/abl peptide (KQSSKALQR) on the surface of leucophoresed 

white blood cells from patients diagnosed with chronic myeloid leukaemia.1,8 This 

method involved the use of TCA protein precipitation, followed by strong cation 

exchange chromatography (SCX). The procedure relied on the very strong affinity of 

the stationary phase for the A3 peptide, which contains three basic residues and was 

therefore particularly well suited to this approach. Most peptides, however, do not 

have such a strong affinity for the SCX stationary phase so a new method was 

required which would be more generally applicable to the range of 9-11 mer MHC 

class I peptides predicted by the SYFPEITHI algorithm.9

A second objective of the investigation was to develop methods that minimised cell 

lysis by retaining the mild acid elution procedures reported previously. In the case of 

the class II peptides, the nature of the processing pathway means that the length of the
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peptide antigen is highly variable and this makes the process of predicting epitopes 

considerably harder. Class II a  and j3 subunits associate in the endoplasmic reticulum 

with the invariant chain.10,11 The protein acts as a chaperone which ensures the correct 

assembly of the class II complex. Once bound, the invariant chain prevents binding 

of other peptides by the class II molecule during its transport from the endoplasmic 

reticulum to the Golgi.12-14 Once the MHC molecule reaches the endoplasmic 

compartment, which is where the antigens can be found, proteolysis of the invariant 

chain occurs releasing the a(3 dimer for binding of endocytically generated peptides 

prior to transport to the cell surface.

There are mutant human cell lines (TXB hybrid, T2) in which the class II antigen 

processing apparatus is defective. The cells cannot present peptides derived from 

intact protein antigen, but are able to present exogenously supplied peptides derived 

from the protein antigen. 14-16 Mutant a(3 dimers are associated with peptides from the 

invariant chain between positions 81-104, these are known as the class II invariant 

chain peptide (CLIP). These have been shown to be present as part of the class II 

complex in T2DR3 cells.17 An MHC related molecule known as DM catalyses the 

removal of CLIP and keeps the binding groove open to allow endosomally generated 

peptides to bind. The T2 cell line which has been used in this work is DM deficient, 

meaning they are unable to swap out the CLIP for an antigenic peptide. By using the 

mutant cell line which presents on its surface a nested set of the ‘CLIP’ peptides, that 

is a group of peptides that contain the same core sequence but vary in length at the 

amino or C-terminal ends, it is easier to predict possible CLIP peptide epitopes for 

which the length of the peptide is the only variable. This provided a convenient
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system for the development and evaluation of a general method for the identification 

o f MHC class II peptides.
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3,2.0 Materials and methods

3.2.1 Elution of cell surface peptides

Cell surface peptides were eluted by mild acid washing with citrate phosphate buffer 

(0.131 M citric acid + 0.066 M sodium phosphate, adjusted to pH 3.3 using 10 M 

NaOH).18 A minimum of 109 cells from leucapheresed CML patient blood or K562 

transfected cell lines were washed in serum free RPMI media and centrifuged (1500 

rpm, 5 minutes, 4 °C). The pelleted cells were resuspended in ~5 ml of citrate 

phosphate buffer for 5 minutes at room temperature and again centrifuged. The 

supernatant was collected, filtered through a 0.22 pm micropore filter and stored at - 

80 °C.

3.2.2 The recovery of standard peptides

A solution of citrate phosphate buffer (pH 3.3, 20 ml) was spiked with the hepatitis B 

peptide TPPAYRPPNAPIL (50 finol). The solution was then subjected to the 

following clean-up procedure:

Trichloroacetic acid (72 % w/v, 2 ml) was added, on ice, to the buffer solution and the 

mixture was placed in an ultrasonic bath for 10 minutes. This was followed by 10 

minutes centrifugation (15, 000 g, 4 °C) and a further 10 minutes ultrasonication on 

the supernatant. The supernatant was then subjected to strong cation exchange 

chromatography. The SCX column (1 ml, high S cartridge, Biorad, Hemel 

Hempstead, UK) was prepared by washing with NaOH (0.1 M, 10 ml), followed by 

HC1 (0.1 M, 5 ml). The supernatant was applied to the column, washed with HC1 (0.1
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M, 10 ml) and eluted in NaOH (0.1 M, -2.5 ml). Two 1 ml aliquots of the cation 

exchange eluate were then subjected to LC/MS analysis. A standard of hepatitis B 

(15.7 fmol/pl in 0.1 % TFA) equivalent to 100 % recovery was also analysed. The 

LC/MS set-up is shown schematically in Figure 3.2.2.1.

\
Loading
pump Trap columr

I
To waste

Nano
pump

I
Analytical column

Figure 3.2.2.1 Schematic representation of the LC/MS set-up

spectrometer

Sample loading 

Sample Analysis

The LC conditions were as follows:

Injection volume: 1000 pi (citrate phosphate buffer eluate); 1 pi (standard). Trap 

column: pepmap 300 pm i.d x 5 mm, C l8 nanobore column (Dionex, Surrey, UK), 

loading buffer 0.1 % TFA at a flow rate of -30  pi min'1. Loading pump: Kontron 325 

with microflow splitter (SGE, Milton Keynes, UK). Analytical column: pepmap 75 

pm i.d x 150 mm, C l8 nanobore column (Dionex, Surrey, UK). Mobile Phase A: H2O 

+ 0.09 % formic acid. Mobile Phase B: Acetonitrile + 0.09 % formic acid. Flow rate: 

200 nl min'1, Gradient profile: 10 % B -  60 % B in 90 minutes. Gradient pump: 

Ultimate™ nano-pump (Dionex, Surrey, UK).
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Mass spectrometry was performed using on-line micro-electrospray ionisation mass 

spectrometry on a Finnigan LCQ quadrupole ion trap mass spectrometer 

(ThermoFinnigan, Hemel Hempstead, UK) using a home-made ion source. Mass 

speetrometric conditions were as follows:

Microspray voltage: 1.5-2.0 kV. Capillary Temperature: 180 °C. Capillary voltage: 20 

V. Tube lens offset: -20 V. Collision energy: 30 %.

Aliquot 1 was analysed in data dependent mode with three scan events, full scan, 

zoom scan and MS/MS scan data acquisition on ions above a critical threshold (ion 

count 105). This was then repeated for the top three peaks with an exclusion time of

3.0 minutes.

Aliquot 2 was analysed to determine the recovery of the hep B peptide through the 

clean-up process. This was analysed in full scan mode and the same procedure was 

used for the standard solution.

Two ‘test’ patient eluates, provided by Professor Richard Clark, Royal Liverpool 

Hospital (UK), were subjected to the clean-up procedure described above. Both were 

then analysed in data dependent mass speetrometric acquisition mode following the 

method employed for fraction 1, above.
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3.2.2.1 Peptide recovery through SCX

The recovery of peptides through the strong cation exchange method was tested using 

the following method. Citrate phosphate buffer (pH 3.3, 20 ml) was spiked with -100 

pmol of the following model peptides: p53 (RMPEAAPPV), p-gal (TPHPARIGL), 

gp?0 (3PSYVYHQF), hep B (TPPAYRPPNAPIL), p53 (LLGRNSFEV). Protein 

precipitation was simulated using trichloroacetic acid (72 % w/v, 2 ml) and the 

supernatant was subjected to strong cation exchange chromatography procedure as 

described in section 3.3.2.2 above.

The eluted fractions were analysed, together with a standard peptide mixture that had 

not been subjected to TCA and SCX treatment, by LC/MS. All conditions were as 

previously described except for the injection volume, 1 pi. The mass speetrometric 

analysis method targeted for MS/MS the doubly charged ([M+2H]2+) parent ion of 

each of the five peptides with a collision energy of 35 %.

3.2.2.2 Use o f  reduced bed volume SCX column

A  UNO S polishing SCX column (160 pi volume; Biorad, Hemel Hempstead, UK) 

was investigated using the instrumental arrangement shown in Figure 3.2.2.2.

HPLC pump: Waters 501 HPLC pump with 455 LC spectrophotometer. Mobile 

phase: 0.1 M HC1, at a flow rate of 0.5 ml min"1. Eluting solution: 0.1 M NaOH, 500 

pi fractions were collected.
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pump UV Detector

injection valve fczj / 
SCX column

Figure S.2.2.2 Schematic representation of tlie SCX instrumental set-up.

A test of this system was performed by spiking citrate phosphate buffer (pH 2.8, 2 ml) 

with 4 peptides; p53 (RMPEAAPPV), gp70 (SPSYVYHQF), hep B 

(TPPAYRPPNAPIL) and p53 (LLGRNSFEV) at -100 pmol each. The fractions were 

then acidified with 0.1 % TFA and analysed by LC/MS, as has previously been 

described, and the recovery determined.

3.2.3 Investigation of protein removal methods

3.2.3.1 TCA precipitation and NaOH neutralisation

Two aliquots of citrate phosphate buffer (pH 3.3, 5 ml) were spiked with hep B at low 

level (-100 fmol) and high level (-100 pmol), TCA was added (72 % w/v, 2 mis) and 

pH adjusted with NaOH to -pH  3 prior to SCX chromatography as described 

previously. The fractions were analysed by LC/MS as described in section 3.2.2.

3.2.3.2 Protein precipitation by centrifugation

The possibility of removing the protein in the eluate by centrifugation was explored. 

A test solution o f bovine serum albumin (1 mg/ml in water) was centrifuged 

(Beckman Optima TLX ultracentrifuge, 100 000 rpm, 10 °C) for increasing lengths of 

time and the residual protein content measured by UV/vis spectrophotometer
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(Beckman DU530 Life Science UV/vis spectrophotometer, X— 278 11m) against a 

reference cell containing distilled water.

3.23.3 Removal o f  protein from patient eluates using ODS

The use of a C l 8 stationary phase was explored for the initial purification and protein 

removal from CML patient eluates.

The sample, citrate phosphate buffer (pH 3.3, 1 ml) spiked with 100-150 pmol of the 

peptides 0-gal (TPHPARIGL), hep B (TPPAYRPPNAPIL), p53 (LLGRNSFEV). 

Column: Jupiter 30 x 1.0 mm C l8 ODS guard column (Phenomenex, Cheshire, UK). 

Loading pump: Kontron 325 with microflow splitter (SGE, Milton Keynes, UK). 

Loading mobile phase 0.1 % TFA at a flow rate of -250 pi min'1. Elution was 

achieved with 200 pi injection of 60 % acetonitrile, five fractions of 50 pi each were 

collected.

The fractions were analysed by LC/MS as described in section 3.2.2 except for 

Injection volume, 1 pi. The mass speetrometric analysis method targeted for MS/MS 

the doubly charged ([M+2H]2+) parent ion of each of the three peptides with a 

collision energy of 40 %.

3.2.4 Removal of proteins from patient eluates using solid phase extraction

3.2.4.1 Initial tests o f  solid phase extraction fo r  recovery o f  peptides

The use of solid phase extraction (SPE) cartridges for the purification of the CML

patient eluates was explored using the following procedure.
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The sample citrate phosphate buffer (pH 3.3, 5 ml) spiked with ~100 pmol each of 13- 

gal (TPHPARIGL), hep B (TPPAYRPPNAPIL), p53 (LLGRNSFEV). Each fraction 

was diluted from 100 pi to 500 pi in 0.1 % TFA. Solid phase cartridges, SEP PAK® 

(Water, UK), RP, C l8, 360 mg sorbent, 55-105 pm particle size. Protocol: The 

cartridge was conditioned with 50 % acetonitrile (3 ml), and equilibrated with 0.1 % 

TFA (5 ml). The sample was applied to the cartridge, washed with 0.1 % TFA (2 ml) 

and eluted with 50 % acetonitrile, 6 x 500 pi fractions were collected. The fractions 

were analysed by LC/MS as described in section 3.2.3.3.

3.2.4.2 Refinement o f  solid phase extraction methodology

The sample, 5 ml o f CML patient eluate was spiked with 50 pmol of p53 

(STPPPGTRV) peptide. Protocol: The cartridge was conditioned with 70 % 

acetonitrile (3 ml) and equilibrated with 0.1%  TFA (5 ml). The sample was applied to 

the cartridge, washed with 0 .1%  TFA (2 ml) and eluted with 70 % acetonitrile, 6 x 

500 pi fractions were collected. These were diluted 5 pi to 50 pi with 0.1 % TFA.

The tractions were analysed by LC/MS as described in section 3.2.2 except Injection 

volume, 50 pi. The mass speetrometric analysis method targeted for MS/MS the 

doubly charged ([M+2H]2+) parent ion with a collision energy of 40%.

3.2.5 Development of SCX methodology

The sample, 5 ml o f 25 % acetonitrile was spiked with 25-30 pmol of hep B 

(TPPAYRPPNAPIL), P-gal (TPHPARIGL), A2 (SSKALQRPV), A3
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(KQSSKALQR). A Polysulfoethyl A, 35 x 4.6 mm column (Hichrom, UK) was 

equilibrated with mobile phase; 0.1 % Formic acid + 5 % acetonitrile at a flow rate of 

0.5 ml min'1. Elution was performed with salt injections (1000 pi) of 60, 80, 100, 150, 

200, 250, 300, 500 mM KC1 + 0.1 % TFA + 5 % acetonitrile, two 500 pi fractions 

were collected for each salt fraction.

The fractions were analysed by LC/MS as described in section 3.2.2 except, injection 

volume, 1 pi. The mass speetrometric analysis method targeted for MS/MS the doubly 

charged ([M+2H]2h ) parent ion of each of the three peptides with a collision energy of 

40 %.

3.2.5.1 SCX using buffering mobile phase

The procedure was repeated using a different mobile phase, 25 mM ammonium 

formate + 5 % acetonitrile adjusted to pH 3.0 using formic acid. The sample, 70 % 

acetonitrile with 250 fmol of hep B (TPPAYRPPNAPIL), (1-gal (TPHPARIGL), A2 

(SSKALQRPV), A3 (KQSSKALQR), diluted 1:2 with mobile phase. Elution was 

performed with salt injections (1000 pi) of 60, 80, 150, 250, 500 mM KC1 + 0.1 % 

TFA + 5 % acetonitrile. Fractions were collected following the 150, 250, 500 mM salt 

injections (10 x 100 pi) and the 60 and 80 mM injections ( l x l  ml).

The fractions were analysed by LC/MS as described in section 3.2.2.

Injection volume: 50 - 100 pi; The mass spectrometry analysis method targeted the 

doubly charged ([M+2H]2+) parent ion of each of the three peptide ions for MS/MS at 

a collision energy of 40 %.
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The procedure was repeated using the following salt fractions: 25, 75, 125, 175, 275, 

500 mM KC1 + 0.1 % TFA + 5 % acetonitrile, 8 x 100 pi fractions collected for each 

salt concentration and analysed by LC/MS/MS. The doubly charged ([M+2H]2+) 

parent ion of hep B was targeted for MS/MS analysis. The sample, 70 % acetonitrile 

with 200 fmol of hep B (TPPAYRPPNAPIL) diluted 1:2 with mobile phase (25 mM 

ammonium formate + 5 % acetonitrile adjusted to pH 3.0 using formic acid).

The maximum loading volume of the high salt concentration fractions was 

determined. Samples 100 fmol hep B f3-gal and A2 peptide in 50, 100 and 200 pi of 

300 mM KC1 + 0.1 % formic acid + 5 % acetonitrile. The fractions were analysed by 

LC/MS as described in section 3.2.2. The loading time included an additional 5 

minutes of washing in 0.1 % TFA prior to gradient elution, injection volume, 100 pi.
^  i

The mass spectrometry analysis method targeted the doubly charged ([M+2H] ) 

parent ion of each of the peptide ions for MS/MS with a collision energy of 40 %.

3.2.6 Evaluation of an integrated MHC class I clean-up method

Sample 1, 5 ml of a CML patient eluate spiked with 200 fmol each of A3 

(KQSSKALQR), A2 (SSKALQRPV), (3-gal (TPHPARIGL) and hep B 

(TPPAYRPPNAPIL) with 0.5 pi of TFA added. Samples 2 and 3 were as 1 except 

100 fmol of each peptide was added prior to sample clean-up.

Solid phase extraction protocol

Two solid phase cartridges (SEP PAK® (Water, UK), RP, C l8, 360 mg sorbent, 55- 

105 pm particle size) connected in series were conditioned with 70 % acetonitrile (6
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ml) and equilibrated with 0.1 % TFA (10 ml). The sample was applied and the 

cartridges washed with 0.1 % TFA (2 ml). The peptides were eluted with 70 % 

acetonitrile. The first 500 pi was discarded and the following 2-3 ml collected.

SCX protocol

A  Polysulfoethyl A, 35 x 4.6 mm SCX column (Hichrom, UK) was equilibrated with 

mobile phase; 25 mM ammonium formate with 5 % acetonitrile at pH 3.0 with a flow 

rate of 0.5 ml/min. The sample was injected via a 750 pi injection loop and the 

column washed for 30-60 seconds. The peptides were eluted with injections of 

increasing salt concentration, 750 pi each of 25mM, 75mM, 125mM, 175mM, 

275mM, 500mM mM KC1 + 0.1 % formic acid + 5 % acetonitrile. Fractions (8 x 

lOOpl) were collected starting immediately after each salt injection.

LC/MS Analysis

Injection volume: 100 pi. Trap column: pepmap 300 pm i.d x 5 mm, C l8 nanobore 

column (Dionex, Surrey, UK), loading buffer 0.1 % TFA at a flow rate of -30  pi min' 

. Loading pump (Dionex, Surrey, UK). Analytical column: pepmap 75 pm i.d x 150 

mm, C l8 nanobore column (Dionex, Surrey, UK). Mobile phase A: H2O + 0.09 % 

formic acid. Mobile phase B: 80 % acetonitrile + 0.09 % formic acid. Flow rate: 180 

nl min*1, Gradient profile: 12 % B -  75 % B in 90 minutes. Gradient pump: 

Ultimate™ nano-pump (Dionex, Surrey, UK). Mass spectrometry was performed by 

on-line micro-electrospray ionisation mass spectrometry on a Finnigan LCQ 

quadrupole ion trap mass spectrometer (ThermoFinnigan, Hemel Hempstead, UK) 

using a home-made ion source. Mass speetrometric conditions were as follows: 

Microspray voltage, 1.5-2.0 kV. Capillary Temperature, 200 °C. Capillary voltage, 46
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V. Tube lens offset, -40 V. Collision energy, 40 %. The mass speetrometric analysis 

method targeted for MS/MS the doubly charged ([M+2H]2+) parent ion o f each of the 

four peptides.

3.2.7 Analysis of k562 eluates and CML patient eluates for predicted peptides

K562 eluates were provided by Dr. Tony Dodi at the Antony Nolan Clinic, London, 

UK. The eluates (~ 5 ml) were spun where necessary (1500 rpm, 10 minutes) to 

remove particulates. The eluates were spiked with 100 fmol each of the internal 

recovery standard peptides (3-gal (TPHPARIGL) and hep B (TPPAYRPPNAPIL) and 

0.5 pi of TFA was added. They were then subjected to the solid phase extraction and 

SCX protocols which have been described in Section 3.2.5. The resulting fractions 

were analysed by capillary LC/MS/MS. The target peptides were bcr/abl derived, 

these are shown as Group 1 in Table 3.2.7.1. Half the fractions were analysed by 

targeting these peptide masses and the internal recovery standard peptides. The 

remaining fractions were analysed in data dependent mode using a frill scan followed 

by zoom scan and tandem MS analysis targeting the three most intense ions (m/z 400- 

1500). Once an ion had been detected it was placed on an exclusion list for 3 minutes. 

An autosampler was integrated into the analytical system Famos™ (Dionex, Surrey, 

UK). A program was written to allow 100 pi injections and with a contact closure 

start to the mass spectrometer.

Some changes were made in subsequent patient and k562 eluates. The survey 

approach using the data dependent mode was discarded and a further set of bcr/abl 

derived target peptides was included, these are shown as Group 2 in Table 3.2.7.1.
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Table 3.2.7.1 Peptide sequences and m/z targeted during LC/MS/MS analysis of eluates from 

CML patient cells and k562 transfected cells.

Group 1 Group 2

Peptide sequence [M+2H]Z+ Peptide sequence [M+2H]

KALQRPVASD 542.8 MLTNSCVKL 504.8

GFKQSSKAL 483.3 FLNVIVHSA 500.3

ATGFKQSSKA 512.8 FLSSINEEI 526.3

SSKALQRPV 493.3 FMVELVEGA 497.8

QLLKDSFMV 540.8

3.2.8 MHC class II peptide analysis.

3.2.8.1 Identification o f  CLIP peptide from immunopurified class II molecules 

The clean-up method developed for the purification of MHC class I surface presented 

peptides was tested for its application to the MHC class II peptides. This was initially 

applied to class II complexes which had been obtained by immunopurification of 

lysed T2 DR4 cells. Class II T2 DR4 cells were grown and immunopurified by 

Danielle Barry, Nottingham Trent University.19 T2 DR4 cells were cultured in RPMI- 

1640 media with 10% FCS and 2mM L-glutamine. G418, lmg/ml, was added to the 

cells with the media to maintain the transfection. The cells were split regularly when 

confluent to maintain maximum growth.

Immunopurification o f  peptides from  T2 DR4 cells

Cells were lysed with 0.1 % Triton 20 in PBS with 5 mM EDTA. 1 pg/ml of the 

proteinase inhibitors leupetin and pepstatin was also added. The cells were subjected
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to immunopurification using an ImmunoPure® rProtein A IgG plus orientation kit 

(Pierce, Rockford, US), which was used according to the manufacturer’s instructions. 

Briefly, the column was equilibrated with ImmunoPure® antibody binding/wash 

buffer (5 ml), followed by the addition of 2-4 ml of antibody solution, which was 

suspended by inversion mixing (30 minutes, room temperature). The antibody, L243, 

was harvested from the mouse B-cell hybridoma cell line which was grown in RPMI- 

1640 serum free media with 2 mM L-glutamine and 10 % FCS prior to transfer to 

serum free HL-1 hybridoma media for harvesting of antibody. Excess antibody was 

washed from the column with wash buffer and the bound antibody cross linked by 

addition of cross-linking buffer solution and inversion mixing for one hour. The 

prepared column was then equilibrated in binding buffer (PBS, pH 7.2). The sample 

was diluted 1:2 with binding buffer and applied to the column and incubated for 1 

hour at room temperature. The column was then washed with binding buffer prior to 

elution with ImmunPure® IgG elution buffer.

The target for the mass speetrometric analysis was the class II invariant chain peptide 

(CLIP) LPKPPKPVSKMRMATPLLMQALPM. Analysis was performed using 

capillary LC-nano/ESI/MS/MS using the following conditions. Injection volume: 100 

pi. Trap column: pepmap 300 pm i.d x 5 mm, Cl 8 nanobore column (Dionex, Surrey, 

UK), loading buffer 0.1 % TFA at a flow rate of -30 pi min'1. Loading pump: 

Kontron 325 with microflow splitter (SGE, Milton Keynes, UK). Analytical column: 

pepmap 75 pm i.d x 150 mm, C l8 nanobore column (Dionex, Surrey, UK). Mobile 

phase A: H2O + 0.09 % formic acid. Mobile phase B: 80 % acetonitrile + 0.09 % 

formic acid. Flow rate: 180 nl min'1, Gradient profile: 12 % B -  75 % B in 90 

minutes. Gradient pump: Ultimate™ nano-pump (Dionex, Surrey, UK).
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Mass spectrometry was performed using on-line micro-electrospray ionisation mass 

spectrometry on a Finnigan LCQ quadrupole ion trap mass spectrometer 

(ThermoFinnigan, Hemel Hempstead, UK) using a home-made ion source. Mass 

spectrometric conditions were as follows: Microspray voltage, 1.5-2.0 kV. Capillary 

Temperature, 200 °C. Capillary voltage, 29 V. Tube lens offset, 0 V. Collision energy, 

40 %. The mass spectrometric analysis method targeted for MS/MS the doubly 

charged ([M+2H]2+, m/z 1138.5) and triply charged ([M+2H]3+, m/z 892.5) parent ion 

of the CLIP peptide. A data dependent tandem scan on the strongest ion (m/z 400- 

1400) was also perfonned. The data was analysed using the TurboSEQUEST® 

(Thermofinnigan, Hemel Hempstead, UK) search algorithm against a database 

containing the entire Invariant chain protein sequence (from SWISPROT).20

3.2.8.2 Identification o f  CLIP from Class II surface eluted, cells.

The mutant cell line T2 DR4 was cultured as described above and the class II cell 

surface peptides eluted using a novel elution buffer containing formic acid, sucrose 

and KC1.19 The eluate was spiked with hep (100 fmol) and p-gal (100 fmol) and then 

subjected to solid phase extraction purification followed by strong cation exchange 

separation.

Solid phase extraction protocol

Two solid phase extraction cartridges: SEP PAK® (Waters, UK), RP, C l8, 360 mg 

sorbent, 55-105 pm particle size were connected in series were conditioned with 70 % 

acetonitrile (6 ml) and equilibrated with 0.1 % TFA (10 ml). The sample was applied 

and the cartridges washed with 0.1 % TFA (2 ml). The peptides were eluted with 70
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% acetonitrile, the first 500 pi fraction was discarded and the next 2-3 ml fraction was 

collected.

Strong cation exchange protocol

A Polysulfoethyl A, 35 x 4.6 mm column (Hichrom, UK) was equilibrated with 

mobile phase; 25 mM ammonium formate with 5 % acetonitrile at pH 3.0 with a flow 

rate of 0.5 ml min'1. The sample was diluted 1:2 with mobile phase and injected via a 

750 pi injection loop and the column washed for 30-60 seconds. The peptides were 

eluted with injections o f increasing salt concentration, 750 pi each of 25mM, 75mM, 

125mM, 175mM, 275mM, 500mM mM KC1 + 0.1 % formic acid + 5 % acetonitrile. 

Fractions (8 x lOOpl) were collected, starting immediately after each salt injection.

Each fraction was then subjected to analysis using capillary LC-nano/ESI/MS/MS. 

Injection volume: 100 pi. Trap column: pepmap 300 pm i.d x 5 mm, C l8 nanobore 

column (Dionex, Surrey, UK), loading buffer 0.1 % TFA at a flow rate of -30 pi min 

\  Loading pump: Kontron 325 with microflow splitter (SGE, Milton Keynes, UK). 

Analytical column: pepmap 75 pm i.d x 150 mm, C l8 nanobore column (Dionex, 

Surrey, UK). Mobile phase A: H20  + 0.09 % fonnic acid. Mobile phase B: 80 % 

acetonitrile + 0.09 % fonnic acid. Flow rate: 180 nl min'1, Gradient profile: 12 % B -  

75 % B in 90 minutes. Gradient pump: Ultimate™ nano-pump (Dionex, Surrey, UK).

Mass spectrometry was perfonned using on-line micro-electrospray ionisation mass 

spectrometry on a Finnigan LCQ quadrupole ion trap mass spectrometer 

(ThermoFinnigan, Hemel Hempstead, UK) using a home-made ion source. Mass 

spectrometric conditions were as follows: Microspray voltage, 1.5-2.0 kV. Capillary
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Temperature, 200 °C. Capillary voltage, 29 V. Tube lens offset, 0 V. Collision energy, 

40 %. The mass spectrometric analysis method targeted for MS/MS the doubly 

charged ([M+2H]2+, m/z 1138.5 and m/z 1167.9) and triply charged ([M+2H]3+, m/z

892.5 and 779.1) parent ion of two CLIP peptides (CLIPgi-ioi and CLIPsi-km). A data 

dependent tandem scan on the strongest ion (m/z 300-2000) was also performed. The 

data was analysed using the TurboSEQUEST® (Thermofinnigan, Hemel Hempstead, 

UK) search algorithm against a database containing the entire Invariant chain protein 

sequence (from SWISPROT).20 Potential matches were confirmed by manual 

matching of predicted fragment ion peaks with tandem mass spectra.

159



3.3.0 Results and Discussion

The nature of the following investigations into improving and developing a method 

for the identification o f MHC restricted peptides was such that frequently experiments 

were performed only once as a means of determining degree of losses at various 

stages of the procedure to establish stages which required revision. As such the work 

was largely qualitative. Further detail is provided where applicable.

3.3.1 Elution of cell surface peptides

The identification of novel, immunogenic MHC class I and II peptides which are 

expressed at the surface of cells is important for the development of peptide based 

vaccines. The identification of MHC class I peptides by mass spectrometry is a 

growing area of research and a range of techniques have been employed to isolate and 

characterise antigenic peptides. These procedures were reviewed in Chapter 1. The 

identification of class II peptides has also been attempted using immunoaffinity 

purification following cell lysis. However, there is a need for the development of 

validated methods for the clean-up and identification o f peptides, which may be 

successfully applied to both class I and class II antigens eluted from the surface of 

cells.

Previous studies in our laboratory have shown the potential of the use of a citrate 

phosphate buffer at pH 3.3 for the elution of class I peptides from the surface of 

leukaemic cells.1,8 Tests were performed to determine cell viability following this 

elution.21 Trypan blue dye exclusion and toxilight™ assays were performed on the 

supernatants of K562-A2 cells before and after mild acid elution. The k562 cell line
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was derived from a patient suffering from chronic myeloid leukaemia (CML) who 

was in blast crisis. It is a highly undifferentiated cell line originating from a 

pluripotential haematopoietic stem cell. The cell line does not express any HLA 

molecules on its surface. It can, however, be transfected with genes for the surface 

expression of MHC class I molecules.22,23 This enables transfection with a haplotype 

of choice for example A2.

The Trypan Blue dye exclusion assay is the standard approach for the determination 

of cell viability. The assay is based on the reactivity of the dye’s chromophore with 

the cell. The chromophore is negatively charged and does not interact with the cell 

unless the membrane is damaged. Viable cells will therefore exclude the dye and can 

be seen under a microscope.24

The toxilight™ assay detects adenylate kinase which is released from cells when 

damage to the plasma membrane occurs. Following mild acid elution of K562-A2 

cells 76 % of cells remained viable. The Trypan blue exclusion assay detected 14 % 

cell death. Storkus et alm reported 22 % cell lysis after a 5 minute incubation with 

buffer, which is comparable to the results obtained in this work. These data confirm 

that mild acid elution with citrate phosphate buffer results in minimal cell lysis and 

that peptides extracted into the buffer are more likely to have originated from the cells 

surface than from the intracellular compartment. Moreover, we can say that if 

peptides cannot be detected in the cell surface eluates, then they could not be 

associated with the MHC class I molecule on the cell surface and are therefore 

unlikely to be promising vaccine candidates. The disadvantage of the mild acid 

elution approach is that the peptide content of the elution buffer is much more
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complex than lysates purified by immunoaffinity procedures, so a highly efficient 

clean-up is required. This chapter presents the development of a method for the 

identification of class I and II associated cell surface peptides without cell lysis, using 

a mild acid wash.

3.3.2 The recovery of standard peptides

The MHC class I method described in Section 3.2.2, and shown schematically in 

Figure 3.3.2.1, was developed from a previously reported procedure for the detection 

of the A3 peptide (KQSSKALQR).1-7-8

Mild acid elution of CML patient cells

Centrifugation

TCA precipitation of proteins

SCX chromatography using Biorad cartridge

Ultrasonication

Figure 3.3.2.1 Schematic representation of the class 1 clean-up method. The method has been 

amended from the published method to incorporate on-line RP-HPLC/MS/IVIS analysis.

The method was evaluated for the purification of a solution o f citrate phosphate 

buffer, pH 3.3, spiked with ~ 50 fmol of the hepatitis B peptide (TPPAYRPPNAPIL). 

The hep B peptide has previously been used as an internal recovery standard. As the 

peptide is a class II sequence of viral origin it would not be presented on the surface 

of class I molecules and would not be found in cells free of hepatitis B infection.
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The purpose of this experiment was to test the method for the recovery of hep B in 

buffer, prior to the application of the method to the analysis of CML patient eluates. 

The buffer containing hep B was subjected to the clean-up procedure described in 

Section 3.2.2 and the SCX column eluate was split into two aliquots (1 ml each) for 

analysis. Aliquot 1 was analysed using a data dependent scan sequence to 

qualitatively confirm the presence of hep B peptide. The second aliquot was run in 

full scan mode and the peak area compared with a non-extracted standard to 

determine the recovery of the spiked peptide through the clean-up and loading 

procedure. The LC/MS data obtained following this eluate clean-up can be seen in 

Figure 3.3.2.2. The hep B spike was identified during data dependent analysis and 

tandem MS was performed on the [M+2H]2+ ion revealing a fragmentation spectrum 

showing good coverage of b and y ions, as can be seen in Figure 3.3.2.2 (c), which 

corresponds to the MS/MS spectrum of the hep B standard.
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Figure 3.3.2.2 LC/MS analysis of citrate phosphate buffer spiked with the hep B peptide 

following clean-up procedure and a non-extracted standard, (a) Single ion chromatogram 

(|M +2H |2+ m/z 704) of hepatitis B peptide in spiked buffer, (b) Single ion chromatogram 

(|M+2H]2+ m/z 704) of a non-extracted standard containing hepatitis B peptide, (c) tandem mass 

spectrum of the |M +2H|2+ ion (m/z 704.3) showing fragmentation ions and assigned to hepatitis B 

peptide.

The difference in the retention time of the hep B peptide between the two 

chromatograms is due to the difference in the sample injection volume. The extracted 

sample is 1000 pL and so the loading time compared with the 1 pL standard is much 

greater, therefore, back-flushing the sample from the trap column onto the analytical 

column takes longer.

T ~ T “ 1
1400
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Calculation o f recovery

The recovery of the hep B peptide through the clean-up procedure was calculated 

using the peak areas obtained for the [M+2H]2+ ion from the sample analysis (Figure

3.3.2.2 a) and the standard analysis (Figure 3.3.2.2 b) using equation 3.3.2.1.

Sample peak area
x 1 0 0  %

8789439

Standard peak area 66500559
x 100 % = 13 % Equation 3.3.2.1

Clearly this level of recovery is very low, particularly when considering the simplicity 

of this spiked buffer sample compared to the complexity anticipated for patient cell 

eluate samples. The spiked peptide is being lost during one or all stages of the 

extraction procedure.

Two CML patient samples were surface eluted with citrate phosphate buffer. The 

eluates were spiked with hep B and were also subjected to the same clean-up and 

analysis procedure. In both cases the hepatitis B peptide spike was extremely weak in 

the full scan spectrum and in neither case was the parent ion selected for further data 

dependent analysis thus yielding no fragmentation spectra. It appears that the poor 

recovery observed when using this method on a citrate phosphate buffer spike has 

been reduced still further in the presence of a complex patient eluate matrix. It is clear 

that although this method was previously suitable for the identification of the A3 

bcr/abl peptide, due to the unusually basic nature of the peptide, it is not suitable for 

use when searching a larger peptide pool. Therefore a more general method of clean­

up was required.
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3.3.2.1 Peptide recovery through SCX

The SCX method described in Section 3.2.2.1 was tested with a 20 liiL sample of 

citrate phosphate buffer, pH3.3, spiked with five synthetic MHC peptides to 

determine the level of losses taking place during this step in the clean-up procedure. A 

non-extracted standard solution of equivalent concentration, approximately 40 fmol, 

was also analysed to allow a calculation of recovery of peptides from the SCX 

column, determined by LC/MS. The resulting chromatograms are shown in Figure 

3.3.2.3. The recoveries for the synthetic peptides for a single experiment, calculated 

using the LC/MS peak areas are given in Table 3.3.2.I. These recoveries indicate that 

significant amounts of all the peptides are lost during this stage in the purification.

Table 3.3.2.1 Peptide recoveries through the SCX cartridge

Peptide Sequence [M+2H]2+ %  Recovery

p53(65-73) RMPEAPPV 484.3 8

P-gal TPHPARIGL 481.3 2 2

gp70 SPSYVYHQF 564.5 15

Hep B TPPAYRPPNAPIL 704.3 42

p5 3 (264-272) LLGRNSFEV 517.8 24

The reason such poor recoveries are observed during this stage is not certain however 

the presence of TCA in the sample significantly lowers the pH of the sample solution 

below the optimum operating pH of the cation exchange column. This would 

adversely affect peptide binding.
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Figure 3.3.2.3 Selected product ion chromatograms of the five peptides used to test recovery 

through the SCX column (Biorad). Both the SCX sample and the corresponding standards are 

shown.

It was decided that repetition of this and similar experiments was unnecessary as the 

aim was to identify areas of the methodology in which significant losses were 

occurring rather than to quantify them absolutely.

The chromatograms shown in Figure 3.3.2.3 illustrate similar retention times for some 

of the peptides. Co-elution can lead to ion suppression, although it was not observed 

in this case. Any ion suppression would be mirrored in the standard analysis.
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3.3.2.2 Use o f  reduced bed volume SCX column

The SCX polishing column has a smaller bed volume than the Biorad cartridge used 

previously and may be used in conjunction with a HPLC pump. The column was 

connected to an ITPLC pump and UV detector as shown in Figure 3.2.2.1 and the 

loading buffer was pumped continuously through the column at 0.5 ml min'1. The 

injector was fitted with a 500 fil injection loop which was used to introduce sample or 

eluent to the column. A test o f the column was performed by loading a mixture of 

four peptides spiked into citrate phosphate buffer (pH 2.8) in 0.1 M HC1 (pH 2) and 

eluted with 0.1 M NaOH (pH 13). This experiment was carried out only once in order 

to determine if a simple change to the original method, increasing the pH, together 

with incorporating an HPLC pumped system for a more consistent environment 

would have a beneficial effect on peptide retention. The recovery values show 

significant improvement compared to the Biorad cartridge and the previous method 

(see Table 3.3.2.2). Once again accurate quantification was not the aim of this 

experiment, rather, the aim was to ascertain the degree of loss which had occurred 

during the procedure. This was achieved by comparison of extracted and non- 

extracted peak areas. Additionally a qualitative comparison can be made between the 

results obtained here (Table 3.3.2.2) and in section 3.3.2.1 (Table 3.3.2.1). This 

indicates that the degree of recovery has been improved here.

Table 3.3.2.2 Peptide recoveries through the reduced bed volume SCX column

Peptide Sequence %  Recovery

p53(65-73) RMPEAAPPV 38

gp70 SPSYVYHQF 9 3

Hep B TPPAYRPPNAPIL 71

p53(264-272) LLGRNSFEV 55
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The TCA precipitation step has not been included in this experiment therefore the 

sample pH of 2.8 is greater than after addition of TCA. A pH of 2.8 is not outside the 

optimum binding range of the SCX column. The new column coupled with the higher 

pH of the sample solution during loading has had a positive effect on the recovery of 

peptides in a standard solution. It was therefore of interest to investigate alternative 

procedures for protein removal required for a matrix of much greater complexity.

A major problem with the Biorad cartridge and polishing SCX column arises as a 

result of the TCA precipitation stage which immediately precedes it. TCA 

precipitation is used to precipitate the extraneous protein found in the patient eluates, 

particularly the fb-microglobulin which is detached from the cells surface during the 

mild acid wash. Protein precipitation by pH adjustment has been used as a simple and 

inexpensive way to precipitate proteins. 25 This involves lowering the pH to a level (< 

pi-1 1 ) outside the optimum binding range of the cation exchange stationary phase. 

This is demonstrated above with the improved recoveries observed when the pH of 

the loading solution is raised. There are two potential solutions to this problem:

• Retain the TCA precipitation step and adjust the pH of the solution back up to 

an acceptable level prior to SCX clean-up.

• Remove the TCA precipitation step and find another way to remove protein 

from the eluate.
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3.3.3 Investigation of protein removal methods

3.3.3.1 TCA precipitation and NaOH neutralisation

The possibility of continuing with the TCA precipitation step to remove the proteins, 

followed by raising the pH with NaOH to -3  was explored using the hep B peptide 

(TPPAYRPPNAPIL) at both a low level (-100 fmol) and a high level (-100 pmol). 

The solutions were then subjected to SCX and LC/MS/MS analysis. In both cases the 

results were not encouraging with the hep B peptide showing very poor recovery, 

below the limit of detection of the system, therefore the data are not shown and this 

method was not pursued.

3.3.3.2 Protein precipitation by centrifugation

The possibility of removing the extraneous protein material from the eluates by 

centrifugation was investigated. A test solution of 1 mg ml"1 BSA in water was used 

to simulate the fL-nhcroglobulin and other proteins which may be present in cultured 

cells and patient eluates. The solution was centrifuged at 100 000 rpm and the 

absorbance at 278 nm (proteins in solution absorb UV light with maxima at ca. 200 

and 280nm)26 measured at various intervals to determine the length of time required 

for the protein to be removed from the solution. The resulting graph of absorbance, 

corresponding to protein content, against time is shown in Figure 3.3.3.1. The graph 

shows that the absorbance is steadily decreased as the centrifugation time increased, 

so the level of protein in solution was being reduced during spinning. However, the 

rate of decrease is quite slow with the reduction of protein concentration to 

approximately 70 % in 75 minutes. This appears to be a time consuming way of 

removing the protein in solution, which does not provide any other benefits, such as
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reducing the volume or altering the salt content of the eluate. As this initial test did 

not yield any promising data it was not pursued any further.
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Figure 3.3.3.1 The variation of absorbance (278 nm) with centrifugation time for a BSA solution.

3.33.3 Removal o f  protein from patient eluates using ODS

The use of C l 8  columns was explored as a means of removing the proteins in patient 

eluates. This approach would have the added advantage of removing the citrate and 

phosphate salts present in these eluates and preconcentrating the samples to a more 

manageable volume. A Phenomenex ODS guard column was loaded with a sample of 

citrate phosphate buffer, spiked with three peptides hep B, (3-gal and p53. The column 

was washed with 0.1 % TFA and eluted with 60 % acetonitrile at 200 pi min"1. 

Fractions (50 pi) were collected at 15 s intervals. The resulting chromatograms are 

shown in Figure 3.3.3.2. Initial experiments were performed in the absence of protein 

to ascertain if the ODS column could retain peptides in the presence of large amounts
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of buffer alone. The detection of the three peptides is observed in fractions eluted 

from the ODS column after loading in the presence of the citrate phosphate buffer. 

The volume in which the peptides were eluted has also been reduced approximately 

1 0  fold compared to the volume of buffer in which they were loaded onto the column. 

This shows excellent promise in terms of removal of the buffer salts and a reduction 

in sample volume. It should also be possible to isolate the peptides from the protein 

using their relative affinities for the ODS stationary phase. The proteins have a greater 

affinity for the ODS than the peptides due to their much greater length and therefore 

the peptides can be selectively eluted from the ODS phase using a lower level of 

organic mobile phase modifier leaving proteins bound to the stationary phase. The 

ability of the C l 8  column to retain peptides in the presence of citrate phosphate buffer 

in this single experiment demonstrates a potential avenue of exploration, however, the 

capacity of guard column would not be sufficient for the kind of load which a patient 

eluate sample would represent and significant breakthrough would be expected. A 

solution to this problem would be to use a column of greater capacity with the same 

retention characteristics. A C l 8  solid phase extraction (SPE) cartridge fulfils these 

requirements, and it would be very easy to load the large (-5-20 ml) patient eluate 

volumes.
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Figure 3.3.3.2 Selected product ion chromatograms of the three peptides (f)-gal, hep B, p53) in 

three fractions eluted from the Jupiter HPLC ODS guard column.

3.3.4 Removal of proteins from patient eluates using solid phase extraction

3.3.4.1 Initial tests o f  solid phase extraction for recovery ofpeptides 

A solution of the same mixture of standard peptides in citrate phosphate buffer (5 ml) 

was applied to a conditioned solid phase extraction cartridge in 0.1 % TFA and eluted 

with 50 % acetonitrile prior to the analysis of fractions by LC/MS. The peptide 

chromatograms shown in Figure 3.3.4.1 indicate that the peptides can be recovered 

from the solid phase extraction cartridges following loading in the presence of citrate
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phosphate buffer. The ability of the cartridges to retain peptides in the presence of the 

buffer salts indicated that further tests of this methodology in the presence of more 

complex cellular matrices should be carried out.
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Figure 3.3.4.1 Selected product ion chromatograms of the three peptides O-gal, hep B, p53)

illustrating the recovery of peptides from the solid phase extraction cartridges over two fractions.

3.3.4.2 Refinement o f  solid phase extraction methodology

An initial attempt to use the SPE methodology described in section 3.3.4.1 for patient 

eluates spiked with peptides resulted in unacceptably poor peptide recoveries, < 1 0  %. 

A possible explanation was that the capacity of the SPE cartridge was exceeded when 

used for the much more complex matrix of a CML patient eluate. This was confirmed
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visually as the sample solution, which has a yellow colour, could be seen to travel 

through the cartridge stationary phase and saturate it. Two cartridges were therefore 

connected in series to double the capacity. This arrangement was tested by spiking a 

patient eluate with 50 pmol of the p53 peptide (STPPPGTRV). The elution solvent 

concentration was also increased from 50 % to 70 % acetonitrile to ensure the elution 

strength of the solution was sufficient to desorb the peptides. The eluate was collected 

in 500 pi fractions and the resulting chromatograms for fractions 3 and 4 are shown in 

Figure 3.3.4.2
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Figure 3.3.4.2 Selected product ion chromatograms (m/z 447 + 626 + 723) of the p53 

(STPPPGTRV) peptide recovered from the SPE cartridge in the presence of a CML patient 

eluate.
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Figure 3.3.4.2 shows that the addition of a second SPE cartridge, doubling the 

capacity of the column, has resulted in retention of the p53 peptide by the ODS 

stationary phase, in the presence of the CML patient matrix and the citrate phosphate 

buffer. Elution o f the peptide was performed using 70 % acetonitrile and the main 

fractions in which the peptide has eluted have been identified as the third and fourth 

fraction after application of the eluting solvent. Recoveries were not calculated but 

overall recoveries are given in Section 3.3.6. Although performed with a relatively 

high level of peptide, the success of this test showed that SPE clean-up offers an 

alternative method to replace the TCA precipitation step which, in addition to 

removing extraneous proteins, also reduces the eluate volume, pre-concentrates the 

peptides, and removes the citrate phosphate buffer. Once again this initial test 

demonstrated a potential solution to the removal of proteins from surface eluates.

3.3.5 Development of SCX methodology

Attention was then directed towards the efficiency of the SCX stage of the clean-up 

procedure. A popular choice of column for peptide analysis is a polysulfoethyl strong 

cation exchange column (Hichrom, UK). These columns are suitable for incorporation 

into an on-line set-up utilising HPLC pumps and injection valves, unlike the Biorad 

cartridges which had been used previously. This allows for more efficient sample 

processing. The choice of an analytical SCX column is intended to alter the SCX 

methodology away from an SPE-type load on/wash off method and towards a true 

separation procedure. Elution is therefore performed using a salt solution which can 

be varied to allow stepwise elution of peptides. The instrumental configuration used 

for these experiments is shown in Figure 3.2.2.1. A 25 % acetonitrile solution was
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spiked with 25-30 pmol of four peptides, hep B (TPPAYRPPNAPIL), (3-gal 

(TPHPARIGL), A2 (SSKALQRPV) and A3 (KQSSKALQR). Elution from the 

column was achieved using potassium chloride salt solutions in a stepwise fashion 

which were collected and tested for the presence of peptide. Figure 3.3.5.1 shows the 

selected product ion chromatograms for each of the recovered peptides in the 

appropriate salt fraction.
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Figure 3.3.5.1 Selected product ion chromatograms illustrating the recovery of peptides in salt 

fractions eluted from the Polysulfoethyl SCX column, (a) Fraction 100 mM contains the hep B
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(TPPAYRPPNAPIL) peptide, (b) Fraction 250 mM contains both the A2 (SSKALQRPV) and fl- 

gal (TPHPARIGL) peptides, (c) Fraction 500 mM contains the A3 (KQSSKALQR) peptide.

The chromatograms shown in Figure 3.3.5.1 illustrate the initial success of tests using 

the new SCX column. The hep B is the first eluting peptide in the 100 mM fraction, 

this tallies with previous experiments which have shown the hep b peptide to have the 

lowest affinity for SCX stationary phase. Conversely, the A3 peptide has the highest 

affinity of those tested, for the SCX stationary phase and therefore requires a much 

stronger salt concentration, 500 mM in order to achieve elution from the column. 

These are the two extremes of the situation, it is expected that the majority of peptides 

encountered will experience a medium affinity for the SCX stationary phase as it is 

likely that the majority of class I peptides will contain at least on basic residue, based 

on their natural abundance (-5.7 % for both K and R ) 25 as is the case for both the A2 

and p-gal peptides.

This was a successful test which was performed only once as it was decided to 

incorporate a buffering mobile phase in order to regulate the peptide on-column 

environment for a more robust final method.

3.3.5.1 SCX using buffering mobile phase

Further to these preliminary tests, alternative SCX mobile phases were investigated 

which would create a more buffered enviromnent for the column bed and so improve 

reliability of this column loading stage of the clean-up. The 0.1 % TFA loading buffer 

was therefore replaced with 25 mM ammonium formate with 5 % acetonitrile. The 

number of salt injections was reduced and the number of fractions collected per salt 

concentration was increased. The initial salt fractions of 60 and 80 mM were collected
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as a 1 ml aliquot, whilst higher salt fractions were collected in 100 pi fractions. On 

LC/MS analysis of the SCX fractions, it became apparent that the peptide elution had 

shifted to lower salt concentrations. The hep B, A2 and (3-gal peptides were all 

observed to elute using salt concentrations in the range 60-150 mM. The 

corresponding selected product ion chromatograms of these peptides in their main 

fraction are shown in Figure 3.3.5.2
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Figure 3.3.5.2 Selected product ion chromatograms illustrating the recovery of peptides from the 

SCX column following loading in 25 mM ammonium formate + 5 % acetonitrile mobile phase, 

(a) hep peptide recovered from fraction 60 mM. (b) A2 peptide recovered from fraction 150 mM, 

4- (c) P-gal peptide recovered from fraction 150 mM, 2.
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The use of a buffering mobile phase during loading was a successful modification to 

the SCX protocol that would hopefully provide a greater degree of reproducibility and 

enhance the robustness of the method due to the increased stability of the column 

environment. The salt concentrations used to elute the peptides from the SCX column 

were modified following the change in elution properties observed for the buffered 

mobile phase to: 25, 75, 125, 175, 275, 500 mM KC1 + 0.1 % formic acid + 5% 

acetonitrile. The increase in concentration is steeper after 175 mM to reflect the 

reduced likelihood of peptides eluting at higher salt concentrations, the majority are 

expected to elute with salt injections below 275 mM. Of those peptides used in the 

method development only the A3 peptide (KQSSKALQR) with its three basic 

residues and strong affinity for the SCX stationary phase required a stronger salt 

concentration to elute. A test of the SCX methodology incorporating these changes 

was performed using the hep B peptide with the eluent from the column collected in 8  

x 100 pi aliquots for each 750 pi KC1 salt injection. The results of this test are shown 

in Figure 3.3.5.3. Each experiment was performed singularly as the SCX method was 

being continually refined and developed, here it was necessary to observe the elution 

trends of the standard peptides with the altered elution salt concentrations.
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Figure 3.3.5.3 Selected product ion chromatograms showing the recovery of hep B peptide 

(TPPAYRPPNAPIL) from the SCX column in the 75 mM salt fractions (a) Fraction number 3. 

(b) Fraction number 4. (c) Fraction number 5

The hep B peptide eluted in the 75 mM salt fraction, over three of the eight 100 pi 

fractions collected. The distribution over these fractions is shown graphically in 

Figure 3.3.5.4. These data suggest that -80  % of the total hep B elutes in fractions 4 

and 5, so analysis of these fractions alone will result in little loss in sensitivity.
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Figure 3.3.5.4. The distribution o f the hep B peptide over the fractions of the 75 mM salt 

injections.

The presence of high concentrations of potassium chloride in the SCX fractions 

results in limitations on the volume which can be loaded onto the 300 pm trap column 

during LC/MS/MS analysis without breakthrough. It has been shown in Section 3.3.4 

that peptides typically elute from the SCX column in a volume 300-400 pi. The 

maximum volume which could be loaded onto the trap column was explored. A 

qualitative comparison of loading 50, 100 and 200 pi fractions of the hep B, (3-gal and 

A2 peptides in 300 mM KC1 was made, as this represents the upper end of the 

potential salt concentrations which will be routinely analysed. The 50 and 100 pi 

peptide injections resulted in detection of comparable levels of all three peptides. 

However attempts to load 200 pi of salt and peptide resulted in losses, particularly for 

the A2 peptide. The maximum loading volume was found to be 100 pi for a procedure 

including loading the salt fraction and a 5 minute wash of the trap column with 0.1 %
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TFA loading buffer prior to gradient elution. Figure 3.3.5.5 shows the selected 

product ion chromatograms and MS/MS spectra obtained for the A2, (3-gal and hep B 

peptides loaded in 100 pi KC1 solution (300mM).
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Figure 3.3.5.5 (a) Selected product ion chromatograms of the three peptides (a) A2 (b) fJ-gal (c) 

hep B (d) Tandem mass spectrum of the A2 peptide (m/z 493.3) (e) Tandem mass spectrum of the 

P-gal peptide (m/z 481.3) (f) Tandem mass spectrum of the hep B peptide (m/z 704.3).

An injection volume of 100 pi containing 300 mM potassium chloride is tolerated by 

the LC loading column therefore the 100 pi fractions collected from the SCX column 

may be loaded in their entirety onto the LC/MS system. This can be anticipated, 

despite an absence of recovery data, as a strong signal is seen in each case although 

only 100 fmol of peptide was loaded. This does not preclude the possibility of losses 

however they must be minimal or the signal observed would be considerably reduced.
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3.3.6 Evaluation of an integrated MHC class I clean-up method

The various stages of eluate clean-up described in the previous sections were 

combined into an integrated method.

The method included the following optimised steps:

1) Surface elution of CML patient cells using Storkus18 mild acid elution with 

citrate phosphate buffer pH3.3 to minimise cell lysis.

2) Solid phase extraction of the surface eluate using C l 8  cartridges to remove 

protein and buffer salts and achieve a reduction in sample volume.

3) Separation of peptides from the SPE extract using strong cation exchange 

chromatography. Peptides are eluted with fractions of salt of increasing 

concentration.

4) Analysis using on-line capillary RP-HPLC/micro-electrospray tandem mass 

spectrometry for peptide identification.

This method was evaluated using a CML patient eluate. The eluate, obtained from 

leucophoresed CML patient cells by the Richard Clarke group at the Royal Liverpool 

Hospital, was spiked at a low level (-200 fmol each) with the synthetic peptides hep 

B (TPPAYRPPNAPIL), p-gal (TPHPARIGL), A2 (SSKALQRPV) and A3 

(KQSSKALQR). The hep b and p-gal peptides were added as internal standard 

recovery peptides to this eluate and all subsequent samples. The hep B is a class II 

peptide of viral origin and the p-gal a class I peptide of murine origin, so neither 

would be native to any human CML patient samples. The A2 and A3 peptides 

represent bcr/abl derived peptides predicted to be bound to MHC class I molecules in 

the literature27 and by the SYPEITHI algorithm , 9 which showed poor recoveries in
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preliminary experiments. The eluate was then subjected to the SPE and SCX clean-up 

methodology and analysed by capillary LC/p-ESI/MS/MS.

The hep B, A2 and p-gal peptides were all recovered from this spiked eluate through 

the SPE and pre column loading. The selected product ion chromatograms showing 

the recovery of the peptides through the clean-up procedure are presented in Figures

3.3.6.1 to 3.3.6.3. The A3 peptide was not detected using this protocol because the 

highly basic nature of this peptide results in very poor retention on ODS where 

typically it shows extensive breakthrough .8 Since the ODS SPE clean-up and loading 

onto the ODS trap column precedes the analytical column, loss of the A3 peptide is 

expected to be very significant at both stages.

185



Full m s2 704.30@40.00 mfc=604.5-605.5"720.8-721.8+1208.0-1209.0

1 °®1JFraction 75 mM (5)
RT: 35.59

50-J
NL 9.03E3

.A
100 .Fraction 75 mM (6) 

"NL 7.87E3

RT: 34.91

<D
o  50H  
cTO 

T 3  
C  u

<  0-

% 100qFraction 75 mM ®  

N L 1.56E 4

Az\ /A___
RT: 34.97

5 0 -

100-1

5 0 -

Fraction 75 mM 

NL: 2.78E4

RT: 35.69

0  | i i— r - 'T — |— i— r- 'T - 'i— f — T" - i ' I — i— [— !— i— i— i— f

0 5 10 15 20
Time (min)

Full m s2 704 30@40 00 NL: 1 08E4

686.1
100-,

605JD 6 3 8 .3
1 2 0 8 .6

c  6 0 -

!  4 0 -  
05 I 0)

01  2 0 -

5 8 1 .8b3-n2o
2 7 8 .1

4 8 2 .6
8 6 8 . 1 2 1 0 .54 3 8 .4 8 5 1 .1

41)14
7 0 0

1121.2 1 3 7 1 .4
2 1 0 .9

200 3 0 0 4 0 0 5 0 0 6 0 0 8 0 0 9 0 0 1000 1100 1200 1 3 0 0 1 4 0 0

m/z

Figure 3.3.6.1 Selected product ion chromatograms showing the recovery of the hep B peptide 

(TPPAYRPPNAPIL) through the integrated MHC class I clean-up procedure. The peptide was 

found in the 75 mM salt fractions (5-8) as expected.
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Figure 3.3.6.2 Selected product ion chromatograms showing the recovery of the P-gal peptide 

(TPHPAR1GL) through the integrated IMHC class I clean-up procedure. The peptide was found 

in the 175 mM salt fractions (6-8) and in the 275 mM fraction I.
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Figure 3.3.6.3 Selected product ion chromatograms showing the recovery of the A2 peptide 

(SSKALQRPV) through the integrated MHC class I clean-up procedure. The peptide was found 

in the 175 mM salt fractions (6-8) and in the 275 mM fraction (1).
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Following this successful test of the integrated procedure on the CML patient 1 eluate 

a repeat test was performed in duplicate (patients 2 and 3) with the eluates spiked at a 

lower level of only 100 fmol of each peptide. Although it is difficult to predict the 

level at which MHC class I peptides will be found in vivo, detection at a level of 100 

fmol or better is the aim. All other conditions were as described before. In each case 

the recovery was determined by comparing the peak area of each fraction to that of a 

standard equivalent to 100 % recovery. The recoveries determined for the three 

patient eluates can be seen in Table 3.3.6.1.

Table 3.3.6.1 Recovery of internal standard peptides (P-gal and hep B) and the bcr/abl derived 

A2 peptide from patient cell eluates.

% Recovery

Sample Hep B P-gal A2

Patient 1 73 52 1 1

Patient 2 72 78 1 0

Patient 3 40 81 16

Mean 62 70 1 2

The calculated recoveries show some patient to patient variability but are > 60 % for 

the hep B and p-gal peptides. The variation in recovery between patient samples was 

not unexpected. Visual comparison of the individual eluates showed a lack of 

consistency in terms of colour and levels of precipitated proteins which could explain 

the disparity in recoveries for the model peptides. However, the magnitudes of peptide 

recoveries are broadly comparable. They are a significant improvement on the -13 % 

recovery achieved for hep B using the MHC class I A3 method described in section
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3.3.2. The bcr/abl A2 fusion peptide (SSKALQRPV35.43) was included as a test of 

MHC class I peptide recovery. The recoveries for this peptide are lower than those for 

the hep B and (3-gal peptides, probably because of the number of basic residues in this 

peptide. Detection of the A2 peptide by tandem mass spectrometry was still achieved 

with a recovery of -12  % in the presence of eluate constituents. This corresponds to a 

conservative detection limit for the A2 peptide 25-50 copies per cell assuming 2.109 

cells initially (assume -5 -1 0  fmol limit of detection and 12 % recovery).

3.3.7 Analysis of k562 eluate and CML patient eluates for predicted peptides

The aim of this work was to establish robust methods for the identification of 

antigenic peptide sequences in patients and transfected cell lines by targeting specific 

bcr/abl protein sequences within and without the junctional region predicted to bind 

by the SYFPEITHI algorithm9 and in the literature27 ' 31 or to exclude sequences as 

vaccine candidates because they are not present on the cell surface at 

immunologically significant levels. The HLA.A2 peptides were preferentially targeted 

because they were predicted by the SYFPEITHI algorithm to show strong binding to 

the MHC and are derived from the bcr/abl junction region, these have been designated 

as group 1. Other peptides were selected because of association with the bcr or abl 

proteins but are not derived from the junctional region, these have been designated as 

group 2 .

The validated method was applied to the analysis of k562 cultured cells and CML 

patient samples for predicted target peptides derived from the bcr/abl protein. The 

bcr/abl derived peptides were targeted specifically by tandem MS and in some cases a
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survey scan was also performed using the ion trap software data dependent feature to 

select the most abundant peak(s) for tandem mass spectrometry. The number of 

peptide masses that could be targeted in a single run was limited to six (including the 

standard peptide) because of the cycle time of the experiment.

Table 3.3.7.1 Peptide sequences and masses targeted during MS/MS analysis

Group 1 Group 2

Peptide sequence [M+2H]2+ Peptide sequence [M+2H]2+

KALQRPVASD 542.8 MLTNSCVKL 504.8

GFKQSSKAL 483.3 FLNVTVHSA 500.3

ATGFKQSSKA 512.8 FLSSINEEI 526.3

SSKALQRPV 493.3 FMVELVEGA 497.8

QLLKDSFMV 540.8

In each analysis, 100 fmol each of the internal recovery standard peptides, hep B and 

p-gal, was added to the eluate prior to sample clean-up. All of the samples were 

positive for the bcr/abl protein with the b3a2 breakpoint. The sample information and 

peptide targets can be found in Table 3.3.7.2. These analyses represent actual patient 

samples and therefore there was no scope for repetition.
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Table 3.3.7.2 Summary of bcr/abl peptide targets and peptides identified from k562 cell lines and 

CML patient samples.

Sample
Group 1 

target
Found?

Group 2 

target
Found?

Internal

Standards

recovered

K562 A2 (1) Yes No No - Yes

K562 B8 Yes No No - Yes

K562 A2 (2) Yes No Yes No Yes

Patient 180.01 

(HLA.A2 positive)
Yes No No - Yes

Patient 98.01 

(HLA.A2 positive)
Yes No Yes No Yes

As can be seen in Table 3.3.7.2, none of the targeted peptides were identified in either 

the CML patient samples or k562 transfected cell line eluates. One of the primary 

aims of this work was to determine whether the bcr/abl ‘A2’ peptide (SSKALQRPV) 

was actually expressed on the surface o f HLA-A2 bcr/abl positive cells. In order to 

make this determination a method was developed for the analysis of both MHC class I 

and class II restricted peptides eluted from the surface of cells. The A2 peptide was 

searched for in both CML patient eluates and k562 cells and was not found despite 

being predicted to be present.27 The results reported therefore indicate that this peptide 

is not presented in vivo above the limit of the detection for the method.

A target cell displays on its surface up to several hundred thousand MHC class I 

molecules complexed with an array o f peptides representing diverse intracellular 

proteins, including products encoded by pathogens such as viruses and products that
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arise from aberrant protein expression in tumour cells. The expression ‘copies per 

cell’ is used to describe the number of a particular MHC-peptide complex which are 

expressed on the surface of each individual cell. There have been various levels of 

copies per cell for immunogenic peptides expressed on the surface of cells reported in 

the literature. These range from as low as <1 up to 12000, see Table 1.6.1.1. Although 

this is not an exhaustive list, it is illustrative of the difficulty in assigning a level of 

copies per cell which are immunologically significant. The most common level is ca. 

100 copies per cell and it has been suggested that 100-400 pep-MHC complexes per 

cell are needed for T-cell activation . 32-35

Reported studies suggest that the copy number can vary over a range of many 

thousand fold. It is possible that few peptide complexes are required when the affinity 

of the TCR that recognises them is high and that a large number of complexes are 

needed when they and the corresponding TCR interact with low affinity. 36 Hunt’s 

group have isolated MHC class I peptides by immunopurification of EBV 

transformed B-LCL cell line. Four epitopes were identified in the context of 3 HLA 

B27 subtypes. Three of the four peptides were found to induce a CTL response in 

only one of the subtypes, although all four were found to be present and frequently at 

greater abundance in that subtype than the immunogenic peptide. In addition the 

immunodominant sequence, RRIYDLIEL, was found to be the least abundant, being 

present at < 1 copy number per cell. It has been concluded that the affinity between 

peptide and MHC molecule is not directly related to cell surface density. 37-39 Peptides 

which have been identified by motif scanning of proteins to have high affinity, 

however, may not be presented endogenously. 37-40 Similarly low affinity peptides 

have been found to be important antigens. 41-43
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The method reported here has a limit of detection for the so called bcr/abl A2 peptide 

(SSKALQRPV), which has shown to have a lower recovery through the clean-up than 

others tested, of approximately 25-50 copies per cell, assuming 2 x 109 cells were 

eluted, a limit of detection of 5-10 fmol and a recovery of 12 % through the 

procedure. This is a level at which all but the very rare peptide epitopes would expect 

to exceed. Recoveries of other peptides would be expected to be significantly higher 

(cf >60 % for the internal recovery standards) corresponding to < 5 copies per cell. 

These copy numbers correspond to the lower end of the range for possible MHC class 

I peptide sequences reported in the literature, suggesting that the targeted sequences 

are not present at immunologically significant levels.

Yotnda et al tested a range of bcr/abl peptides for their ability to bind to HLA-A2 T2 

cells. This is a cell line which presents on its surface empty, and therefore unstable, 

MHC class I molecules. Binding ability was assessed using a thermostabilisation 

assay and the SSKALQRPV peptide was found to have significant binding avidity. 

Furthermore they found that it stimulates in-vitro specific CTL responses using PBL 

from healthy donors and CML patients.

However, several other groups28 ,30 ,44 ' 46 have investigated the bcr/abl protein for 

potential HLA-A2 binding peptide sequences, but none of the groups were able to 

find any strongly binding epitopes. In addition, a reverse immunology investigation of 

the bcr/abl protein found that the putative binding protein KQSSKALQR cannot be 

generated in vitro via cleavage by either the constitutive or the immunoproteosome. 47 

Attempts by the Rees group to generate strong HLA-A2 restricted CTL in HLA-A2

194



transgenic mice for this peptide and others (ATGFKQSSKA, KALQRPVASD) were 

also unsuccessful.48

Clearly these findings are contradictory with the evidence presented here supporting 

the view that the A2 peptide, KQSSKALQR, is not presented on the surface of CML 

patient and k562 cells expressing the bcr/abl protein.

Other sequences from the bcr/abl breakpoint region were also investigated and were 

similarly not found in the samples analysed. There appears to be a general consensus 

emerging from the groups mentioned above suggesting there is no ‘A2’ peptide 

associated with the bcr/abl breakpoint region. The breakpoint region is therefore 

unlikely to contain a promising peptide vaccine candidate for HLA-A2 positive 

patients.

A further conclusion of this work is the necessity for complementary techniques to be 

brought together for the identification of antigenic peptides in the selection of 

candidate peptides for clinical trials. Computer modelling, in-vitro testing and mass 

spectrometry represent three interdependent techniques required for confident 

identification of a surface expressed antigenic peptide, see Figure 3.3.7.1.
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Mass
Spectrometry

Figure 3.3.7.1 The triangle of techniques required for confident identification of MHC peptides.

Computer modelling is useful in predicting potential epitopes from known antigenic 

proteins of interest and so narrowing down the searching field for mass spectrometric 

identification. However, a predicition of binding ability does not necessitate 

expression. For example, Hunt et a t  49 found during the isolation of MHC class I 

peptides from melanoma cells by immunopurification and RP-HPLC fractionation 

that the peptide presented is different to the one deduced from the gene. The epitope 

YMNGTMSQV was predicted, but instead YMDGTMSQV was expressed. They 

found that the modified peptide is recognised more effectively by CTL than the 

predicted sequence. Both peptides have a similar binding affinity and would be 

predicted to bind to MHC class I molecules. The conclusion was that spontaneous 

deamidation was unlikely due to the abundance of the modified peptide and that the 

epitope arises via enzymatically posttranslational modification resulting in the 

conversion of asparagines to aspartic acid. Similarly the presence of a peptide in an 

MHC class I molecule does not assure its antigenicity and so in-vitro testing of 

candidate peptides is important. This can also aid in identifying potential mass 

spectrometric targets as antigenicity is also no guarantee of surface expression.
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K562 B8 eluate

The analysis of the K562 B 8  transfected eluate did not result in the identification of 

any of the target bcr/abl peptides, but the data dependent survey analysis revealed the 

presence of peptides associated with the cancer testis antigen protein family GAGE. 

An 18 mer (EVEPATPEEGEPATQRQD) and a 16 mer (PPNPEEVKTPE) peptide 

were identified by the SEQUEST algorithm as originating from the Human GAGE-1 

protein. SEQUEST works by establishing the similarity of a reconstructed mass 

spectrum to one which has been determined experimentally. The magnitude of the 

xcorr value indicates the quality o f the match between the sequence and the mass 

spectrum. Generally the cross correlation score cut off is around 2.0 . 50,51 The assigned 

full scan and tandem spectra are shown in Figures 3.3.7.2 and 3.3.7.3. Both peptides 

yielded strong product ion spectra, shown in Figures 3.3.7.2(b) and 3.3.7.3 (b) with 

good b and y ion sequence coverage. The SEQUEST algorithm identified these 

sequences with xCorr values of 4.06 (18 mer) and 3.84 (16 mer) and Scores of 669 

(18 mer) and 889 (16 mer).

197



[M+2H]2* 
992 4

Full m s [ 200 00-2000 00] N L 4 69E6

5 8 4 .5

1011 5
808.4 815.0 11 67 R

604.0 11/6.2 1356I

1 3 4 2  8

1544 1
1882.7

200 400 600 800

1465 1 1601 1 1744.6

2000

F u ll m s 2  9 9 2 .3 6 @ 4 0 .0 0  N L : 3 .7 2 E 5  

100-,
& 

813 5
b)

a> 80—0
cce
1 60~a
<
|  40-j 
a  I
CD

*  20 -  

0

•2
y«sH2°

73
328.6 418.1 528.1

Ve
718.3

bi- b2- b3- b4- bs- be- b7~ be- ba- bio- btt- bl2“ bt3- bv>- bis- bie- bi7-
E V E p A T P E E G E P A T Q R Q D

Lyi7 -*6 "*15-*14 *13 *12-*ii *10 *9 *8 “*6 Hh ^3 L*i

*7
815 4

Vl2 
1356 6

b9

b* / 7 ^ /

iUJii

bu

L,mU

7  y»1168 3
' 1 L A  1 1 3 0 .4  Vti

001 5 \  13361
xA

1357.6 **1457 6

bw-H20

b »

y«s Vie
1548/1 1626.2 1754 5 
  ... 1943 9 

■ ■■•■»..........■■■■ r  
400 600 800 1000 1200 

m/z
1400

r
1600 1800

Figure 3.3.7.2 (a) Full scan mass spectrum of the cancer testis antigen GAGE family 18 mer 

peptide EVEPATPEEGEPATQRQD |M+2H]2+ ion (m/z 992.4). (b) Assigned product ion 

spectrum from the tandem MS analysis of the doubly charged parent ion (m/z 992.4).

The identification of two peptides from the same protein increases confidence that the 

assignment is correct, as does the excellent match of the individual spectra to the 

assigned sequence, although, the size of these peptides precludes their being bound to 

the MHC class 1 molecule. It is not possible to say with certainty whether these 

peptides migrated from inside the cells to the cell surface. However, they are unlikely 

to be surface bound peptides associated with the class II molecule because the class I 

elution method is not expected to be effective in eluting these class II peptides. It was 

shown in section 3.3.1 that a small amount (~22 %) of cell lysis occurs during the 

surface elution and the possibility exists that these peptides originate from within the 

cells. The GAGE family of genes which express the proteins belong to the same
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family as the MAGE genes, present only in male germ line cells, they are silent in 

most normal adult tissues. They have been discussed in the literature and are 

associated with a variety of cancers including melanoma, leukaemia, lymphoma and 

various carcinomas.^ 2
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Figure 3.3.7.3 (a) Full scan mass spectrum of the cancer testis antigen GAGE family 16 mer 

peptide PPNPEEVKTPEEGEKQ |M +2H |2+ ion (m/z 905.1). (b) Assigned product ion spectrum 

from the tandem MS analysis of the doubly charged parent ion (m/z 905.1).

In each eluate analysis where a data dependent MS/MS scan was acquired using the 

survey method, whether from k562 cell lines or patient samples, a number of native 

housekeeping peptides were identified after searching the raw data with the 

SEQUEST algorithm against a database of human proteins. For example, the peptides 

and proteins found in the patient sample 180.01 and identified in this manner are 

shown in Table 3.3.7.3
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Table 3.3.7.3 Peptide sequences and the proteins from which they originated found in the patient 

sample 180.01 and identified by the SEQUEST algorithm, with correlation factor (xCorr) and 

score results.

Sequence xCorr Score Protein

IMRSGASGPENFQVG 3.74 1027 Talin

IMRSGASGPENF 3.47 1417 Talin

GEYKFQNAL 3.07 844 Albumin precursor

GEYKFQNALL 3.06 780 Albumin precursor

TGYGMPRQIL 2.84 755 Transgelin 2

LVVYPWTQRF 2.83 848 Haemoglobin gamma G

GTNRGASQAGMTG 2.47 458 Transgelin 2

GTNRG ASQAGMTGY G 4.16 1480 Transgelin 2

LVVPWTQRFFES 2.65 670 Haemoglobin beta

AQPPSSLVIDKESEVYKML 3.22 630 PDZ & LIM domain protein

KYPSPFFVF 3.08 850 Leukophysin

KYPENFFLL 2.95 1284 Protein phosphatase 1

EGGPE APIPPPPQPREKV S 2.56 355 Zyxin

AAAAIEAAAKKLE 3.94 1904 Talin

NPLPSKETIEQEKQAGES 3.47 576 Prothymosin beta

TQPRGPPASSPAPAPKF 3.38 684 Zyxin

VNPFRPGDSEPPPAPGAQRAQ 3.21 1080 Zyxin

TVPVEAVTSKTSNIR 2.99 254 Cortactin oncogene

WQVKSGTIFDNF 2.78 1302 Calreticulin precursor

IYQGRLWAF 2.71 823 Cortactin oncogene

SPVTPKFTPVASK 2.74 599 Zyxin

ECLHPTKFLNNGTCTAEAEGKFS 2.35 769 Human complement factor 1

EEGAGAE 2.05 544 Zondahesin

GPEAAKSDETAAK 2.50 641 Heat shock protein

VPVEAYTSKTSNIR 2.09 447 Cortactin oncogene

APPKPPLPEGEVPPPRPPPPEEK 4.28 844 Vinculin isoform VCL

APVISAEKAYI-IEL 4.24 1150 Tubulin alpha 3

LSALEEYTKKLNTQ 3.66 890 Apolipoprotein A-I precursor
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SGPKPFSAPKPQ 3.15 1373
Adenyl cyclase associated 

protein

LASVSTVLTSKYR 3.08 1160 Haemoglobin alpha 2

SLDRNLPSDSQDLGQHGLEED 3.07 993 Proteoglycan 1 secretory granule

SGPKPFSAPKPQT 2.95 800
Adenyl cyclase associated 

protein

HYQPQPQPKPQVQ 2.94 605 Zyxin

TQEKNPLPSKE 2.60 817 Prothymosin beta 4

NLAKGKEESLDS 2.52 689 Pro platelet basic protein

AEP AV QRTLLEK 3.28 565
Antigen identified by 

monoclonal antibodies

ESEEKGDPNKP SGF 2.05 301 PDZ & LIM domain protein

KFIDTTSKF 3.75 1027 Ribosomal protein L3

PEPAKSPAPKKGS 2.81 364 H2B Histone family

WSLGSPSGEVSHPRKT 3.04 723 Alpha 2 HS glycoprotein

SAKPTKPAASDLPVPAEGVRNIK 3.23 520 Caldesmon 1 Isoform

These peptides represent a range of housekeeping proteins, cytoskeletal proteins such 

as tubulin, and actin; DNA-binding histone proteins; Actin binding proteins such as 

talin and transgelin. The score is a preliminary scoring system, which is based on the 

number of ions in the MS/MS spectrum which match the experimental data. A value 

o f > 2 0 0  indicates a good match although a larger sequence will score higher than a 

shorter sequence. The Xcorr factor is the cross correlation value from the search and 

is indicative of the best match in the search. An Xcorr value in the region of 2.00 

would suggest a good correlation.

3.3.8 MHC class II peptide analysis.

The class II invariant chain peptide, CLIP, is involved in the assembly of the MHC 

class II molecule in the endoplasmic reticulum. The mutant cell line T2 DR4 cannot
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present peptides derived from intact protein antigen, therefore are transported to the 

cell surface with the CLIP peptide still in the binding groove. The class II peptide 

chain length is variable which leads to increased difficulty in class II prediction. The 

T2 mutant cell line is therefore ideally suited for use in the investigation of the 

transferability of the class I clean-up method to class II peptide identification as only a 

single family of peptides is expected to be present in the binding groove. Due to the 

time consuming nature of cell growth to the level required for these experiments each 

was limited to a single performance.

3.3.8.1 Identification o f  CLIP peptide from immunopurified class II molecules 

T2DR4 cells which are DM deficient were incubated and the class II molecules 

isolated by immunopurification with an L243 antibody column using an 

ImmunoPure® kit and the peptides eluted from the molecule using an IgG elution 

buffer. The peptides were then analysed by capillary LC/MS/MS for the presence of 

the class II invariant chain peptide (CLIP). The mass spectrometric method used 

targeted the full CLIP sequence LPKPPKPVSKMRMATPLLMQALPM. The mass 

spectrometry procedure was also set up to perform a data dependent tandem mass 

spectrometry scan on the strongest ion in the preceding full scan.

The targeted CLIP sequence was not found in the T2DR4 cell extract and the data 

dependent scan data was therefore analysed by searching with the TurboSEQUEST 

algorithm. The search identified a peptide sequence originating from the class II 

invariant chain, with a doubly charged parent ion at m/z 1167.9, eluting at 38 minutes 

which yielded a tandem mass spectrum with a SEQUEST score (Sp) of 188 and a 

correlation factor (xCorr) of 2.60. The cross correlation factor indicates a good match,
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although the score is less than 200. However taken together with the correlation 

factor, the SEQUEST search indicated a match worth further investigation.

The sequence identified (LPKPPKPVSKMRMATPLLMQA) was from the CLIP 

peptide with the last three C-terminal residues missing. There is no restriction on the 

length of peptide which protrudes from either side of the MHC class II peptide groove 

so a shorted sequence can readily bind to the MHC with high affinity. Closer 

investigation of the data revealed that the triply charged ion had also been selected for 

tandem mass spectrometry in the data dependent scan. The combined chromatogram 

for the doubly and triply charged ions is shown in Figure 3.3.8.1(a) The resulting full 

scan mass spectrum which shows both [M+2H]2' and [M+3H]3+ ions is shown in 

Figure 3.3.8.1 (b).
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Figure 3.3.8.1 (a) Selected ion chromatogram (m/z 1168 +779) showing the combined peak for the 

doubly and triply charged ions eluting at 38.8 minutes (x 2.6 magnification), (b) Full scan mass 

spectrum showing the |M +3H|3+ (m/z 778.9) and the |M+2H j2+ (m/z 1167.9) ions.
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The peak in the chromatogram is clear and discrete, although the scale has been 

expanded to allow better visualisation. The strong peaks later in the chromatogram are 

unrelated to the peptide ions. The sequence identified using the TurboSEQUEST 

algorithm, was subjected to manual confirmation of the fragment ion assignment by 

comparison of the spectra with fragments predicted using the algorithm MS-Tag on 

the UCSF website . 56 The manually assigned tandem mass spectra are shown in Figure 

3.3.8 .2.
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Figure 3.3.8.2 Assigned tandem mass spectra for the CLIP peptide 

LPKPPKPVSKMRMATPLLMQA. The ladder sequence of b and y ions is shown, (a) tandem 

mass spectrum of |M +2H |2+ ion (m/z 1167.9) (b) tandem mass spectrum of |M+3H)3+ ion (m/z 

779.3).

It is clear from the tandem mass spectra in Figure 3.3.8.2, that the assignment of b and 

y ions shows good sequence coverage, particularly when the doubly and triply 

charged ion fragments are taken together. It should be noted that the scan range during
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MS/MS of the triply charged ion stops at m/z 1500, this is because the acquisition 

software has incorrectly assumed the parent ion to be doubly charged. However, this 

does not appear to impact on identification as the majority of the strong fragment 

peaks are in the region below m/z 1000. From this analysis we can conclude that the 

CLIP peptide is expressed by T2DR4 MHC class II molecules and following 

immunopurification, can be identified, even without specific targeting of the correct 

sequence length, by the LC/MS methods developed in this work

3.3.8.2 Identification o f  CLIP from  Class II surface eluted cells.

The aim of these experiments was to determine whether the method developed for the 

clean-up and identification of MHC class I peptides, and shown to be applicable to 

immunopurified class II peptide from cell lysates, can also be applied to surface 

eluted MHC class II molecules. A novel class II surface elution protocol has been 

developed in parallel with the class I protocol, which allows the surface presented 

MHC class II bound peptides to be eluted in a similar way to that of the MHC class I 

peptides with minimal cell lysis. 18 The T2DR4 cells were cultured and eluted using 

the class II buffer. The eluate was then spiked with the internal recovery peptides hep 

b and P-gal and subjected to the solid phase extraction and strong cation exchange 

protocols prior to capillary LC/pESI/MS/MS analysis of the resulting fractions. 

Taking into consideration the results from the analysis of the immunopurified DR4 

cells, two additional scan events were added to the method to specifically target the 

doubly and triply charged ions of the CLIP peptide that was identified. The presence 

of the same CLIP peptide which had been discovered in the immunopurified cells, 

CLIPgi.ioi, LPKPPKPVSKMRMATPLLMQA, was confirmed from the tandem mass 

spectra in the class II buffer eluate without immunopurification. The chromatograms
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and mass spectrum, which shows the presence of both the doubly and triply charged 

peptide ions are shown in Figure 3.3.8 .3.

Due to the targeting nature of the data acquisition method, the chromatographic peaks 

which are shown in Figure 3.3.8.3 (a) and (b) are strong, sharp and discrete. The mass 

spectrum of the two ions was more complex and has been presented in the range m/z 

300-1200 in Figure 3.3.8 .3 to allow a clearer view of the two parent ions. Both ions 

were targeted for tandem mass spectrometry and were assigned their b and y fragment 

ions by manual comparison of the fragments predicted by the UCSF MS-Tag 

function . 56 The assigned tandem mass spectra can be seen in Figure 3.3.8.4.
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Figure 3.3.8.3 Chromatograms and mass spectrum of the CLIP peptide 

LPKPPKPVSKMRMATPLLMQA identified from surface eluted T2DR4 MHC class II 

complexes, (a) Product ion chromatogram (m/z 750 + 994 + 1059) of the |M +3H|3+ CLIP ion. (b)
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Product ion chromatogram (m/z 999 + 1063 + 1674) of the (M+2HJ2* CLIP ion. (c) Full scan mass 

spectrum showing both parent ions IM+3H]3* (m/z 779.3) and |M +2H|2+ (m/z 1167.8).

The b and y assignment for both parent ions is very comprehensive, particularly when 

taken together, and the assignments confirm the identification of these two peptide 

ions as originating from the CLIP peptide. The MS/MS spectra shown in Figure 

3.3.8.4 also match well with the corresponding spectra shown in Figure 3.3.8 .2. It can 

be seen in Figure 3.3.8.4 (b) that there are few prominent ions above m/z 1200, which 

confirms the earlier assumption that the loss of this portion of the spectrum during the 

immunopurification analysis is of little consequence
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Figure 3.3.8.4 b and y fragment assigned tandem mass spectra of the CLIP peptide 

LPKPPKPVSKMRMATPLLMQA. The peptide ladder is also shown, (a) tandem mass spectrum

of 1M+2H)2+ ion, (m/z 1167.8) and (b) tandem mass spectrum of [M+3Hj'>+ ion, (m/z 779.3).
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In conclusion, the method developed for the identification of MHC class I peptides 

has been successfully extended to the analysis of immunopurified and surface eluted 

MHC class II peptides. Using a mutated cell line which cannot display 

endocytotically digested peptides on the cell surface, it was possible to greatly reduce 

the number of possible bound peptides. These were a nested set originating from the 

class II invariant chain peptide (CLIP) which is associated with the class II molecule 

during its assembly in the endoplasmic reticulum. Using conventional 

immunopurification techniques we were able to confirm the presentation of a 

particular CLIP peptide by the T2DR4 cells and verify the suitability of the LC/MS 

analytical method for the detection of the peptide. The MHC class I clean-up and 

analysis methods were then performed on a MHC class II surface eluate and the CLIP 

peptide was identified as being presented on the surface of the T2DR4 cells.
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3,4.0 Conclusions

The method which presented here allows MHC class I and class II peptides eluted 

from the surface of infected and transfected cells to be targeted and, if present, 

identified. The prevailing method for the identification of MHC class I peptide 

antigens was pioneered by Hunt et al57 involving the antibody purification of MHC 

class I molecules and complexed peptide following cell lysis and acid elution of the 

peptides from the complex. The eluted peptides are fractionated by HPLC 

fractionation, often coupled with assays to establish immunological activity of 

peptides within fractions, prior to sequence identification by tandem mass 

spectrometry. Although the Hunt technique is well established and has been used to 

identify a number o f MHC associated peptides it suffers from the underlying 

disadvantage that the peptides identified cannot be said, with confidence, to have 

originated from the cell surface. A comparison of the two methods is presented in 

Table 3.4.1

The method involves mild acid elution, to minimise cell lysis, followed by SPE clean­

up, orthogonal SCX and capillary RP-LC fractionation and tandem mass 

spectrometry. The mild acid elution approach, -80%  or more o f the cells remain intact 

and viable after treatment with citrate phosphate buffer. The possibility of the MHC 

complexes picking up peptides released from the cells interior is considerably reduced 

and confidence of a surface expressed identification is correspondingly higher.
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Table 3.4.1. A comparison between the MHC cell surface method presented in this thesis and the

Hunt immunoafiinity purification method

Parameter Cell Surface Elution Method Hunt Method 42 57

Analytical
Methodology

Utilises an orthogonal mode of 
separation, SCX and RP-HPLC 
to maximise separation of 
species.

Multiple stages of RP-HPLC, 
the same mode o f separation as 
the cell surface elution method.

Efficiency of 
Analysis

SCX and single RP-HPLC 
processes should provide 
separation of species with 
minimal analyte losses.

Multiple stages of RP-HPLC 
will increase the risk of analyte 
losses, particularly highly polar 
peptides.

Specificity

This method has the potential 
to incorporate stages to 
provide information on 
immunogenicity.

Involves the incorporation of a 
T-cell assay to provide 
information on potential 
immunogenicity.

Peptide Yield

12 % (For the bcr/abl peptide 
SSKALQRPV).
>60 % (For other model 
peptides).

12 % (Based on the melanoma 
peptide YLEPGPVTA).

Number of Cells 
Studied

2 . 0  x 1 0 9 4.0 x 109

Certainty of 
Analysis

Surface elution maximises the 
likelihood of the analysis of 
surface expressed peptides.

Immunoaffinity purification of 
MHC molecules from lysed 
cells provides no assurance of 
the analysis of surface 
expressed peptides.

Limit of 
Detection

5 to 10 finol -15 fmol

The method presented here has been shown to have a limit o f detection of a 5-10 

femtomoles which is comparable with, or slightly better than that achieved using the 

immunoaffinity purification method . 42 ,58

The use of a mild acid wash for the surface elution of MHC peptides results in a more 

complex sample than is obtained by immunopurification. However, the use of 

multiple stages of separation simplifies the mass spectrometers task. This method
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utilises orthogonal modes of separation, fractionation by strong cation exchange 

chromatography followed by RP-HPLC in contrast to the Hunt method which uses 

multiple stages of RP-HPLC. The multidimensional approach has been used by other 

groups for the analysis of complex mixture. 59 ' 61 This approach is well suited to the 

analysis of the surface elution as, in addition to reducing the complexity of the 

sample, it also reduces the sample volume with each stage of separation, which is 

useful when the initial sample volume is 5-20 ml. A benefit of carrying out the Hunt 

method would lie in the incorporation of the T-cell assay that would maximise the 

information that could be obtained from an analysis. However, such an assay could 

also be incorporated into the cell surface elution method.

The method is more widely applicable to MHC class I peptides than the previous A3 

clean-up method which has been developed in this group for the analysis of surface 

eluted peptides. The protein precipitation step using trichloroacetic acid was 

eliminated in favour of a solid phase extraction protocol, which served the dual 

purpose of removing the extraneous protein and concentrating and desalting the cell 

eluate.

Strong cation exchange chromatography was then employed for the fractionation of 

the peptides. Several columns were investigated under a variety of binding and elution 

conditions to ascertain the optimum system for peptide separation and maximum 

recovery. Analysis was then performed using the nano-LC/p-ESI/MS/MS system, of 

which the development and optimisation was described in Chapter 2.
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The integrated method was satisfactorily tested with recovery for the peptides hep B 

and p-gal of 60-70 %. The A2 predicted peptide suffered significantly lower recovery, 

- 1 2  %, however there is sufficient sensitivity to allow detection of an 

immunologically significant level of 25-50 copies of peptide per cell. This method 

was applied to the analysis of HLA.A2 CML patient eluates and k562 A2 transfected 

cell lines in search of the A2 predicted peptide SSKALQRPV and other targeted 

bcr/abl peptides. None of the predicted peptides were observed in these eluates at 

detectable levels. These data provide powerful evidence that MHC binding peptides 

presented in silico and by binding assays and proteosomal digestion studies may not 

be presented to the immune system via MHC class I molecules. It is therefore 

necessary to undertake the direct analysis of patient samples for predicted peptides, in 

addition to algorithm prediction and in vitro assays, when peptide vaccine candidates 

are selected for clinical trials.

Analysis of the HLA. B 8  positive CML patient eluate revealed the presence of 

peptides associated with the cancer testis antigen family GAGE. The size of peptide 

excludes them as MHC class I bound and it is unlikely that they were class II bound 

peptides as the mild acid elution method has not been shown to be effective in 

releasing these peptides. The remaining possibility is that these peptides originate 

from within the cell and are released during the small amount of cell lysis which has 

been shown to occur. A number of native housekeeping proteins were also identified 

with high confidence from the CML patient eluates using the SEQUEST algorithm.

The integrated clean-up method was further tested for its application to the 

identification of MHC class II peptides. DM deficient T2DR4 cells were utilised for
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their simplified class II repertoire as their mutation ensures they present only the class 

II invariant chain peptide (CLIP). A sequence from the CLIP peptide was identified 

using the integrated clean-up method from cells which had been immunopurified. 

This initial test confinned the potential application of the clean-up method to the 

identification of class II peptides. The immunopurification method gives rise to a very 

clean sample although it does not allow confidence in surface expression. A novel 

class II surface elution buffer was applied to the same T2DR4 cells and the eluate 

subjected to the integrated clean-up method. The same CLIP sequence was identified 

from the surface eluate.
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CHAPTER 4

IMMOBILISED METAL ION AFFINITY 

CHROMATOGRAPHY (IMAC) FOR THE 

SELECTIVE ISOLATION OF PEPTIDES



C hapter 4 Aims Breakdown

The purpose of the work presented in this chapter was to explore alternative 

methods for peptide purification by immobilised metal ion affinity 

chromatography (IMAC).

The following points were explored.

• Investigation of conditions for a simple IMAC method for the selective

purification of histidine containing peptides using immobilised copper 

ions.

• To investigate conditions for an IMAC method that is selective for all

peptides via interaction with the N-terminus.

• Apply the IMAC method to the purification of biological samples

including protein digests and cell surface eluates.

218



4.1.0 Introduction,

Tmmobilised metal ion affinity chromatography (TMAC), also known as metal 

chelate chromatography, was first introduced in 1975.1 In recent years IMAC has 

proved to be a powerful tool for the isolation of species in proteomics. Only a 

small number of peptides in a protein digest are required to identify the 

originating protein. By reducing the number of peptides analysed the complexity 

of a sample is reduced and it becomes easier to usefully analyse. By selecting 

low abundance peptides, for example those containing histidine residues whose 

natural abundance in proteins is -2.2 %, this can be achieved. 2 ' 4 According to 

genomic analysis 82.5 % of human proteins will contain a histidine residue. 3 The 

separation of peptides and proteins is possible through co ordination between 

immobilised metal ions and electron donor groups present on amino acid side 

chains at the protein surface. 5"8 The most commonly used metal ions are Cu2+, 

Ni2+, Co2+ and Zn2 + . 9 Although many residues such as Glu, Asp, Tyr, Cys, His, 

Arg, Lys, Met can participate in binding, the actual protein retention in IMAC is 

based primarily on the availability of histidine residues. Cysteine and Tryptophan 

can also contribute to binding if they are in the vicinity of accessible histidine 

residues. 6 It has also been shown that above pH8 , the a-amino group of the 

peptide amino-terminus has an affinity for Cu2+-IDA . 10,11 Copper is the most 

commonly used metal ion due to its high affinity for the histidine residue. Other 

metal ions have also been used for histidine isolation, particularly nickel when 

chelated with nitrotriacetic acid (NTA). This approach is most successful when 

applied to adjacent histidine residues, which are uncommon in nature, or 

engineered histidine affinity tags. 12' 18 In comparison with the widespread use of
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IMAC for protein fractionation, the technique has been little used for the 

selective retention of peptides. 11,18' 24

A metal ion acceptor or chelating group such as iminodiacetic acid (IDA) (Figure 

4.3.0.1) immobilised on agarose forms a column stationary phase to which metal 

ions, for example Cu (II), can be bound and immobilised. These metal ions act as 

an electron acceptor or Lewis acid forming a bond with the chelating ligands on 

the analyte. The analyte is captured by the metal complex and binds to the metal 

ion. This is illustrated by the binding of imidazole nitrogens of histidine to 

immobilised copper in Figure 4.3.0.2.

Stationary phase gel

C H O H

OH HO

IDA

Figure 4.3.0.1 The chelating agent iminodiacetic acid (IDA) bound to agarose prior to metal 

ion binding forms the basis of an IMAC column.

Analyte molecule elution is achieved by lowering the pH of the mobile phase 

resulting in protonation of the nitrogen and disruption of the co-ordination bonds 

between the amino acid and immobilised metal ion.
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Stationary phase gel

CHOH

Figure 4.3.0.2 Stationary phase with bound IDA and Cu ion complex bound to histidine 

residue.

The technique of IMAC has also been used for more widespread applications. 

Cu, Zn, Co and Ni have been sucessfully applied to the isolation of human 

monoclonal immunoglobulin fragments following pepsin digestion.25 A new 

polyacrylamide cryogen based support in conjunction with Cu-IDA has been 

compared with conventional Cu-IDA sepharose colmnns for the capture of 

histidine rich Urokinase using 20 rnM HEPES with 0.2 M NaCl at pH7.0. It was 

found that the cryogen based column has better selectivity and operational 

efficiency.26 IMAC purification of antibodies for immonpharmacotherapy on Hi- 

tagged cocaine binding scFv antibody.27 IMAC has also been applied to non- 

biological samples for the purification of copper complexing ligands (Proteins 

and peptides and compounds with N-heterocyclic aromatic structures, e.g. humic 

and fulvic acids) from soils using a buffer of 2 mM MOPSO with 0.5M NaCl at 

pH 6.9.26
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The mechanism of IMAC has been utilised in conjunction with BIACORE which 

is a biosensor instrument employing surface plasmon resonance detection. The 

ligand was immobilised on a sensor chip to which the analyte (in solution) was 

bound. The interaction was monitored and a sensorgram, a plot of interaction 

over time, was compiled to reveal binding characteristics. This was carried out 

using Ni2+-NTA on the proteins GroEL and GroES using Mops-NaOH at pH7.2. 

It was found that proteins with only one histidine tag were bound very weakly at 

neutral pH 29

This chapter describes an investigation of the potential of IMAC using 

immobilised copper ions for the selective retention of histidine containing 

peptides and the application of the technique to the clean-up of cellular lysates.
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4,2,0 Materials and Methods

Immobilised metal ion affinity chromatography (IMAC)

Investigations were performed on the use of IMAC for the purification of model 

peptides. The synthetic peptides used during this investigation were the histidine 

containing and non-histidine containing 9 mer MHC class I peptides, whose 

sequences are given below. For each sample approximately 100 pmol of each 

peptide were dissolved in 3-5 mis of buffer.

A Hi-Trap 1 ml metal chelating column (Amersham Biosciences, 

Buckinghamshire, UK) was used for IMAC purification. The column was loaded 

with 750 pi of 0.15 M Q 1S O 4, this left the column incompletely saturated with 

copper which was clear to see as only approximately three quarters of the column 

length turned blue. This incomplete saturation was carried out to prevent metal 

leaching. It was then washed with 2 column volumes of distilled deionised water 

to remove excess unbound copper. Equilibration was followed with 10 column 

volumes of buffer. The peptide sample was then applied and the column washed 

with 5 column volumes of buffer and elution was performed with 0.1 % TFA. 

The first 1 ml fraction of eluate was discarded and the following 3 ml were 

collected and combined. Analysis of the collected fractions was performed using 

capillary LC-nano/ESI/MS/MS. A schematic of the analysis process can be seen 

in Figure 4.2.0.1.

gP70 S P S Y V Y H Q F (423-431) (3-galactosidase TPHPARIGL(876-884)

P 5 3  L L G R N S F E V ( 2 6 4 - 2 7 2 ) p53RMPEAAPPV (65-73)
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Nano
pump

Loading
pump Trap columr Analytical column

I spectrometer

To waste

Sample loading

Sample Analysis

Figure 4.2.0.1. A schematic representation of the LC/MS system set-up.

The LC experimental conditions employed during this study were as follows: 

Injection volume: 1 pi. Trap column: pepmap 300 pm i.d x 5 mm. C l8 nanobore 

column (Dionex, Surrey, UK), loading buffer: 0.1 % TFA at a flow rate of -30  

pi min'1. Loading pump: Kontron 325 with microflow splitter (SGE, Milton 

Keynes, UK). Analytical column: pepmap 75 pm i.d x 150 mm, C l8 nanobore 

column (Dionex, Surrey, UK). Mobile Phase A: H20  + 0.09 % formic acid. 

Mobile Phase B: 80 % Acetonitrile + 0.09 % formic acid. Flow rate: 180 nl min' 

', Gradient profile; 12 % B -  75 % B in 60 minutes. Gradient pump; Ultimate™ 

nano-pump (Dionex, Surrey, UK).

Mass spectrometry was performed using on-line micro-electrospray on a 

Finnigan LCQ quadrupole ion trap mass spectrometer (ThermoFinnigan, Hemel 

Hempstead, UK). The typical mass spectrometric conditions were as follows:
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Microspray voltage, 1.5-2.0 kV. Capillary Temperature, 200 °C. Capillary 

voltage, 46 V. Tube lens offset, -40 V. Collision energy, 35 %.

4.2.1 Selective binding of histidine containing peptides.

Investigations were performed into the optimum buffer conditions for the 

selective binding of histidine containing peptides using immobilised metal ion 

affinity chromatography (IMAC) methodology. Comparisons were made 

between the following loading buffers.

(i) The HEPES (4-(2-hydroxyethyl)-l-piperazine-ethanesulfonic acid) 

buffer, 25 mM adjusted to pH 7.2 with 0.1 M NaOH.

(ii) The triethanolamine buffer, 5 % adjusted to pH 7.2 with conc. HC1.

4.2.2 Non-selective binding of peptides

Investigations were performed on the potential of immobilised metal ion affinity 

chromatography for the non-selective binding of peptides. The buffers explored 

during these experiments were as follows.

(i) CAPS buffer, 50 mM adjusted to pH 11.0 with 1.0 M NaOH.

(ii) Diethanolamine buffer, 50 mM adjusted to pH 10.0 with conc. HC1.
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Experiments were then performed on the non-selective binding of the four 

peptide mixture using a diethanolamine loading buffer, 50 mM adjusted to pH

10.0 with conc. HC1. Once loading was complete, the non-histidine containing 

peptides were then eluted using the HEPES pH 7.2 buffer followed by the release 

of the histidine containing peptides by applying a 0.1 % TFA acid elution.

4.2.3 Application of IMAC method to cellular extracts

The histidine selective IMAC method, following binding of peptides at pH7.2 

using the HEPES buffer, was used to purify and simplify peptides extracted from 

a cultured cell line. The cell line CT26 CL25 (mouse colon cell line transfected 

with the p-galactosidase gene) was grown in DMEM with 2 mM glutamine, 10 % 

FCS and 500 pg ml"1 G418 antibiotic to select for the transfected cells. They 

were grown at 37 °C with 5 % C 0 2 atmosphere. When 80-90 % confluent the 

cells were split by treatment with trypsin/versene to release the cells which were 

then washed in fresh media and transferred to new flasks. The cells were 

centrifuged to pellet and washed in serum free culture media (RPMI-1640) to 

remove any serum proteins from the cell surface. The cells were centrifuged and 

all media drawn off then they were re-suspended in phosphate buffered saline 

(PBS).

Extraction o f intracellular peptides

A  mixture of chloroform : methanol : HC1 (2000 : 1000 : 2) was added to the 

suspended cells (360 pi per 100 pi o f solution, 2.4 ml added in total). The sample
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was then vortex mixed (30 s), a further 800 j l l I  of chloroform was then added and 

the sample vortex mixed again (30 s). The sample mixture was then centrifuged 

(5 minutes at 2500 rpm) to allow separation into layers. The lower fraction 

contained only waste products and solvent, whilst the upper layer was the 

methanolic fraction which contained free amino acids and peptides. These liquid 

phases were separated by a solid protein plug, shown schematically in Figure

4.2.3.1. The methanolic fraction was then collected and retained for separation 

by immobilised metal ion affinity chromatography.

Methanolic fraction (free amino acids and peptides)

Protein plug

Waste

Figure 4.2.3.1 A schematic representation of chloroform : methanol extraction of peptides 

and proteins from cultured cells.

The protein plug was removed and washed twice by addition of 1 ml of 

ethylacetate followed by centrifugation (5 minutes at 2500 rpm). The plug (dry 

weight 96.1 mg) was subjected to tryptic digestion as follows. The protein was 

solubilised in diethanolamine (0.1 M, pH 8.4, 1 ml). To this was added a solution 

of trypsin (10 mg m l'1, 30 pi), the solution was then vortex mixed and incubated 

(37 °C for 36 hours). The digest was quenched and undigested protein 

precipitated by the addition of TCA (72 % w/v, 100 pi), prior to centrifugation of
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the remaining digest (10 minutes, 10000 g, 4 °C). The supernatant was collected 

and adjusted to -pH  8  by the addition of 50 % NaOH (20 pi).

IMAC purification o f  intracellular peptides

The methanolic fraction and the protein digest were diluted 1 : 2 with HEPES 

buffer (25 mM pH 7.2) and independently subjected to the following IMAC 

procedure on a Hi-Trap 1 ml metal chelating column (Amersham Biosciences, 

Buckinghamshire, UK). The column was charged with CUSO4 (0.15 M, 750 pi) 

and washed with 2  column volumes of double distilled H2O to remove excess 

unbound copper. The column was equilibrated with 10 column volumes of 

HEPES buffer (25 mM, pH 7.2). The sample was then applied and the column 

washed with 3 column volumes of HEPES buffer and analyte molecules were 

then eluted with 0.3 % TFA. The first 1 ml fraction was discarded and the 

following 3 mis of eluate collected as a single fraction.

Analysis by nano-LQju-spray MS/MS

Analysis was performed using capillary LC-p/ESI/MS/MS. The LC experimental 

conditions were as follows: Injection volume, 1000 pi. Trap column, pepmap 

300 pm i.d x 5 mm, C l 8  nanobore column (Dionex, Surrey, UK), loading buffer, 

0.1 % TFA at a flow rate of -30  pi min'1. Loading pump: Kontron 325 with 

microflow splitter (SGE, Milton Keynes, UK). Analytical column, pepmap 75 

pm i.d x 150 mm, C l 8  nanobore column (Dionex, Surrey, UK). Mobile Phase A: 

FI2O + 0.09 % formic acid. Mobile Phase B: 80 % Acetonitrile + 0.09 % formic
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acid. Flow rate: 180 nl min'1, Gradient profile; 12 % B -  75 % B in 60 minutes. 

Gradient pump; Ultimate™ nano-pump (Dionex, Surrey, UK).

Mass spectrometry was performed using on-line micro-electrospray on a 

Finnigan LCQ quadrupole ion trap mass spectrometer (ThermoFinnigan, Hemel 

Hempstead, UK). The typical mass spectrometric conditions were as follows:

Microspray voltage, 1.5-2.0 kV. Capillary Temperature, 200 °C. Capillary 

voltage, 46 V. Tube lens offset, -40 V. Collision energy, 35 %. Data was 

acquired using Xcalibure 1.3 software (ThermoFinnigan, Hemel Hempstead, 

UK) operating in data dependent mode and acquiring tandem mass spectra for 

the top 3 parent ions. Data analysis was performed using the TurboSEQUEST® 

search engine (ThermoFinnigan, Hemel Hempstead, UK).

4.2.4 IMAC purification of CML patient eluates

The TMAC purification method was applied to the purification of cell surface 

eluates obtained from patients suffering from chronic myeloid leukaemia (CML). 

Two patient eluates designated patient 355 and 256 were provided by Professor 

Richard Clark of the Royal Liverpool Hospital (UK).

Surface elution o f  CML cells.

Peripheral blood mononuclear cells were harvested from patients with CML by 

leucophoresis. Surface elution was achieved using an acid elution technique
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adapted from Storkus et a l30 Glassware was silanised prior to use using 

Sigmacote (Sigma, UK). A minimum of 2.109 cells were washed in RPMI-1640 

serum free media and centrifuged (1500 rpm, 4 °C, 5 minutes). Pelleted cells 

were then resuspended in 20 ml of citrate phosphate buffer (0.131 M citric acid + 

0.066 M sodium phosphate adjusted to pH 3.3 with 10 M NaOH) for 5 minutes 

and centrifuged again. The supernatant was collected and filtered through a 0,22 

pm micropore filter and stored at -80 °C.

Solid phase extraction and IMAC purification o f  CML surface eluates.

The CML eluates were cleaned-up using solid phase extraction cartridges SEP 

PAK® RP, C l8, 360 mg sorbent, 55-105 pm particle size (Waters, UK). Two 

cartridges were used in series. The cartridges were conditioned with acetonitrile 

(70 %, 6 ml) and equilibrated with TFA (0.1 % v/v, 10 ml). The sample was then 

loaded and washed with TFA (0.1 % v/v, 2 ml). The cartridges were then eluted 

with 70 % acetonitrile (the first 500 pi o f eluate were discarded). The resulting 

fractions were diluted 1 : 7 with 50 mM HEPES buffer to reduce the acetonitrile 

content to less than 10 % prior to loading onto the IMAC column. IMAC was 

then performed using the HEPES loading buffer (25 mM adjusted to pH 7.2 with 

0.1 M NaOH) as described in section 4.2.0.

Analysis by nano-LC/p-spray MS/MS

LC/MS/MS analysis was performed largely as described in section 4.2.3, except 

that the gradient was extended to allow improved separation. Injection volume: 

20 pi, Gradient 12 % B-75 % B in 90 minutes. Data acquisition was
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accomplished using the Xcalibur 1.3 data dependent ‘triple play’ program. 

Briefly, a full scan was performed followed by a zoom scan (increased resolution 

scan for charge state determination) and finally a tandem MS scan (collision 

energy 40 %). Individual ion masses were selected a maximum of 2 times before 

being put on an exclusion list for a duration of 3 minutes, once 3 minutes had 

passed the ions were once again free to be picked up. The zoom scan and tandem 

mass spectrometry scans were repeated for the top 6 parent ions observed in the 

full scan spectrum. This sequence of scans was repeated throughout the duration 

of the analysis. The mass range for the surface eluted peptide analysis was 

restricted to m/z 400-850. Data analysis was performed on the raw data using the 

TurboSEQUEST© searching algorithm (Thermofinnigan, Hemel Hempstead, 

UK).

4.2.5 IMAC purification of CML patient cells

Cell surface peptides extracted by surface washing of cells and intracellular 

peptides extracted from whole cellular lysates by tryptic digestion, as detailed in 

Section 4.2.3, were subjected to a further stage of SPE and IMAC clean-up. Two 

patient cell eluates, designated patient 301 and patient 286, and corresponding 

cell pellets were obtained from Professor Richard Clark of the Royal Liverpool 

Hospital (UK). A summary of the procedures these cells were subjected to can be 

seen in Figure 4.2.5.1.
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Surface elution o f CML cells

The cell surface peptides were obtained by mild acid elution as described in 

section 4.2.4 except the washing of the cells with RPMI-1640 serum free media 

was repeated three times prior to re-suspension in citrate phosphate buffer to 

ensure removal of serum proteins.

Extraction o f  intracellular peptides

The free intracellular peptides were extracted by treatment with 

chloroform/methanol and the resulting protein plug was digested tryptically, both 

of these procedures were as previously described in section 4.2.3.

Solid phase extraction and IMAC treatment o f  CML surface eluates and tryptic 

digests

The CML surface eluates and tryptic digest samples were subjected to an initial 

solid phase extraction clean-up followed by IMAC purification using the 

methods described in section 4.2.4.

Analysis by nano-LC/ESI/MS/MS

LC/MS/MS analysis was performed as described in section 4.2.4, except the LC 

mobile phase gradient was 12 % B - 75 % B in 60 minutes. The mass range 

scanned during the analysis of the cell surface eluates was m/z 400-1400 and this 

was increased to m/z 400-2000 to accommodate higher molecular weight 

peptides for the analysis of the methanol ic fractions and intracellular tryptic 

digest.
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Patient cells 301 and 286

Washed with serum free media

Clean cells, 
reduced rbc 
products

Citrate phosphate buffer pH 3.3

Eluate containing Patient cells 301 and 286 without
MHC class I surface bound MHC peptides
peptides

Chloroform/methanol extraction

methanolic fraction Solid protein
containing free precipitate
peptides

Tryptic digestion

Solution o f digested
intracellular
peptides

Solid phase 
extraction

Solid phase 
extraction

r r ' r

IMAC fractionation

Figure 4.2.5.1 Flow chart summary of the treatment of patient cells 301 and 286.
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4.3.0 Results and Discussion

Copper has been shown to be an effective metal for the retention of histidine 

containing peptides using the technique of immobilised metal ion affinity 

chromatography (IMAC).3’11,20'21,24 It has been reported that histidine, although 

of low natural abundance, is present in 82.5 % of all human proteins. As such it 

represents an ideal target for the selective purification of complex biological 

samples. Described below are the results of investigations carried out to 

determine the potential use of immobilised copper ions for the purification of 

histidine containing peptides.

4.3.1 Selective binding of histidine containing peptides.

The model synthetic 9 mer MHC class I histidine containing peptides (gp70 

SPSYVYHQF(423-43i), (3-galactosidase TPHPARlGL(876-884)) and non-histidine 

containing peptides (p53 LLGRNSFEV(26 4-272), p53 RMPEAAPPV (65-73)) were 

applied to an Hi-Trap metal chelating column, which had been previously loaded 

with copper, to evaluate the selective binding of histidine containing peptides. 

Ren et al investigated three IMAC resins against histidine containing peptides to 

test selectivity and specificity. They found that the Hi Trap column used here 

performed most effectively with the least non-specific binding of the three 

resins.23 Two different buffers were investigated, HEPES (4-(2-hydroxyethyl)-l- 

piperazine-ethanesulfonic acid) buffer and triethanolamine buffer, both at pH 7.2. 

At this pH the imidazole nitrogens in the histidyl residues will be in their non- 

protonated state and therefore encourage binding to the metal complex.
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The LC/MS/MS selected product ion chromatograms obtained following elution 

of the IMAC column with 0.1 % TFA are shown in Figures 4.3.1.1 and 4.3.1.2. 

Both buffers effected the selective binding of the two histidine containing 

peptides. Similarly for both buffers the two non-histidine containing peptides 

were not retained.

,0 0 '3Ful!m s2481.30@ 35.00 m)B= 331 .0-382.9*625.8-623.8 ML; 3.33E 4 TPHPARIGL

100lFulIms2564.SO@3S.OO m k = 594.0-585.0*692.3-633.8 NL:2.T3E4

Time (min)

Figure 4.3.1.1 Selected product ion chromatograms for the IMAC separation using the 

triethanolainine buffer, pH 7.2. (a) p-galactosidase chromatogram (b) gp 70 chromatogram.

100-1 Full ms2 48t.30(j>35.00 r o te  381 .3-302 .3 .625 .8 -626 .8  ML: 2.72E5 TPHPARIGL

100-,
Full n>52 564.50@ 35.00 ^ = 5 3 4 .0 -5 9 5 .0 * 6 9 2 .8 -6 3 3 .8  ML: 9.42E4

SPSYVYHQF

Figure 4.3.1.2 Selected product ion ehromatograms for the IMAC separation using the 

HEPES buffer, pH 7.2. (a) p-galactosidase chromatogram (b) gp 70 chromatogram.

Reco veries of the histidine-containing peptides were determined by LC/MS/MS 

analysis o f the peptides with and without IMAC fractionation at the same
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concentration and under the same analytical conditions. These recoveries are 

presented in Table 4.3.1.1.

Table 4.3.1.1 Recoveries of the histidine containing peptides SPSYVYQF and TPHPARIGL 

from the IMAC column using the HEPES (mean data) and tricthanoiamine buffers.

%  Recovery

Peptide TPHPARIGL SPSYVYHQF

HEPES buffer 103 102

Triethanolamine buffer 12 44

Following a promising initial test of the HEPES buffer the experiment was 

repeated and the data presented in Table 4.3.1.1 is the mean recovery for these 

two experiments (TPH, 120 and 86 %, range error = 33 %; SPS, 83 and 121 %, 

range error = 37 %). Initial testing of the triethanolamine buffer did not look 

promising and therefore no further tests were performed with this system. It is 

clear from the recovery data in Table 4.3.1.1 that, although both buffers 

successfully discriminated in favour of the histidine containing peptides, the 

HEPES buffer facilitates better retention of the histidine containing peptides on 

the column (average recovery was -100 % for both peptides). In comparison the 

triethanolamine buffered experiment shows a considerably reduced retention of 

<50 % for both peptides and as low as -12  % for the (3-galactosidase peptide. 

Although the range error for the HEPES buffer data is high a reproducible trend 

of high recovery was observed. Such a trend was ultimately the desired outcome, 

in contrast to the triethanolamine buffer whose initial recoveries were judged too 

low to be worth repeating. A possible explanation for these observations,
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regarding each buffer, is that HEPES with a pka of 7.48 (and a buffering pH 

range of 6.8-8.2) is better able to buffer at pH 7.2 than triethanolamine buffer 

which has a higher pka of 7.76 (and a more limited pH range of 7.0-8.3). An 

operating pH of 7.2 lies closer to the midrange for the HEPES buffer. This was a 

successful test of the method which was shown to be selective for histidine 

containing peptide standards. This method was explored for the purification of 

more complex samples, this work is discussed later in the chapter (section 4.3.3 

onwards).

4.3.2 Non-selective binding of peptides

Following the success of the histidine selective method described in section

4.3.1, the use of the IMAC methodology for the non-selective binding of 

peptides was explored using buffers at pH 10.0 -  11.0. Since at this pH the a- 

amino group of the N-terminus will not be protonated it will be susceptible to 

association with the immobilised metal complex, the mechanism of which is 

shown in Figure 4.3.2.1.10,11 Hansen et al have investigated the importance of the 

a-amino group in the purification of histidine containing peptides at neutral pH. 

Using immobilised Cu2+ metal ions, peptides were strongly retained even with a 

blocked a-amino group. With immobilised Ni2+ metal ions, blocking the a-amino 

group or removing Imidazole moiety reduced binding by up to a factor of 10.11
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Figure 4.3.2.1 The mechanism of the non-selective binding of peptides to Cu-TMAC 

stationaiy phase via the N-terminus.

A solution containing the four model histidine and non-histidine containing 9 

mer peptides, each -100 pmol in buffer, was loaded onto the copper charged 

IMAC column. Two different buffers were used: CAPS buffer at pH 11.0 and a 

diethanolamine buffer at pH 10.0. The LC/MS/MS selected product ion 

chromatograms of these peptides following loading in the diethanolamine buffer 

and the CAPS buffer followed by elution with 0.1 % TFA are shown in Figures

4.3.2.2 and 4.3.2.3 respectively.
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Figure 4.3.2.2 Selected product ion chromatograms of IMAC purged  four peptide mixture 

using the diethanolamine buffer pH 10.0. (a) p53 RMPEAAPPV (b) p53 LLGRNSFEV (c) 

p-galaetosidase TPHPARIGL (d) gp70 SPSYVYHQF.
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Figure 43.2.3 Selected product ion chromatograms of IMAC purified four peptide mixture 

using the CAPS buffer pH 11.0. (a) p53 RMPEAAPPV (b) p53 LLGRNSFEV (c) p- 

galactosidase TPHPARIGL (d) gp70 SPSYVYHQF.
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It can be seen in Figures 4.3.2.2 and 4.3.2.3 that the presence of all four peptides 

is observed in the selected product ion chromatograms, indicating the non- 

selective binding of all four standard peptides to the Cu/IMAC column. An 

estimate of recovery was made in each case to allow more informative 

comparison between the two buffers. These data are presented in Table 4.3.2.1.

Table 4.3.2.1: Recoveries for the non-selective binding of peptides using the diethanolamine 

and CAPS buffers.

%  Recovery *

Peptide RMPEAAPPV LLGRNSFEV TPHPARGL SPSYVYHQF

diethanolamine
buffer

37 33 120 25

12 72 134 22

Mean 25 53 127 24

CAPS buffer 10 47 106 68

0 28 97 4

Mean 5 38 102 36

The data in Table 4.3.2.1 clearly shows that although both of these buffers allow 

the binding of both histidine and non-histidine containing peptides to the IMAC 

column the recoveries of the non-histidine containing peptides are quite low. 

Less than 50 % recovery was observed in all cases, significantly lower than this 

was seen for the RMPEAAPPV peptide using the CAPS buffer which is not 

present at all during the second analysis. Similarly the recovery o f the histidine 

containing SPSYVYHQF peptide has also decreased significantly when
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compared with the HEPES buffer at pH 7.2 (Section 4.3.1). Both the histidine 

containing peptides show reproducible recovery with the diethanolamine buffer 

(range error; TPH 11%; SPS 13%) however the range errors for the non-histidine 

containing peptides are in excess of 70%. Only the (3-gal peptide performs 

consistently with the CAPS buffer (range error 9%), range error for the 

remaining peptides are all in excess of 50%. From these data the diethanolamine 

buffer was concluded to be the most consistent, although some refinement is 

clearly required. This method has shown some promise but has highlighted the 

requirement for further development to improve consistency although it can be 

said from this data that it should be the diethanolamine buffer which is pursued 

rather than the CAPS.

Following the tentative success of the previous two methods, elements of both 

were combined to explore the possibility of a two step elution approach. Both 

histidine and non-histidine containing peptides were loaded onto the column 

using the diethanolamine buffer. The aim behind such a process was to attempt to 

elute the non-histidine containing peptides (by lowering the pH to 7.2 with a 

HEPES buffer wash) prior to elution o f the histidine containing peptides (with 

the 0.1 % TFA acid elution). Each elution was collected and analysed 

independently by LC/MS/MS. The resulting chromatograms can be seen in 

Figure 4.3.2.4. Figures 4.3.2.4 (a) and (b) show the non-histidine peptides eluted 

by washing with the HEPES buffer and Figures 4.3.2.4 (c) and (d) show the 

histidine containing peptides eluted by the application of 0.1 % TFA. The peptide 

recoveries showed a similar pattern to that observed above with the
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diethanolamine buffer alone. Once again the recovery of the (3-galactosidase 

peptide was excellent. The other histidine containing peptide from gp70 was not 

well recovered -32  % which was slightly better than was seen previously. Both 

the p53 non-histidine containing peptides however showed slightly poorer 

recoveries -20  %.
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Figure 4,3.2.4 Selected product ion chromatograms of IMAC purified peptide mixture 

loaded using the diethanolamine buffer at pH 10.0 and eluted using a two step procedure 

with HEPES buffer (pH 7.2) followed by 0.1 % TFA. (a) p53 RMPEAAPPV eluted with 

HEPES buffer (b) p53 LLGRNSFEV eluted with HEPES buffer (c) (i-galactosidase 

TPHPARIGL eluted with 0.1 % TFA (d) gp70 SPSYVYHQF eluted with 0.1 % TFA.

Repeated attempts to improve these recoveries were unsuccessful and several 

attempts made to replicate this non-selective binding using new Hi-trap columns 

also proved unsuccessful with only the histidine containing peptides being 

captured by the Cu/IMAC column during binding with the pH 10 and 11 buffers. 

It was proposed that a high degree of between column variability was affecting
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the weaker interactions between the peptide N-terminus and the Cu ion. The 

selective binding of the histidine containing peptides was unaffected by changing 

columns. Consequently attempts to combine non-selective and selective histidine 

binding in a single procedure were not pursued further.

4.3.3 Application of IMAC method to complex cellular samples

One approach in proteomics is to decrease the complexity of tryptic peptide 

mixtures and reduce the number of peptides that must be examined to identify 

proteins Digestion of a protein results in a series of peptides of variable size, 

above 6 residues the peptide become increasingly unique to the point where only 

one peptide may be required to identify the parent protein.22 Such signature 

peptides can be used to reduce sample complexity.31 Cu(II)-IMAC has been used 

in this way for the simplification of protein tryptic digests by the isolation of 

peptides containing histidine and cysteine residues.3,23,24

The selectivity o f the Cu/IMAC method developed in Section 4.3.1 for model 

histidine-containing peptides suggests that the histidine containing peptides in 

complex proteomic samples, such as cell lysates and eluates, might be 

fractionated using this approach. The method was therefore evaluated for the 

purification and simplification of proteins from cultured cell lines. The murine 

cell line designated CT26.CL25, a colon carcinoma cell line with high expression 

of the tumour associated antigen (3-galactosidase,32 was selected for analysis. 

Cells were cultured and the population lysed using acidified
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chloroform/methanol mixture (Section 4.2.3) to solubilise and disrupt 

membranes.33 The protein is precipitated and partitioned between the two solvent 

phases and the lipid fraction extracted into the chloroform layer which was 

discarded. The peptides and free amino acids were extracted into the methanolic 

fraction of the liquid/liquid extraction. The protein pellet was washed, 

resolubilised and digested. The proteins were digested with trypsin prior to clean­

up by IMAC. Both the peptides and protein tryptic digests were then applied to 

the Cu/IMAC column using the histidine selective methodology to purify and 

reduce the complexity of the samples. The retained fractions were then analysed 

by nano-LC/MS/MS for peptide sequence and protein identification.

The base peak chromatogram for the protein digest is shown in Figure 4.3.3.1. A 

number of prominent peaks can be seen along the chromatogram, these are 

particularly intense between 20 and 45 minutes. The raw tandem mass spectral 

data was searched against a murine database using the TurboSEQUEST 

algorithm. The highest matching peptide sequences are shown in Table 4.3.3.1, 

together with the SEQUEST score and xCorr values.

The SEQUEST score is a preliminary scoring system, which is based on the 

number of ions observed in the MS/MS spectrum which match the predicted data 

for a particular peptide sequence. A value of >200 indicates a good match. It 

should be noted that a larger sequence will generally score higher than shorter 

sequences.

244



The Xcorr factor is the cross correlation value from the search and is indicative 

of the best match in the search. An Xcorr value in the region of 2.00 suggests a 

good correlation. In all cases these results provide a good first stage in 

identifying peptides, although manual confirmation of assignment is also 

required particularly if the assigned values are borderline.

In all cases the correlation factor (Xcorr) was greater than 1.8 and considerably 

higher for most peptide sequences, a SEQUEST score greater than 200 is also 

observed in all cases. The parent proteins are listed in the table and represent a 

range of cellular housekeeping proteins. O f the peptide sequences identified 90 

% are histidine containing confirming that the IMAC method remains highly 

selective during the purification of a complex mixture such as a whole cell 

digest. The majority of proteins which have been identified by the SEQUEST 

algorithm are single hit results. This was expected as the histidine residue has 

such a low abundance in naturally occurring proteins. Genomic analysis 

performed by Wang et al have predicted that, in humans 82.5 % of proteins will 

be histidine containing and that in silico tryptic digestion of these proteins will 

yield 16.8 % histidine containing peptides.3 The liklehood therefore of multiple 

peptides originating from the same protein containing histidine residues is slim.
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Figure 4.3.3.1 Full scan base peak chromatogram of the LC/MS analysis of the CT26.CL25 

murine cell digest following IMAC purification. The base peak m/z is annotated in red 

below the retention time. The early segments of the chromatograms have been expanded to 

visualise the baseline.

The CT26.CL25 cell line over expresses the (3-galactosidase tumour antigen. The 

LC/MS data was searched against a database containing this protein but the 

presence of peptides originating from this antigen were not detected in the 

presence of the total cell proteome. However a selection of peptides originating 

from various cellular proteins was identified using the SEQUEST algorithm with 

a selection of the strongest matches give in Table 4.3.3.1.

Table 4.3.3.1 Peptide sequences identified by TurboSEQUEST search algorithm from 

analysis of IMAC purified CT26.CL25 cellular protein tryptic digest. TurboSEQUEST 

score and X correlation factor and parent protein are shown.

Sequence X C orr Score Protein

HISQISVADDDDESLLGH 4.88 2095 Protein kinase C inhibitor

HLEINPDHSIIETLR 3.69 955 Heat shock protein 86

YPIEHGIITNWDDMEK 3.60 892 Alpha actin
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SLTNDWEDHLVAK 3.56 1128 Heat shock protein 86

S LTN DWEEHLV A K 3.40 1314 Heat shock protein 84

IS S VQSIVPALEIANAHR 3.32 263 Chaperonin

LLGGVTIAQGGVLPNIQAVLLPK 3.27 584 Histone 5

HLSNIPPSV SEDDLK 2.98 402 Polypyrimidine tract 
binding protein

DRPFFPGLVK 2.97 725 Nucleoside diphosphate 
kinase

HLAGLGLTEAIDK 2.36 430 Collagen binding protein

VIHDNF GIVEGL 2.50 562 Glyceraldehyde 3- 
phosphate dihydrogen

HQGVMV GMGQK 2.54 590 Alpha-2-actin

ALPGHLKPFETL 2.32 966 Glutathione S-transferase

VVSALPIQH 1.82 487 Ig gamma 2b chain 
precursor

KPLPDHY S1YEPK 2.80 683 Ribososmal protein S3

HAVSEGTK 2.75 1015 Histone H2BF

FIQHPKNFGLASYLERKSVPDCVL 2.09 423 Nuclear receptor co 
repressor

HLKIY SNKLES VEEQV STYMKTEEMEAKR 2.02 410 Cell proliferation antigen

SRLQVRSIQQVVAKQSIIQK 1.96 221 Cytochrome C oxidase 
subunit

QKIQGPTKWNKAKRHGESIKGKTESSK 1.93 319 Coagulation factor VIII

GY SQ AVEHINK 2.12 363 Enolase 1 alpha non neuron

The proteins which have been identified represent a range of housekeeping 

proteins found in cells. For example heat shock proteins are present in all cells 

and become elevated when cells are exposed to stress. Chaperonins assist in the 

folding of proteins and actin which is a cytoskeletal protein.

The LC/MS/MS analysis o f the IMAC purified methanolic fraction did not yield

247



particularly strong matches when searched using the SEQUEST algorithm. It was 

concluded that the methanolically extracted histidine containing peptides were 

not present in sufficient numbers or of sufficient concentration to be readily 

detected by the mass spectrometric process.

Overall the evaluation of the IMAC method using immobilised copper ions 

showed that histidine-containing peptides could be isolated successfully allowing 

for the simplification of an extremely complex cellular proteome digest and the 

subsequent identification of a number of housekeeping proteins by LC/MS/MS 

data dependent acquisition and TurboSEQUEST data searching algorithm.

4.3.4 IMAC purification of CML patient eluates

Following the success of the IMAC purification method with the murine cells it 

was then applied to the clean-up of cell surface eluates obtained from patients 

suffering from chronic myeloid leukaemia. A mild acid wash was used to elute 

peptides from the class I molecules on the cell surface using the procedure 

described in detail in chapter 3. Citrate phosphate buffer (pH 3.3) was used to 

destabilise the MHC (32-microglobulin chain, thus releasing the MHC associated 

peptide from the binding groove and into the eluate. The eluate was then applied 

to a solid phase extraction cartridge to concentrate and desalt the eluted peptides 

prior to IMAC purification. This analysis was performed on two separate patient 

eluates designated Patient 355 and Patient 256. A full scan base peak 

chromatogram can be seen in Figure 4.3.4.1 for both patient 355 (a) and 256 (b).
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The full scan base peak chromatograms shown in Figure 4.3.4.1 show many 

similarities between the two patients. Analysis of the TurboSEQUEST search 

results reveals an abundance of haemoglobin-related and serum peptides. These 

suggest that the extracts are contaminated by the products of red blood cells. The 

cells were obtained by leucophoresis of whole blood at the University of 

Liverpool and the red blood cells should be separated out by this procedure. 

However, the presence of red blood cell products in the extract can occur. This 

was clearly the case for the patient samples 355 and 256, where the haemoglobin 

fragments dominate the chromatogram.

33 83
832.9

10° 1  B a s e  Peak. Fu« m s [400 00-850 00) NL:3.98E7 

9 0 -  

8 0 - 3192

8 4 3  2  36.08
8001

6 0 -  

5 0 -  

4 0 -  

3 0 -  

20-

10-  0 .36 3.53 7.55 13.93 18.30 2119 23.33

24.75
419.8 79.04

412.6
30.90
610J  

30.21 JL 
7 3 2 0  11

42.60 46.72
765.5 814.2

5 8 0 6  60 44 67 24 6 8 5 88f 3 8408
52.17
752.4 74.34

617 4

Time (min)

39.65
8 3 3 5100-,

9 0 -

8 0 -

70 -
35.92
800.06 0 -

79.24
41325 0 -

4 0 -
526.534.53  

32.11 347.3 4 1 7 3  81373 0 -

57.64
805 5 7 6 3 8  6 2 .3 7  69.78

jl A 440.4 798.2

51.89
752.7

7417
20 -

83.67
831.427.61

419.93.38 7.29 1111 13.60 15.49 19.46
445.2 445.5 445.4 445.2 445.7 445 9
P i'T 'i"  i ' t t t t ? * - r r r r V  r i  ri r  i i

Time (min)

Figure 4.3.4.1 The LC/MS base peak chromatograms for patient 355 (a) and patient 256 (b). 

The base peak m/z is annotated in red below the retention time. Segments of the 

chromatogram have been expanded to visualise the baseline.
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A selection of matches for both patient samples are presented in Table 4.3.4.1, 

which shows the Xcorr factor and score assigned to each match during the 

search.

Table 4.3.4.1 Peptide sequences identified by TurboSEQUEST search algorithm from 

analysis of IMAC purified CML cell surface eluates for patients 256 (blue) and 355 (yellow). 

TurboSEQUEST score and X correlation factor and parent protein are shown.

Sequence X corr Score Protein

YQKVVAGVANALAHKYH 3.65 996 Haemoglobin beta

TLAAI1LPAEFTPAVHASLDKF 3.37 1408 Haemoglobin alpha

AAHLPAEFTPAVHASLDKF 3.14 1021 Haemoglobin beta

FVSNHAY 1.93 363 Aldolase A

VLSPADKTNVKAAWGKVGAHAGEYG 4.02 1515 Haemoglobin alpha

AAHLPAEFTPAVHASLDK 3.93 1140 Haemoglobin alpha

YQKVVAGVANALAHKYH 3.88 2012 Haemoglobin beta

PVNFKLLSH 3.39 1121 Haemoglobin alpha

LSFPTTKTYFPHF 2.97 865 Haemoglobin alpha

LLVRYTKKVPQV STPTL 2.84 645 Albumin precursor

YTKKVPQV STPTL 2.55 753 Albumin precursor

The full scan single ion chromatograms for the top three SEQUEST hits from the 

analysis of patient eluate 355 are shown in Figure 4.3.4.2. All three originate 

from the haemoglobin alpha or beta chain. It is clear from the chromatograms 

that these ions are strong, with total ion counts in the 107 region.
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Figure 4.3.4.2 Full scan single ion chromatograms showing the top 3 SEQUEST hits for 

patient 355.

Most of the dominant peptides recovered are haemoglobin and albumin derived 

and it can be seen that all of these haemoglobin peptides are histidine containing. 

Surprisingly the two albumin precursor peptides are both non-histidine 

containing. However, human serum albumin is by its nature a ‘sticky’ protein, 

which may explain why it was recovered as a result of non-selective binding 

either to the IMAC support or potentially to other bound peptides during the
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IMAC procedure. It was noted above that although the IMAC procedure is 

selective, during purification o f very complex samples it is not 1 0 0  % selective 

for histidine-containing peptides and some non-histidine containing peptides may 

also be retained, particularly when they are present at high levels. The recovery 

efficiency of the IMAC column may be very low in these cases, but the high 

initial concentration of peptides means traces of peptides remain and are detected 

by LC/MS. Ren et al have reported that Cu2+-IMAC is highly selective for 

histidine containing peptides from p-galactosidase protein although a low degree 

of non-selective selection observed.22

One of the peptides identified in Table 4.3.4.1 does not originate from the 

haemoglobin or albumin proteins. The chromatogram and tandem mass spectrum 

of the peptide, FVSNHAY, which originates from the Aldolase muscle protein 

can be seen in Figure 4.3.4.2. This was the fourth strongest matching assigmnent 

from the SEQUEST search for patient 256. The corresponding chromatogram, 

mass spectrum and assigned tandem mass spectrum for the [M+2H]2+ ion (m/z 

420) are shown in Figure 4.3.4.2.

Clearly the presence of haemoglobin and serum albumin in the eluates is 

hindering their analysis by swamping the signal of other native peptides. A 

change to the sample handling after the leucophoresis stage is required in order 

to eliminate this problem. These data show that native as well as tryptically 

digested histidine-containing peptides may be fractionated successfully using the
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Cu/IMAC procedure to simplify complex biological samples for LC/MS 

analysis.
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Figure 4.3.4.2 Aldolase A peptide FVSNHAY a) Chromatogram of doubly charged parent 

ion m/z 420.0. b) Full scan mass spectrum showing the doubly charged ion m/z 420.0 and 

the singly charged ion m/z 837.4. c) Tandem mass spectrum of the doubly charged ion (m\z 

420) with b and y assignment.

4.3.5 IMAC purification of CML patient cells

The analysis of patient eluates performed in section 4.3.4 was hindered by the 

presence of excessive amounts of haemoglobin and serum albumin fragments. In 

an effort to eliminate this problem a further set of patient samples, designated 

patient 301 and patient 286, were obtained. During the cell washing processes
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these cells were subjected to an additional repeat washing stage using serum free 

media in an attempt to eliminate haemoglobin and serum derived contaminants. 

The washed cells were eluted with citrate phosphate buffer as described in 

section 4.3.3, to elute cell surface peptides. Furthermore the 301 and 286 cells 

were subjected to the chloroform/methanol procedure to extract the free 

intracellular peptides and the protein precipitated as a solid mass which was then 

resolubilised and digested with trypsin. The CML surface eluates and tryptic 

digests were then subjected to SPE and the eluates from this and the methanolic 

fraction were each applied to the IMAC purification step. A schematic of the 

preparation stages for each extract is displayed in Figure 4.2.5.1. Analysis of 

IMAC fractions was carried out by chromatography and tandem mass 

spectrometry and the data was analysed using the TurboSEQUEST search 

algorithm to identify peptide sequences and the protein of origin in each case.

Surface elution o f  CML cells

An example of a base peak chromatogram for both patient 301 and 286 samples 

can be seen in Figure 4.3.5.1. This figure shows both of the patient sample 

chromatograms have strong signals with a total ion count in the region of 109. In 

both cases the overlapping of individual peaks has resulted in chromatograms 

which have an unresolved appearance, however data dependent tandem mass 

spectrometry analysis ensures that useful data is obtained in spite of this overlap 

of signals.
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Figure 4.3.5.1 Base peak chromatograms for IMAC purified cellular eluates of CML 

patient cells. The base peak m/z is annotated in red below the retention time. Segments of 

the chromatogram have been expanded to visualise the baseline, (a) Patient 301. (b) Patient 

286.

The results of the SEQUEST searches performed on the patient eluates 301 and 

286 can be seen in Table 4.3.5.1. The peptide sequence is shown with the 

histidine residues highlighted in red. This table also shows the Xcorr and Score 

assigned by the SEQUEST search to each match. The sequences are all histidine 

containing peptides and represent a range of cellular proteins. Although a few 

peptides originate from the haemoglobin family these no longer swamp the 

signal as was seen with the eluates for patients 256 and 355 (Section 4.3.4) which 

had not undergone the extra washing stage with serum free media prior to 

elution.
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Table 4.3.5.1 Peptide sequences identified by TurboSEQUEST search algorithm from 

analysis of IMAC purified CIVIL cell surface eluates for patients 301 (blue) and 286 (yellow). 

TurboSEQUEST score and X correlation factor and parent protein are shown.

Sequence X corr Score Protein

MAHMASKE 2.52 777 Glyceraldehyde 3-phosphate

ECQSHKLTVE 2.35 596 Proteosome subunit

YQKVVAGVANALAHKY! I 4.98 2534 Haemoglobin

HDSFLKAYPSQKRT 3.76 1165 SI00 Ca binding protein Calgizzarin

FC. PKGFGRGG AES H TFK 3.19 1066 Cysteine rich protein

FVSNHAY 2.26 1168 Aldolase

NALAHKYH 2.66 1133 Haemoglobin

YQKVVAGVANALAHKYH 5.41 2738 Haemoglobin

HDSFLKAVPSQKRT 3.56 1145 SI00 Ca binding protein Calgizzarin

KAKKPAAAAGAK 2.99 623 Histone H I-4

HKKSHEESHKE 2.82 1201 SI00 Ca binding cystic fibrosis antigen

PPQYPVVPVHLDR1I 2.60 690 Ribonuclease RNase A family

The peptide sequence HDSFLKAVPSQKRT which originates from the protein 

S 100 Ca binding, Calgizzarin, and was found in both patient samples is shown in 

Figure 4.3.5.2. The parent ion is very strong with a total ion count in the 108 

region and both the doubly charged and triply charged ions are present and were 

automatically identified for tandem mass spectrometry by the data dependent 

scanning function. The b and y assignment of the fragmentation spectrum is 

shown in Figure 4.3.5.2c and shows excellent correlation with the predicted 

ladder sequence ions.
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Figure 4.3.5.2 An example peptide identification by the SEQUEST algorithm from CML 

patient eluate following I MAC purification. Sequence HDSFLKAVPSQKRT from protein 

S100 Ca binding protein Calgizzarin. (a) Chromatogram of the doubly charged parent ion 

(m/z 807.8). (b) Full scan mass spectrum of the base peak showing the doubly charged, m/z 

807.8 and triply charged, m/z 539.0 peptide ions, (c) Tandem mass spectrum of the doubly 

charged parent ion m/z 807.8 with assignment of b and y ions.

Extraction o f  intracellular peptides

The 301 and 286 patient cells were subjected to cell lysis and peptide extraction. 

Addition of acidified chloroform/methanol allowed the free intracellular peptides 

to be extracted into the methanolic fraction. The resulting LC/MS analysis is 

illustrated in Figure 4.3.5.3, which shows a base peak chromatogram for the 

methanolic extract of samples from both patient 301 and patient 286.
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Figure 4.3.5.3 Example base peak chromatograms of I MAC purified methanolic fraction 

from CML patient cells. The base peak m/z is annotated in red below the retention time. 

Segments of the chromatogram have been expanded to visualise the baseline, (a) Patient 

301. (b) Patient 286.

A selection of the peptides most clearly identified from the SEQUEST searches 

performed on the methanolic extracts of patient cells 301 and 286 can be seen in 

Table 4.3.5.2. The peptide sequence is shown with the histidine residues 

highlighted in red. The table also shows the Xcorr and Score assigned by the 

SEQUEST search to each match. All but one of the peptides identified were 

histidine-containing and represent a range of housekeeping proteins, again 

showing a high degree of selectivity for this residue.
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Table 4.3.5.2 Peptide sequences identified by TurboSEQUEST search algorithm from 

analysis of IMAC purified CIVIL patient cells from the methanolic fraction, patient 301 

(blue) and patient 286 (yellow). TurboSEQUEST score and X correlation factor and parent 

protein are shown.

Sequence X corr Score Protein

LEGQTQVAENPHSEY 4.36 1168 dpy-30 like protein

HDSFLKAVPSQKRT 3.57 991 SI00 Ca binding protein Calgizzarin

DDEEAEEKAPVKK 3.73 1468 Nucleophosmin

KENKNEKVIEH 3.46 1570 SI00 Ca binding protein Calgizzarin

RFPTDQLTPDQER 2.89 940 Myeloperoxidase

HEGDEGPGHHHKPGLGEG 2.93 1580 Calgranulin

VHSAGNIKKEK 2.00 448 Zinc finger protein 33

An example base peak chromatogram of the tryptic digest performed on protein 

extracted from the CML patient cells is shown in Figure 4.3.5.4. The overall total 

ion count is a massive 1 0 9 and some very strong sharp peaks can be observed 

within the chromatogram. These raw data files were then subjected to peptide 

identification using the SEQUEST searching algorithm. The strongest matches 

resulting from these searches can be seen in Table 4.3.5.3.
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Figure 4.3.5.4 Example base peak chromatogram of IMAC purified tryptic digest of protein 

plug extracted from CML patient cells. The base peak m/z is annotated in red below the
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retention time. Segments of the chrom atogram  have been expanded to visualise the 

baseline.

Table 4.3.5.3 Peptide sequences identified by TurboSEQUEST search algorithm  from 

analysis of IM AC purified CM L patient cellular protein digest fo r patient 301 

TurboSEQ U EST score and X correlation factor and  parent protein are  shown.

Sequence Xcorr Score Protein

VLGAFSDGLAHLDNLK 5.04 233 Haemoglobin

LYPIANGNNQSPVDIK 4.95 1016 Carbonic anhydrase

LIS W YDNEF GY SNR 4.59 1979
Glyceraldehyde 3-phosphate 

dehydrogenase

TPA VHASLDKFLASV STVLTSK 4.57 1407 Haemoglobin

VTIAQGGVLPNIQAVLLPK 4.35 1160 H2A Histone

V APEEFIPVLLTEAPLNPK 4.35 1018 Beta actin

WAGVANALAHKYH 4.34 1829 Haemoglobin

V GAHAGEY G AEALER 4.30 1768 Haemoglobin

NIETIINTFHQ Y S VK 3.95 876 S I 00 Ca binding proein S9

TYFPHFDLSHGSAQVK 3.85 965 Haemoglobin

ETNLDSLPLVDTHSKR 3.85 561 Vimentin

VLKQVHPDTGISSK 3.49 1084 H2B Histone

WDLMAHMASK 3.43 1570
Glyceraldehyde 3 phosphate 

dehydrogenase

IV GGHEAQPHSRPY 3.36 963 Human proteinase 3

VLDFEHFLPMLQTVAK 3.29 645 Myosin

GGPGSAV SPYPTFNPSSDVVAALHK 3.08 431 Annexin

SETGAGKHVPR 3.01 954 Tubulin alpha 3

HAVSEGTKAVTKYTSSK 5.12 2553 H2B Histone

A VEHINKTIAP ALV SK 4.14 1546 Anolase

HQG VMV GMGQKD 3.32 1671 Alpha actin

HAVSEGTK 2.71 956 H2B Histone

TADGIVSHLKK 2.33 691 Protein disulphide isomerase

LLPKKTESHHK 2.18 517 H2A Histone
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AVEHINICTIAP ALV SK 3.81 982 Enolase 1

A V GRLE A V SHTSDMHR 2.95 1751
Adenyl cyclase associated 

protein

AIRIIPQYNQR 2.14 512 Cathepsin G

It is clear that the majority o f peptide sequences that are identified in Table 

43.5.3 contain one or more histidine residue which are shown highlighted in red. 

Again the number o f non-histidine containing peptides is <10 % of the identified 

peptides. This represents high selectivity when considering the relative 

abundance of the histidine and/or cysteine residue is approximately 10-18 % . 14 

Although there are still a number o f haemoglobin originating peptides identified 

their presence is again much reduced. The peptides are derived from a range of 

proteins cytoskeletal proteins (vimentin, myosin, tubulin, actin), DNA binding 

proteins (histones), and calcium binding proteins (annexin and calgranulin).
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4.4.0 Conclusions

The use of immobilised metal ion affinity chromatography (IMAC) has been 

investigated for the purification of histidine containing peptides. A selective 

method for the binding of histidine containing peptides to a Cu/IMAC column 

was developed which uses a HEPES buffer at pH 7.2 and allows selective 

binding of histidine containing model peptides with efficiency close to 1 0 0  %.

A non-selective IMAC binding method applicable to the purification of both 

histidine and non-histidine containing peptides was developed using buffers at 

pH 10/11. The peptide recoveries exhibited were somewhat lower with this non- 

selective method due to the weaker interaction between the N-tenninus and the 

metal ion. Attempts were made to establish a two stage washing procedure with 

non-selective binding followed by elution of non-histidine and then histidine 

containing peptides. However reproducibility proved problematic, this was 

attributed in part to high column to column variability which combined with the 

weaker binding interaction resulted in poor robustness and this method was not 

pursued further. Perhaps these experiments would have been more successful if a 

different metal system was utilised, Hanson et al have shown that the effect of 

the a-amino group on peptide retention can be more pronounced when using a 

nickel system . 11

Only a small number o f peptides in a protein digest may be required for 

identification of the parent protein. A technique which reduces the number of
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peptides analysed will result in more useful analysis. The histidine selective 

IMAC method was successfully applied to the purification of extremely complex 

cellular extracts. Both cell eluates and entire cell content from lysed cells, 

subjected to protein digestion, from patients with chronic myeloid leukaemia 

were purified using the IMAC column prior to analysis by nano-LC/p- 

ESI/MS/MS. The SEQUEST algorithm was then used to identify the peptide 

sequences and their originating proteins. The method was shown to be 90 % 

selective when applied to these greatly complex samples and a large variety of 

housekeeping proteins were identified.

A Cu/IMAC method was successfully developed for the simplification of 

complex cellular extracts allowing a greater ease in the identification of proteins. 

The method which has been developed is selective for histidine containing 

peptides. It utilises a simple HEPES loading buffer, at physiological pH and 

elution is achieved in one stage by lowering the pH, resulting in a sample which 

is well suited for a further dimension of separation such as HPLC. It is robust, 

maintaining a high level of selectivity in the presence of complex cellular digests 

and cell surface eluates.

This method has proven a successful avenue for the purification and 

simplification of complex cellular samples. The assumption could be made that it 

would be useful in achieving the thesis main aim of the identification of a bcr/abl 

tumour antigen. However, the absence of a histidine residue in the breakpoint 

region of the bcr/abl protein determines that this is not the case. This does not
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exclude the methods applicability to other such determinations but merely 

restricts the target sequences to those containing a histidine residue.
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CHAPTER 5

CONCLUSIONS AND FURTHER WORK



Chapter 5: Conclusions and Further work

5.1.0 Chapter 2: Development of MS and capillary HPLC/MS for the 

analysis of peptides.

During the analysis of a series of MHC class I and II peptides, the effect of 

molecular charge state on fragmentation collision energy and the spectra 

generated was successfully studied.

It was observed that peptides composed of a greater number of amino acids or a 

higher charge state require higher collision energies. When identifying unknown 

peptides, the formation of a doubly charged parent ion is preferred as such ions 

yield a large coverage of b and y ions with a high intensity of fragment ions in 

the higher mass region.

The abundance of singly, doubly and triply charged parent ions was investigated 

with regard to the tube lens voltage (TLV) and capillary temperature parameters. 

To avoid signal to noise ratio and sensitivity loss problems, optimum conditions 

for the formation of the doubly charged parent ion were a low capillary 

temperature (180°C) and a highly negative TLV of -50V. It should be noted, 

however, that these conditions favour the high intensity formation of triply 

charged parent ions during the analysis o f peptides containing three basic 

residues.

During the development of a microspray ionisation source, an increasing 

sensitivity and signal to noise ratio was observed as tip diameter was decreased
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(100 |*m to 25 jam). For a 5 jam tip diameter microspray ionisation source, 

constructed in-house, incorporating a trapping column and loading pump, 1 0 0 0  

pi of very dilute samples could be analysed successfully at high sensitivity and 

signal: noise ratio and no loss of chromatographic resolution.

5.2.0 Chapter 3: Development of a method for the identification of MHC 

class I and II restricted peptides.

The effectiveness of the Storkus method was confirmed, employing a toxilight™ 

assay, when MHC class I bound peptides were eluted from the surface of cells 

whilst maintaining cellular integrity. The data obtained was comparable to that 

reported by Storkus as 76% of k562 cells remained viable after exposure to the 

method conditions. The A3 clean-up method, performed on CML patient eluates 

spiked with synthetic MHC class I and II peptides proved to be particularly poor 

(~ 13%) as the conditions are specific to the A3 peptide. A more widely 

applicable clean-up method was developed, employing solid phase extraction and 

strong cation exchange chromatography, which was successfully used in the 

recovery of a series of peptides. The application of this method has revealed the 

following.

Although the recovery of the A2 predicted peptide was low (~ 12%), the method 

was sufficiently sensitive to allow detection of immunologically significant 

levels of peptide per cell. Consequently this method was applied to the analysis 

of HLA.A2 positive CML patient eluates and k562 A2 transfected cell lines in 

search of several A2 predicted peptides. None of these peptides were present at
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detectable levels in the eluates studied so it was concluded that they are not 

expressed on the cell surface at immunological levels. These peptides are 

therefore not suitable vaccine candidates.

The method was also applied to the clean-up and analysis o f immunopurified 

DM deficient T2DR4 cells with the class II invariant chain peptide (CLIP) 

identified. A novel class II surface elution buffer was used to elute the same 

T2DR4 cell lines. The eluate was then subjected to the clean-up protocol and the 

same CLIP peptide was identified confirming the potential application of the 

MHC method to the identification of surface eluted MHC class II peptides.

5.3.0 Chapter 4: Immobilised metal ion affinity chromatography (IMAC) 

for the selective isolation of peptides.

Immobilised metal ion affinity chromatography (IMAC) was investigated as a 

process for the purification of histidine containing peptides. Two approaches to 

this purification were studied.

A selective method for binding histidine containing peptides to a copper/IMAC 

column using a HEPES buffer (pH 7.2) was developed, this allowed highly 

efficient and selective binding of such peptides. A non-selective IMAC binding 

method, incorporating a pH 10/11 buffer, was also developed that exhibited 

binding between the column and both histidine and non-histidine containing 

peptides. Peptide recoveries employing this method were considerably lower 

than that in the histidine selective method due to the weaker interactions between 

the N-terminus and the copper ion. A two stage wash procedure, to remove non­
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histidine containing and then histidine containing peptides bound to the column 

during the non-selective binding process, was investigated but reproducibility 

problems resulted in this part of the study being abandoned.

The histidine selective IMAC method was successfully employed in the 

purification of complex cellular extracts. Cell eluates and entire cellular content, 

o f cells from patients suffering from CML, were purified using this method prior 

to analysis by nano-LC/p-ESI/MS/MS. The SEQUEST algorithm was then used 

in the identification of peptide sequences and their originating proteins.

5.4.0 Further Work

The MHC class I and II clean-up and analysis method has so far been applied to 

only a small number of CML patient samples and has for the most part been 

restricted to a single haplotype. Further application of this method to a wider 

range of CML patient and k562 transfected cells would prove useful in 

confirming the presence or absence of other MHC class I predicted peptide 

antigens for a variety of haplotypes. Furthermore, the application to eluates 

obtained from other types of malignancies may prove useful in identifying 

antigenic peptides.

Application to the analysis of class II surface eluates may also be performed. 

This may prove a more challenging proposition than with class I due to the 

uncertain length of the class II peptides and hence the uncertainties associated 

with predicting a target. However the nature of the analytical method has been
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designed and tested to incorporate searching for both targeted sequences and 

unknown sequences.

The immobilised metal affinity chromatography method which was developed in 

parallel with the MHC class I and II clean-up method also has potential for more 

widespread use.
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Appendix

Name
(Abbrev.)

Symbol Residue Structure

Alanine
(Ala)

A CO-

h 3c ^  nh-

Arginine
(Asn)

R HN .NH,

CO-
/ 

OH
(C H 2) 3 /  \

Asparagine
(Asn)

N o co-

C ^  CH.

h 2n h2 ' m -

Aspartic Acid 
(Asp)

D o co-

/ c \  ^ CH\  
HO t NH-

Cysteine
(Cys)

co-

HS. Chi

% ' m -

Glutamic Acid 
(Glu)

E O C O

X k .CH.
H O ^  " (C H 2)2 'N H -

Glutamine
(Gin)

O C O -

C /C H
h 2n  (c h 2)2 n h -

Glycine
(Gly)

G C O ----------

C H

H ^N H -
Histidine

(His)
H

N NH C O -

,CH.

N H -

Isoleucine
(lie)

co-

C H

H C (H 3C )H 2C H 3C  ^ n h -
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Leucine
(Leu)

C O -

(H3C)2HCH2C
C H

'NH-
Lysine
(Lys)

K C O — —  

H2N (H 2C )4 n h -

Methionine
(Met)

M

H 3C S (H 2C)2

C O ­

C K

N H -

Phenylalanine
(Phe)

Proline
(Pro)

P C O *

N*
/

C H

Serine
(Ser)

H O -
C
H 2

C O *

C H

NH*

Threonine
(Thr)

T C O ­

H O

h3 c — C'
\ / CH-

‘NH*

Tryptophan
(Tip)

W

Tyrosine
(Tyr)

Valine
(Val)

V C O — —  

(H 3C )2H C  NH*
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Peptide abbreviation Sequence Rationale

A3 peptide KQSSKALQR Originates from the breakpoint 

region of the bcr/abl fusion protein. 

Binds to HLA-A3 molecules

A2 peptide SSKALQRPV Originates from the breakpoint 

region of the bcr/abl fusion protein. 

Predicted to bind to HLA-A2 

molecules

Hep B peptide TPPAYRPPNAPIL Originates from the hepatitis B 

protein

p-gal peptide TPHPARIGL Originates from the (3-galactosidase 

protein

p53(65-73) peptide RMPEAAPPV Originates from the p53 protein. 

(65-73) indicates region of the 

protein sequence.

p53(264-272) peptide LLGRNSFEV Originates from the p53 protein 

(264-272) indicates region of the 

protein sequence.
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