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ABSTRACT 

The subjects of this thesis were to illustrate membrane protein primary structure 

determination, protein covalent modification and protein-protein interaction by using 

matrix assisted laser desorptiodionization time-of-flight mass spectrometry (MALDI- 

TOF-MS). First, in one mode of sample preparation referred to as wall-less sample 

preparation, an increase in sequence coverage of a model membrane protein, 

bacteriorhodopsin, increased from 8 1 % using traditional sample methodology to 89%. 

Second, chemical modification sites of proteins, pheromone binding protein 2 (PBP2) 

and cytochrome P45OCam (P45OCam), were characterized by MALDI-MS. This finding 

contributed to further studies of protein-ligand interaction of PBP2, and also provided 

information about native conformation of P45OC,,. Third, co-imrnunoprecipitation and 

MALDI-MS was used to identify the interaction of synapse-associated protein (SAP97) 

with potassium voltage-gated ion channel Kv1.5. This study provided the first direct mass 

spectral evidence to support their protein-protein interaction. In addition, to better 

understand one of MALDI ionization pathways, a simple two-plate method was used to 

examine the MALDI gas-phase cationization. 
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CHAPTER 1: 
INTRODUCTION: CHARACTERIZATION OF PROTEINS 

AND PEPTIDES USING MALDI-TOF-MS 

1.1 Context 

In this thesis, matrix-assisted laser desorptionhonization time of flight mass 

spectrometry (MALDI-TOF-MS) was used to characterize proteins and peptides. 

Specifically, this thesis covers development of general methods for improving the 

sequence coverage of membrane proteins, identification of covalent modification sites on 

proteins, and characterization of ion channel protein-protein interactions. This chapter 

describes some applications of MALDI for the study of proteins and peptides. 

1.2 Introduction 

MALDI and electrospray (EST) are two soft ionization Both sources 

ionize the low volatility, high molecular weight compounds, including proteins and 

peptides, and they offer a detection limit as low as at trn~moles.~.~ Both are widely used in 

proteomics research. MALDI and ESI are viewed as being complementary t e ~ h n i ~ u e s . ~  

ESI produces multiple charged molecular ions,5 and has a low tolerance to salts and 

buffers, but it can be coupled on-line with separation techniques, such as liquid 

chromatography and capillary electrophoresis.5~'7 In contrast, the predominant production 

of singly charged molecular ions in MALDI makes the interpretation of mass spectrum 

straightforward,' and MALDI tends to be more tolerant to common contaminants such as 

salts and buffers which are often present in biopolymer samples.g MALDI-MS is often 



used for the direct analysis of complex biological samples, such as human blood and 

serum, due to its relative higher tolerance to contaminants that are often present in 

sarnple.10 MADLI-MS was used to study proteins and peptides in this thesis. More details 

about MALDI are described in chapter 2. 

1.3 MALDI-MS and protein study 

To study cellular and gene function at the protein level, many techniques have 

been used, some of which include cell imaging by light microscopy, or protein-protein 

interaction analysis by two-hybrid assays." When studying low abundant proteins in 

highly complex biological samples, more sensitive techniques with a high specificity 

such as MALDI-MS, are being successfully applied.'' 

1.3.1 Molecular weight determination of proteins and peptides 

MALDI-MS can provide information about the molecular mass of proteins or 

peptides.'2 Every protein has a unique set of peptides digested by an enzyme (e.g. trypsin 

or chymotrypsin) or a chemical (e.g. cyanogen bromide), leading to unique peptide 

masses, which together form a "peptide fingerprint" for a protein. ''"3 Figure 1.1 shows 

the flowchart of the detection of peptide mass fingerprint by using MALDI-MS. The 

detected peptide mass from a protein digest can be used to map protein sequence and 

further for protein identification through peptide mass fingerprinting. 11,14 

The theoretical monoisotopic mlz of a peptide or protein was calculated by using 

a common used web tool, PeptideMass. (http://www.expasy.ch/tools/peptide- 

mass.ht~nl).'~ This program can calculate a peptide or protein theoretical mass for a 



submitted the peptide or protein sequence. It was used to calculate the theoretical m/z of 

peptides in this thesis. 

Digestion ____, 

60 amino acids cia) 

1 Sequencecoverage E S ~ S L V L Y  P~LVQIPER RQAI?IIADN 

= 1 8  aaI60aa  -- 31 p s G E q  
VAYQWKKGS IlTREVFYLI YTREWCGILT 

EiiEEia 

Figure 1.1 A flowchart of the detection of peptides to generate a protein sequence coverage map 
using MALDI-MS. (Adapted from  reference^)."^'^ 

1.3.2 Protein identification by peptide mass fingerprinting 

Peptide mass fingerprinting (PMF) is a technique to identify an unknown protein 

by matching the observed fragment peptide masses to the theoretical peptide masses 

generated from a protein database.13,17 The flowchart in Figure 1.2 introduces the basic 

concept of PMF. 

The protein sequence databases include the National Center for Biotechnology 

Information (NCBInr) database and Swiss-prot database (Swiss-Prot). The search engines 

for protein identification are web accessible, such as Mascot (Matrix Science, London 

UK, http://w~w.matrixscience.com).'~ 



There are many possible sources of error in protein identification using PMF, 

such as mass accuracy, mass shift caused by post-translational modifications and mass 

range restriction. The parameters used for protein database search include taxonomy, type 

of enzyme, number of missed cleavage and  modification^.'^,'^ 

Peptides 

I Database search I 

I h ~ t e i n  sequence database I 

8bsemed peptide masses 

I Fratein match I 

Theeretical peptide masses 

Figure 1.2 A flowchart of peptide mass fingerprinting (PMF). (Adapted from reference).14 

/ 

1.3.3 Clarification of protein post-translational or chemical modifications 

When a polypeptide chain is released from a ribosome, it is often not the last step 

in the formation of a protein. Various covalent modifications can occur, which are 

referred to as post-translational modifications (PTM). l8 Post-translational modifications 

alter the properties of a protein, and they change the biological functions of the protein. 

The most common PTMs include proteolytic processing, glycosylation, phosphorylation, 

prenylation and acylation. l9 Determination of the sites of PTM provides information 

concerning protein activity, conformation distribution, and spatial distribution in a ce11.19 

An improved understanding of PTMs is believed to be very important in leading to the 

improved understanding of many diseases. 



In synthetic modification of proteins, a chemical reagent is often added to a 

protein for the purpose of probing the structure,-function relationships of a protein. For 

example, dansyl chloride is a fluorescent reagent. The dansylated proteins can be used to 

monitor protein functions, such as effect of pH change, by measuring fluorescence 

intensity.20 Identification of the actual modification sites can improve the understanding 

of protein conformation. 

Post-translational modification and chemical modification are both covalent 

reactions. Such covalent modifications cause mass shifts in an altered peptide, which can 

be measured using MALDI-MS. Most mass shifts increase the mass, but the formation of 

disulfide bonds cause mass decrease by 2 ~ a . ~ '  The modified peptide is identified by 

comparing the mass of peptides generated from an unmodified protein versus the peptides 

digested from a modified Figure 1.3 depicts the principle of the identification 

process. 



MALDI-MS 1 

Figure 1.3 Schematic diagram illustrate a general procedure to identify protein modification sites 
using MALDI-MS. The protein is shown as a solid bar, and modification is indicated by 
a black oval symbol. The unfilled rectangular represents peptides having no 
modification sites and the filled rectangular represents the peptide having a site of 
modification. 

1.3.4 Characterization of protein-protein interactions 

Proteins rarely act alone in a cell. Most cellular processes are carried out by 

protein complexes. Proteins interact with other proteins to perform functions. The non- 

covalent interactions are forming and dissociating during a cell function. The forces 

include electrostatic forces, hydrogen bonds, van der waals forces and hydrophobic 

 effect^:^^-^' 

Identification of the protein complexes, particularly under physiological 

conditions, has been fundamental to understanding their biological  function^.^^'^' Gavin 

et al. applied tandem affinity purification and MALDI-MS to characterize protein 

complexes on a large scale in Saccharomyces cere~isiae.~~ The authors processed 1739 



genes, purified 589 protein assemblies, defined 232 protein complexes, and proposed new 

functions for 344 proteins. Their analysis has provided an outline for a protein complex 

network. Of the 589 purified protein assemblies, 22% were not identified. These protein 

assemblies might not form sufficiently stable or soluble complexes.25 

1.3.5 Elucidation of protein structure 

The function of a protein is related to its structure. The primary structure of a 

protein is the peptide chain covalently linked amino acid residues, which can be 

described as the linear structure. The secondary structure consists of regions of repeating 

conformations of peptide chain, such as a helices and P sheets. Tertiary structure of a 

protein refers to the folding of a peptide chain into its native form. Some proteins possess 

quaternary structure, in which two or more peptide chains associate into a multisubunit 

protein.26 Although the dominant information obtained from a MALDI mass spectrum is 

the molecular weight of the proteins, some structural information can also be derived, 

such as the quaternary structure of a protein through restricted digestions.27.28 

In a recent study carried out in our group in collaboration with Dr. Rosemary B. 

Cornell at the Department of Molecular Biology and Biochemistry at SFU, a multi- 

domain protein, CTP: phosphocholine cytidylytransferase (CCT), was examined. Due to 

the cleavage sites dependence on the protein sequence and its native folding, 

characterization study of the limited proteolysis combined with MALDI-MS was applied 

in a tertiary structure of CCT. Data to support a quaternary structure based hypothesis 

regarding the reduced activity of the soluble form of CCT were generated.28 



1.4 Objectives of research 

(1) Characterization of the primary structure of a membrane protein 

Detection of a large number of peptides increases the confidence of protein 

identification based on either peptide mass mapping or database searching. It is also a 

necessary requirement to enable mapping of the chemical and post-translational 

modifications on a protein.9 Membrane proteins are embedded in a cell membrane. They 

perform several different functions in a cell including to form ion channels, which can 

transport ion and solute into a Analysis of membrane proteins using MALDI is a 

challenge, due to the hydrophobic properties of the membrane proteins. Membrane 

proteins tend to aggregate or precipitate in aqueous solution, and they also bind with 

container walls. Characterization of hydrophobic proteins using MALDI-MS is also a 

challenge due to solubility, co-crystallization and gas-phase basicity.30 One major 

objective of my study was to increase the sequence coverage of a transmembrane protein. 

The commercially available protein, bacteriorhodopsin, was selected as a model integral 

membrane protein to study. Chapter 3 describes methodologies for the use of MALDI- 

MS to provide improved sequence coverage of bacteriorhodopsin. 

(2) Investigation the wall-less sample preparation method in hydrophobic peptide 

detection 

The sample preparation process is critical for detection of hydrophobic proteins or 

peptides. During the co-crystallization process of proteins or peptides with matrix, the 

hydrophobic proteins or peptides tended to segregate from matrix.31 This segregation 

often results in poor analytical performance using M A L D I - M S . ~ ~ , ~ ~  Our assumption was 

that the rapid evaporation could increase the number of hydrophobic proteins and 



peptides in the co-crystallized solid by reducing the extent of hydrophobic protein and 

peptide segregation. The MALDI signal of hydrophobic proteins or peptides could then 

be detected or increased. Therefore, the sequence coverage of hydrophobic proteins could 

be improved. 

For reference, the conventional dried-droplet sample preparation method requires 

several minutes to form a co-crystallized sample. The wall-less sample preparation 

method provides rapid co-crystallization within seconds. Therefore, we applied the wall- 

less sample preparation method in a study to increase the hydrophobic peptide detection 

using MALDI-MS. The results of primary sequence coverage for bacteriorhodopsin are 

discussed and presented in chapter 3. 

(3) Identification of chemical modification sites on proteins 

Chemical modification on proteins has been widely used to study protein function 

and structure. The identification of the modification sites is necessary to yield a better 

understanding of protein conformation changes.34 Chapter 4 describes the process of 

characterizing and identifying chemical modification sites on two proteins, one is a 

hydrophilic protein, pheromone binding protein 2 (PBP2), and the other is a hydrophobic 

protein, cytochrome P45OCam (P45OCam). 

(4) Characterization of ion-channel protein-protein interaction 

Identification of unknown proteins in a protein complex can provide information 

about protein-protein  interaction^.^^ Potassium voltage-gated ion channel Kv1.5 and its 

associated proteins from human embryonic cell (HEK293) were characterized by 

MALDI-MS in this thesis and discussed in chapter 5. 



(5) Study of gas-phase cationization in MALDI 

Gas-phase cationization is one type of secondary ionization in MALDI. A better 

understanding of cationization in MALDI could generate new strategies to improve 

analyte ion yield.35 The objectives of this study were to (1) provide experimental 

evidence of the gas-phase cationization, (2) investigate the effect on cationization from 

the separation distance between neural molecule and cation, and (3) examine the potential 

application of a gas-phase cationization strategy to improve quantitative performance in 

MALDI-MS. 



CHAPTER 2:PRINCIPLES OF METHODOLOGIES 

2.1 Context 

This chapter describes the methodologies used to study proteins and peptides in 

this thesis. These methodologies include matrix-assisted laser desorptiodionization 

(MALDI), time-of-flight (TOF) mass spectroscopy, and wall-less sample preparation 

method (WaSP). 

2.2 Matrix-assisted laser desorption/ionization (MALDI) 

MALDI was developed from the laser desorption ionization (LDI) technique. 

Since the l96O's, LDI has been used as one of the many possible ion sources for mass 

spectrometry.36 This technique is not suitable for analysis of molecules that have low 

volatility, such as peptides, proteins or nucleic acids. The LDI technique causes 

fragmentation of such compounds, leading to spectra that are very difficult to interpret for 

sequence or structural information. In 1988, Japanese scientists Tanaka et aL2 and 

German researchers Karas and ~ i l l e n k a m ~ ~ ~  independently developed a new technique, 

in which a compound termed a matrix was used to absorb energy from a laser pulse and 

assist the delivery of low volatility high molecular compounds to gas phase without 

excess fragmentation. This technique was named as matrix-assisted laser 

desorptiodionization (MALDI). It is one type of soft ionization technique. 



2.2.1 MALDI matrices 

MALDI uses a pulsed ultraviolet (UV) or infrared (IR) laser, and the compounds 

used as matrices are organic compounds with either high UV or IR absorbance, such as 

benzoic or cinnamic acid derivatives. 27,38,39 The pulsed laser is used to prevent formation 

of excess fragments of matrix and anal~te.~ '  

Matrices are essential in the MALDI process.27 They have three major 

contributions in MALDI. First, matrices separate analytes from each other in order to 

minimize their aggregation. The mole ratio of analyte to matrix is about 1 : 100 to 

1 :50,000.~~ 

Second, a common character of all matrices is their strong absorption at the laser 

wavelength.41 The matrix absorbs energy from the laser and transfers it into the solid co- 

crystallized matrix and analytes. A small amount of matrix and analyte (some molecular 

layers on the surface of co-crystallized matrix and analyte) quickly change from solid 

phase into gas phase with laser i r r ad i a t i~n .~~  A schematic diagram in Figure 2.1 illustrates 

some of the processes that take place, beginning with the laser pulse. This phase change 

of matrix and analyte is a very rapid, even explosive, solid-to-gas phase transition. It is 

known as MALDI laser induced plume.43 AAer nanosecond laser pulses, significant 

expansion of the plume is observed for tens of  nanosecond^.^^ In order to characterize the 

shape of MALDI laser induced plume, initial velocities of matrix and analyte, in the 

plume has been characterized using laser induced fluorescence ( L I F ) . ~ ~ ~ ~ ~  

Third, matrices participate in the ionization process. The process is complex and 

discussed in the following section. 
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Figure 2.1 Schematic diagram of MALDI. The co-crystallized matrix and analyte change to gas 
state from solid state upon laser irradiation. 

2.2.2 MALDI ionization 

MALDI ionization has two mechanisms, primary ionization and secondary 

ionization. The primary ionization happens during the laser pulse. For example, the 

nitrogen UV laser pulsed width is 3-5 ns.46 The secondary ionization is considered to be a 

gas-phase reaction, in the MALDI laser induced plume where the ions and neutral 

molecules collide. The expanded plume typically lasts on the order of tens of 

nanoseconds. 44,46 

2.2.2.1 Primary ionization 

A proposed explanation of what is termed primary ionization is an excited-state 

proton transfer. The matrix molecule (M) absorbs one photon leading to the excited-state 



(M*) (Equation 2.1). The excited matrix molecule (M*) transfers a labile proton in a 

collision to an analyte (A) before the excited molecule relaxes (Equation 2.2).44 

2.2.2.2 Secondary ionization 

The secondary ionization takes place at the MALDI laser induced plume. The 

plume is an explosive solid-to-gas phase transition. Two major secondary ionisation 

reactions are gas-phase proton transfer and gas-phase cationization. 44,46,47 

(1) Gas-phase proton transfer 

A protonated matrix molecule, formed at the primary ionization step, transfers a 

proton from matrix to an analyte molecule, such as a peptide or protein (Equation 

2.3).40241,46 Proteins and peptides are detected predominantly in protonated form in 

MALDI. 

(2) Gas-phase cationization 

Cation adducts are often observed in MALDI, especially when the analytes are 

synthetic polymers. Cationized proteins or peptides are also observed in MALDI mass 

The cation adducts of synthetic polymers are the dominant ion signals in 



MALDI-MS, because their cation affinities are much higher than their proton 

affinities. 44,46,47 The synthetic polymers are favourable to form cation adducts rather than 

being protonated. The cations are typically sodium or potassium ions. These cations exist 

as impurities in sample, glassware and plastic ware and on MALDI target plates. 

Equations 2.4 and 2.5 show the cation reactions. 

2.3 Time of flight mass spectrometer (TOF) 

MALDI is normally combined with a time of flight (TOF) mass spectrometer, 

although other types of mass spectrometers can be interfaced to MALDI. The mass of an 

ion can be measured by using its flight time in TOF. Ions are accelerated to a fixed 

kinetic energy by an electric potential. The velocity of an ion is proportional to its 

(m/z)-'I2, where m/z is the mass-to-charge ratio." The ions pass through a field free flight 

tube, each travelling with a velocity characteristic of its mass to charge ratio. A detector 

at the end of the flight tube will produce a signal as an ion strikes at it. The arriving time 

of an individual ion at the detector is proportional to (m/z)-'I2, and therefore accurate 

measurement of an ion's flight time can be used to calculate its mass to charge ratio.27 

Two modes of time-of-flight mass spectrometers are in use, linear and reflectron 

(Figure 2.2). 
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Figure 2.2 (a) Linear and (b) reflectron time-of-flight mass analyzers coupled with MALDI. (Not 
drawn to scale and adapted from referen~e).~' 

2.3.1 Linear time-of-flight mass spectrometer 

A linear time-of-flight mass spectrometer is the least complex mass spectrometer. 

The ions are accelerated to a fixed kinetic energy by an electric potential, typically 1-30 

kV (positive or negative polarity).27 The length of the acceleration region is usually less 

than 1 cm.27 

The accelerated ions enter a field-free drift tube and strike a detector at the end of 

the tube. The flight path ranges fiom 0.01 to 2 m in length.27 Ions with different m/z 

travel with different velocities and arrive at the detector at different times. Typical flight 

times are between a few ps to several 100 ps.42 Therefore, the mass of an ion can be 

determined through calculation of flight time of standard ions.49 

Mass resolution (R) is an important parameter used to measure the instrument's 

capacity for signal separation between two similar masses, MI and M2 (Equation 2.6).27 



Where M is the observed mass, Am is the difference between two masses that can 

be separated. 

The mass resolution can also be expressed by using full-width-at-half-maximum 

intensity (FWHM) as ~ m . ~ '  The mass resolution is then expressed as Equation 2.7. 

R = 
M 

FWHM 

Another important parameter to measure the performance of the mass 

spectrometer is the mass accuracy. Mass accuracy is a measure of the error involved in 

assigning a mass to a given ion signal.49 It is expressed as Equation 2.8. 

accuracy = ( M ,  - -MA x106 

Mt 

Where M, is the mass observed, Mt is the theoretical mass. The mass accuracy is 

reported in parts per million (ppm). 

A resolution of - 1,000 and a mass range up to 350 kDa are possible in linear 

TOF mass spectrometry.'2350 



2.3.2 Reflectron time-of-flight mass spectrometer 

One disadvantage of the linear mode of time-of-flight mass spectrometry is its 

relatively low mass resolution and mass accuracy. In order to distinguish the isotopic 

peaks of ions, higher mass resolution and mass accuracy are required. During the 

ionization process, the initial velocities and positions of the ions in the acceleration field 

are not the same, ions with the same mass to charge ratio (mlz) enter the field-free drift 

tube at different times with different velocities. This initial velocity distribution 

contributes directly to increaed peak width and decreased mass resolution of a single ion 

species.27 

In order to improve the mass resolution, an ion mirror is added at the end of the 

flight tube (Figure 2.2b). The ions are stopped in the electric deceleration field and their 

flight direction is reversed. For ions with the same mass, the ones with higher velocity are 

travelling faster and enter the ion mirror sooner. Because of their higher velocity, they 

have higher energy and penetrate deeper into the ion mirror before they stop and turn 

around, so they spend more time within the ion mirror. The ions with lower velocity enter 

the ion mirror later, and do not penetrate as far as those with higher velocity, so they 

spend less time in the ion mirror. If the voltage of the ion mirror is adjusted properly, ions 

of the same mass travelling at different velocities will arrive at the detector at the same 

time. In other words, the initial velocity distribution can be corrected, which can reduce 

the peak width and increase the mass r e s~ lu t i on .~~  

For example, the peptide angiotensin I (theoretical monoisotopic rn/z = 

1296.6833) is used to demonstrate the difference of mass resolution between linear and 

reflectron TOF mass spectrometers. 



The MALDI-TOF-MS (Waters Corp., Milford, MA) in the Agnes laboratory was 

calibrated by using a mixture of three peptides, bradykinin fragments (2-9), renin and 

adrenocorticotropic hormone (ACTH) fragment 18-39 with their respective theoretical 

d z  of 904.4667, 1758.9303 and 2465.1949. Before calibration, the observed d z  value 

of agniotensin I was 1296.5895 with mass resolution of 5 140 and mass accuracy of -72.3 

ppm calculated by using Equation 2.7 and 2.8. Figure 2.3 is the mass spectra of 

angiotensin I obtained after calibration in the Agnes laboratory. Figure 2.3a is the linear 

time-of-flight mass spectrum of angiotensin I. Its isotopic peak distribution is not 

resolved. The monoisotopic peak of angiotensin I (dz=1296.6802) is however very 

clearly separated from other isotopic peaks using the reflectron TOF mass spectrometer, 

its FWHM is 0.2469 (Figure 2.3b). In this specific example, the mass resolution increases 

30 fold, from 171 using linear TOF, to 5250 using reflectron TOF. The mass accuracy of 

the monoisotopic peak of angiotensin I is -2.4 ppm in the reflectron TOF (Figure 2.3b). 

The maximum resolution achieved in the reflectron TOF mass spectrometer is 

-35,000 and the mass range up to 12 k ~ a . ~ ~ , ~ ~  All experiments in this thesis are 

performed using the reflectron mode TOF. And the typical mass resolution are 5,000 to 

10,000 when the mass range ( d z )  < 4000. 
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Figure 2.3 MALDI mass spectra of peptide angiotensin I obtained in the Agnes laboratory. (a) 
using linear MALDI-TOF-MS, (b) using reflectron MALDI-TOF-MS and (c) the 
monoisotopic peak zoom in from (b) using reflectron mode. 

2.4 Wall-less sample preparation method (WaSP) 

The methodology of the wall-less sample preparation (WaSP) has been developed 

and reported by our gro~p.s1~s2 The off-line sample preparation method has advantages 



over the conventional MALDI sample preparation methods, such as the dried-droplet 

method. The dried-droplet method involves direct deposition of 1-2 yL of a solution 

containing analyte and matrix on a MALDI target plate using a pipette and allowing the 

"droplet of sample" to air-dry (several minutes) at room temperature.37 This section 

provides an overview of the current status of the wall-less sample preparation method, 

and an introduction to how it was used in this thesis. 

2.4.1 Apparatus of wall-less sample preparation 

The main components of the wall-less sample preparation apparatus include an 

electrodynamic balance (EDB) positioned within a chamber and a piezoelectric droplet 

A schematic diagram of the wall-less sample preparation apparatus is 

presented in Figure 2.4. Droplets of an appropriate mass to net charge ratio can be 

levitated in the electrodynamic balance. 
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Figure 2.4 Schematic diagram of wall-less sample preparation apparatus. The potential on 
MALDI plate is only shifted on when the droplets are deposited on plate. (Not drawn to 
scale). 

In brief, a piezoelectric droplet dispenser (model MJ-AB-01-40, Microfab 

Technology Ltd., Plano, TX) with a 40 pm diameter orifice was used to dispense the 

droplets. A DC potential of 200 V was applied to the induction electrode, which 

established a positive electrical field between the nozzle of dispenser and the induction 

electrode. The induction electrode has a 2 mm diameter hole that is aligned directly 

below the orifice of the droplet dispenser. Droplets were directed through the hole in the 

induction electrode and into the ring electrodes. Ring electrodes with 2 cm diameter were 

fabricated from copper wire. The two copper wire ring electrodes were mounted parallel 

at a separation distance of 6 mm. An AC potential (60 Hz, 80-5.000 Vp,) was applied to 

the ring electrodes, which established an AC electric field necessary to levitate the 

charged droplets. Another DC potential of 400 V was applied to the MALDI target plate 

to effect droplet position. The induction electrode, the two ring electrodes and the 



MALDI sample deposition plate are enclosed in a plexiglass chamber in order to 

minimize air convection currents. A 4 mW green HeNe laser (Uniphase model 1676, 

Manteca, CA) was used to illuminate the levitated droplets by light scattering. 

2.4.2 Sample droplet levitation 

An aliquot, -1 0 yL, of a starting solution was loaded into the droplet dispenser. 

An example of a starting solution used in this thesis consisted of protein digestion, a 

MALDI matrix and 1% glycerol in acetronitrile. Droplets were created at 1 droplet per 

second from the droplet dispenser. The droplets passed through the hole in the induction 

electrode. A net negative charge was imparted onto each droplet during its formation by 

the electric field between the solution emerging from the nozzle at ground of the droplet 

dispenser orifice and the induction electrode, because a DC potential was applied to the 

induction electrode. The charged droplets flew toward the centre of the ring electrodes 

where they were trapped and levitated by the time dependent electrical field. For droplet 

deposition, the droplets were pulled down and deposited on the MALDI plate by applying 

a positive potential on the MALDI plate. 

2.4.3 Features of wall-less sample preparation for MALDI-MS 

Wall-less sample preparation methodology has been used to prepare MALDI-MS 

samples, 28,53-56 to enable the study of air particles effect on lung and ion-induced 

n u c ~ e a t i o n . ~ ~ > ~ ~  This method has the following features: sample pre-concentration prior to 

deposition onto a MALDI femtomole detection limits,54 reduced background 

ion signal in MALDI mass spectra54 and an increased peptide signal-to-noise ratio (S/N) 

in M A L D I . ~ ~  



(1) Capable of preparing picoliter aliquots of sample material with deposition onto a 

substrate as pm- size sample spots. 

The average initial volume of the droplets dispensed is nominally 300 k 20 pL, 

which was determined using liquid ~cinti l lat ion.~~ Multiple droplets can be deposited one 

on top of another to increase sample loading. The detection limit for MALDI-MS from 

these sample spots was as low as the attomole range.54 

(2) Sample preconcentration prior to deposition on the MALDI plate 

The volume of each droplet was reduced before it was deposited onto the sample 

plate. This enables the concentration of analyte to be increased 10 to 1000 times relative 

to the dried-droplet method.55 Table 2.1 summarizes the various analyte densities in 

sample spots using dried-droplet or wall-less sample preparation method.55 

Table 2.1 Analyte densities for various MALDI sample preparation methods.55 

Sample Volume Spot Spot area Analyte # of Analyte 
preparation consumed radius (pm2) concentration molecules density 

(PL) (Pm> (M) in spot (molecules/ 
w2> 

Dried-droplet 1 .OO 1000 3.14 x lo6 1 x 10- 6.02 x 10' 192 

WaSP 1 droplet 3 x 10 3 14 1 x 10- 1.81 x lo5 575 

WaSP 50 droplets 0.0 15 5 0 7850 1 x 10- 9.03 x lo6 1150 

WaSP 100 droplets 0.030 50 7850 1 x 10- 1.81 x lo7 2301 

WaSP: wall-less sample preparation. Droplets were deposited one on top of another one. 

The process of solvent evaporation from pL aliquot of solution on a MALDI plate 

typically required a few minutes by dried-droplet method. In the wall-less sample 

preparation method, the solvent evaporation in levitated droplets was already complete 



within seconds.56 This is attributed to surface area to volume ratio and the movement of 

levitated droplets within the electric field. 

(3) Promotion of matrix CHCA and peptide co-crystallization 

The ion signal-to-noise ratio of peptide adrenocorticotropic hormone fragment 18- 

39 (ACTH 18-39) increased in MALDI-MS relative to the dried-droplet sample 

preparation method.56 Droplets with higher net charge were found to yield more 

matrixlpeptide precipitates than droplets with lower or no net charge.56 



CHAPTER 3: 
TOWARDS IMPROVING MEMBRANE PROTEIN 

SEQUENCE COVERAGE 

3.1 Context 

This chapter describes some approaches for improving the sequence coverage of 

membrane proteins as measured using MALDI-MS. We chose to study a commercially 

available transmembrane protein, bacteriorhodopsin. Some common detergents, MALDI 

matrices and wall-less sample preparation were investigated for their influence on the 

detection of the peptides of bacteriorhodopsin generated by enzymatic digestion. Diem 

Ly Van, a graduate student in the Agnes group, and an undergraduate co-operative 

student, Teresita M. Cruz Sanchez, performed the wall-less sample preparation. 

3.2 Abstract 

Complete sequence coverage would be an ideal situation for protein 

identification, characterization of post-translational or chemical modifications. The 

objective of this study was to develop robust methods for improving membrane protein 

sequence coverage using common enzymes to digest the protein followed by peptide 

detection using MALDI-MS. Bacteriorhodopsin was used as a membrane protein study 

model. A detergent solution of sodium dodecyl sulfate (SDS) at a concentration of 0.08 

mM was found to be compatible with MALDI-MS as indicated by an increased number 

of peptides detected. The relative less polar compounds a-cyano-4-hydroxycinnamic acid 

(CHCA) and sinapinic acid (SA) were used as matrices and higher sequence coverage of 



bacteriorhodopsin was both observed relative to another hydrophilic matrix 2,5- 

dihydroxybenzoic acid (DHB). The wall-less sample preparation method combined with 

conventional dried-droplet method yielded a modest increase in sequence coverage to 

89% from the conventional dried-droplet sample preparation of 8 1 %. As we know, this is 

the first report on the sequence coverage of bacteriorhodopsin using MALDI-MS. 

3.3 Introduction 

3.3.1 Membrane protein 

Membranes are essential to a cell. They provide a physical barrier between a cell 

and its environment. The membranes mainly consist of bi-layered lipids and embedded 

proteins. The outer surface of the membrane is hydrophilic, and the inner is hydrophobic. 

The integral membrane proteins are amphipathic with two hydrophilic regions on each 

side of the lipid bilayer, and hydrophobic transmembrane segments in the inner 

hydrophobic region of the membrane.62 

Membrane proteins perform many functions in a cell, such as cell signalling (e.g. 

G protein coupled receptors), cell-cell interactions (integrins and adhesion proteins), 

intracellular compartmentalization (kinase-anchoring proteins), ion and solute transport 

(ion channels and porins), and energy generation (Adenosine Triphosphate (ATP) 

syntheses).63x64 A number of diseases including diabetes and neurological disorders are 

directly attributed to abnormality of membrane proteins.63 Currently membrane proteins 

account for -70% of all pharmaceutical drug target studies.64 

Membrane proteins are not soluble in aqueous solutions. It is more challenging to 

study membrane proteins compared with soluble proteins. For instance, more than 24,000 



soluble proteins and their structure are known, while the structure of only -80 membrane 

proteins are known.63 

In this study, a transmembrane protein bacteriorhodopsin was chosen as a model 

protein for MALDI method development and comparison. 

3.3.2 Bacteriorhodopsin 

The integral membrane protein bacteriorhodopsin (BR) (molecular weight 26 

kDa) is embedded in the purple membrane from Halobacterium ~ a l i n a r i u r n . ~ ~ ' ~ ~  

Bacteriorhodopsin functions as a light-driven proton pump. A photosensitive pigment, 

retinal, is bound covalently to lysine residue (K2 16) of bacteriorhodopsin. When the 

bound retinal absorbs a photon, retinal isomerises from E to Z. An outcome of this 

process is that a proton is pumped from the cytosol of the cell to the extracellular 

environment. This process also results in a pH gradient in the membrane, leading to ion 

and molecule transportation and ATP generation. 62,67,68 

Bacteriorhodopsin is a very hydrophobic protein. It has low solubility in aqueous 

solution. Henderson and Unwin characterized its seven transmembrane a-helices by using 

electron microscopy with a resolution of 7 1$ in 1975 .69 Figure 3.1 displays the crystal 

tertiary structure of bacteriorhodopsin as viewed from two different perspectives.70 
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Figure 3.1 Crystal structure of bacteriorhod~~sin.'~ (a) Side view, (b) top view. N' and C' stand 
for N-terminus and C-terminus respectively. 

3.3.3 Approaches to improving sequence coverage of bacteriorhodopsin 

High sequence coverage is desired for reliable protein identification, good peptide 

mass mapping, and effective identification of post-translational or chemical modification 

sites. Besides bacteriorhodopsin, a soluble protein, myoglobin, was studied as an example 

of hydrophilic proteins. Hydrophilic proteins and peptides tend to be more readily 

detected by MALDI-MS. In our study, the complete sequence coverage (1 00%) of 

myoglobin was obtained in our laboratory. 

The characterization of hydrophobic proteins, including membrane proteins, is 

problematic when using MALDI-TOF-MS. The membrane proteins are prone to 



aggregate or precipitate in aqueous solution, they bind strongly to container walls, and 

they do not readily co-crystallize with the polar organic acid compounds commonly used 

as a matrix for MALDI.~' 

Recent MALDI-MS methodologies to improve the detection sensitivity of 

membrane proteins include: (1) fabricating a MALDI target plate that has a coating of a 

hydrophobic silicone polymer,33 (2) digesting in-gel (SDS gel) with trypsin followed by 

cyanogen bromide (CNBr) ~ l e a v a ~ e , ~ ~ . ~ ~  (3) adding enzyme-friendly surf act ant^,^^'^^ (4) 

applying common surfactant and utilizing a two-layer sample preparation strategy,9 (5) 

using an organic solvent as a buffer,75 (6) coupling liquid chromatography with mass 

~ ~ e c t r o m e t r y , ~ ~ ~ ~ ~  (7) manipulating temperature to improve s o l ~ b i l i t y . ~ ~  Most of this 

research was performed using bacteriorhodopsin as a model. A 97% sequence coverage 

of bacteriorhodospin was reported by Yu et al. when they combined the results together 

using MALDI-MS and using ESI-MS.~~ The sequence coverage of bacteriorhodopsin 

from MALDI was not clear in their paper. In addition, no sequence coverage obtained by 

MALDI-MS was reported in the above mentioned published papers, possibly due to the 

difficulty in obtaining high sequence coverage of bacteriorhodopsin by MALDI-MS. 

The objective of our study was to develop a general method for characterizing the 

entire primary sequence of an integral membrane protein from a common enzyme digest. 

We believe that the sample preparation is critical for detection of hydrophobic peptides 

using MALDI. Factors including peptides solubility, evaporation rate of solvent and 

homogeneity of co-crystallized matrix and peptides were considered. The detergents and 

their compatibility with MALDI, polarity of MALDI matrices and a novel sample 



preparation method termed as wall-less sample preparation method (WaSP) were 

investigated. 

3.3.3.1 Detergents used to solubilize membrane proteins 

One strategy to improve the solubility of hydrophobic proteins is through the 

addition of detergents. Detergents are used to solubilize hydrophobic proteins or peptides, 

reduce protein or peptide aggregation and minimize sample loss to containers. Detergents 

however can adversely affect the ion signal intensity of these proteins or peptides in 

MALDI-MS. Ionic detergents also can form ion adducts of analyte and matrices, leading 

to reduced analyte ion signals, lower mass resolution and mass accuracy.9 The effect of 

detergents to MALDI depends not only on the type of detergents but also on the 

concentration of detergent. An anionic detergent, sodium dodecyl sulfate (SDS), and a 

non-ionic detergent, octyl-P-D-glucopyranoside (OG), were investigated at their 10% 

critical micelle concentration (CMC). CMC is the concentration of a detergent in solution 

at which the formation of micelles in the solution is initiated.79 Table 3.1 summarized 

some of the properties of these two detergents. 

The addition of detergent can have a negative impact on enzyme activity because 

the detergent can denature the enzyme.74 The effect of detergent on protein digestion and 

on MALDI-MS, was performed by adding detergents before and after the digestion was 

allowed to proceed to completion. 



Table 3.1 Detergents studied in this work and their critical micelle concentrations (CMC) in 
aqueous solution. 

Detergents Type Structure CMC 

Sodium Anionic 8 mM 
dodecyl sulfate 

(SDS) 
ON//" 

~ a +  o-/'\o- 

Octyl-P-D- Non-ionic HO 25 mM 
glucopyranoside 

(OG) &'ij--'- 
OH 

OH 

3.3.3.2 Polarity of MALDI matrices 

As described in chapter 2, matrices play a very important role in MALDI-MS. 

They isolate analyte in solution and in the solid phase by co-crystallization, absorb 

energy from laser and participate in the analyte ionization processes. The question in this 

study was whether the polarity of matrices is a factor in the detection of hydrophobic 

proteins and peptides using MALDI-MS. Our hypothesis is that matrices with lower 

polarity could be better suited for detection of hydrophobic proteins and peptides by 

MALDI-MS. 

Three most commonly used matrices for proteins or peptides detection are a- 

cyano-4-hydroxycinnamic acid (CHCA), sinapinic acid (SA), and 2,5-dihydroxybenzoic 

acid (DHB). Their structure and some of their properties are presented in Table 3.2. Their 

influence on detection of hydrophobic peptides digested from bacteriorhodopsin were 

compared. 

Hoteling and Owens have established a method to measure the relative polarity of 

compounds used as matrices by using a reverse-phase high-performance liquid 



chromatography (HPLC) technique.80 The authors used an HP1090 liquid 

chromatography with a YMC ODs-AQ (Waters Corp., Milford, MA) column (3.0 x 100 

mm). A binary mobile phase was applied: mobile phase A is 0.1 M ammoniumacetate 

buffer (pH = 4.65) and mobile phase B is tetrahydrofuran. The gradient conditions started 

at 10% By ramped to 100% B in 10 min, then held at 100% B for I min.80 The HPLC 

separation of matrices was based on partitioning processes and the separation revealed 

the relative polarity character. The results showed that elution order of matrices was DHB 

first, followed by CHCA, then SA. This suggested that the polarity order was DHB > 

CHCA > SA.~' 

In this study, the sequence coverage of bacteriorhodopsin detected by different 

matrices was compared in order to find out whether the relative polarity of matrices 

contributed to improved sequence coverage of hydrophobic protein. 



Table 3.2 Matrices studied in this work." *The HPLC retention time of matrices are from 
Hoteling and Owens method." The circle in the photography is the sample well on a 
MALDI target plate. The diameter of the sample well is 3 mm. 

HPLC 
retention 

Name Structure Crystal morphology Polarity times* 
(min) 

3,5-Dimethoxy-4- / 4.12 + 
hydroxycinnamic 

Acid 

(Sinapinic Acid, 
SA) ~~~~H 0 \ 

a-Cyano-4- 3.11 -t 

hydroxycinnamic 
Acid 

(CHCA) 
OH 

N 

2,5- 1.64 ++ 
Dihydroxybenzoic 

Acid 

( D m  OH*.. / 

OH 

3.3.3.3 Wall-less sample preparation method 

The hydrophobic proteins or peptides tend to segregate from the matrix during the 

co-crystallization process.31 The segregation has been argued to be a reason for low ion 

intensity for hydrophobic peptides by MALDI-MS.".~~ The solvent evaporation rate was 

assumed to be a factor related to the segregation of hydrophobic proteins or peptides. Fast 

solvent evaporation leads the hydrophobic proteins or peptides better co-crystallize with 

the matrix before allowing for segregation from the matrix. 



The wall-less sample preparation method (WaSP) developed in the Agnes group 

has been shown to increase the ion signal intensity of a hydrophilic peptide, ACTH 18- 

39.56 The solvent evaporation rate in the levitated droplets was estimated to be a few 

seconds."956 We applied this WaSP method to study hydrophobic bacteriorhodopsin 

peptides, and then compared the results with that from the dried-droplet method, in which 

the solvent evaporation takes place within minutes. 

We noted the wall-less sample preparation method is not applicable to DHB. The 

diameter of the orifice of the droplet dispenser was as small as 40 pm and DHB formed 

relatively large crystals rapidly that blocked the orifice of the droplet dispenser. 

Therefore the performance of DHB was not examined using wall-less sample preparation 

method. 

3.4 Experimental section 

3.4.1 Protein digestion 

The transmembrane protein bacterorhodopsin was used as a model for a typical 

hydrophobic protein, and myoglobin was used as a typical hydrophobic protein 

myoglobin. Bacteriorhodopsin from Halobacterium salinarium (90% purity, Sigma), and 

myoglobin (90% purity, Sigma), were digested separately using the same procedure. One 

milligram of each protein was separately dissolved in 1000 pL buffer solution (1 00 mM 

NH4HC03, 2 mM CaC12, pH=8). A 30 pL protein aliquot was heated at 95 "C for 3 min 

in order to thermally denature it. This protein solution was cooled to room temperature, 

and 3 pL chymotrypsin (Sigma) at concentration of 1 pg/pL in buffer solution (1 00 mM 

NH4HC03, 2 mM CaC12, pH=8), was added. The molecular ratio of protein to 



chymotrypsin was 10: 1. The mixture of protein and chymotrypsin was incubated at 37 "C 

for 24 hours. 

3.4.2 Addition of detergents 

Two detergent solutions of 3 pL (8 mM SDS or 25 mM OG in water) were 

separately added to one mixture of protein and chymotrypsin prior to digestion, and in 

another sample the surfactant was added after the digestion completed. The final 

concentration of surfactant in these solutions was about 0.8 mM for SDS or 2.5 mM for 

OG, which is 10% of their CMC. 

3.4.3 Preparation of matrix solutions 

Three common used matrices, CHCA, SA and DHB were examined for their 

influence on detection of chymotryptic bacteriorhodopsin peptides. Saturated CHCA 

solution was prepared in a solution of acetonitrile and methanol (vlv = 1 : 1). Saturated SA 

solution was dissolved in methanol and 0.1% trifluoroacetic acid TFA solution (vlv = 

2:3). DHB solution was 10 mg/mL in methanol and 0.1% TFA solution (vlv = 2:3). 

3.4.4 Dried-droplet sample preparation 

(1) One microliter of intact protein bacteriorhodopsin solution (1 pg IpL) was 

mixed with 1 pL of matrix solution (CHCA, SA or DHB) and deposited on a stainless 

steel MALDI target plate using a 2 pL handheld micropipette. Samples were prepared in 

duplicate. 

(2) One microliter of protein digestion, bacteriorhodopsin or myoglobin, was 

mixed with 1 pL of matrix solution (CHCA, SA or DHB) and deposited on the MALDI 

target plate. Samples were analysed in duplicate. 



3.4.5 Wall-less sample preparation 

A solution of bacteriorhodopsin used for wall-less sample preparation was 

prepared by mixing 2.5 pL of a digest of bacteriorhodopsin, 25 pL of matrix solution 

(CHCA or SA), 37.5 pL acetonitrile, 5 pL of 20% glycerol in H20,20 pL H20, and 10 

pL acetone. An aliquot of the resulting solution was loaded into the droplet dispenser by 

using a 10 pL pipette. A DC potential of 30 V was applied on the piezoelectric dispenser. 

The droplets were dispensed at 1 droplet per second. A DC potential of 200 V was used 

on the induction electrode, AC waveform of 80-5,000 Vp-p and 60 Hz was applied on the 

ring electrodes. The droplets were levitated in the ring electrodes, then deposited on the 

MALDI plate by applying a potential of 400 V on the plate. 

3.4.6 MALDI mass spectrometry 

MALDI-MS was performed on a Micromass MALDI time-of-flight mass 

spectrometer (Waters Corporation, Milford, MA, USA) equipped with a nitrogen UV 

laser (337 nm, pulse width 2 ns) and a 2.3 m flight path in the reflectron mode, and 

controlled by MassLynx software vision 3.5 (Waters). The standard operation condition 

for peptide detection included an accelerating voltage of 15 kV and the ion extraction 

pulse voltage of 2450 V. All data were acquired using a positive ion reflectron mode. 

A stock solution of consisting standard peptide mixture angiotensin I, renin and 

ACTH 18-39 at a concentration of 1 pmoll pL was used as the external standard to 

calibrate the ion flight time in TOF-MS before sample analysis. Chymotrypsin autolysis 

peaks were used to perform the internal calibration in the mass spectrum. 

The mass spectra of peptides were acquired in mass range 700-4000 (rdz), and it 

is from the sum of 200 random laser shots over sample surface for each sample. 



3.5 Results and discussion 

3.5.1 Detection of protein bacteriorhodopsin 

As a control experiment, the intact protein bacteriorhodopsin was examined, and 

failed to be detected with any matrix by MALDI-MS. The possible reason is the length of 

hydrophobic protein is a major factor for detection by MALDI-MS." MALDI-MS is 

more favourable for lower masses (m/z < 10,000). Increase of molecular weight of a 

protein or peptide leads to more difficulty in being detected by MALDI-MS.'~ 

Bacteriorhodopsin has a molecular weight of 26 kDa, and it was not detected using 

MALDI-MS. 

3.5.2 Effects of detergents on sequence coverage 

Two commonly used detergents, SDS and OG, were investigated their 

performance on solubilzing bacteriorhodopsin and effect on MALDI-MS detection. 

Figure 3.2 shows representative MALDI mass spectra of chymotrypsin digests of 

bacteriorhodopsin with matrix CHCA using the dried-droplet sample preparation method. 

Chymotrypic bacteriorhodospin peptides were observed in all mass spectra using 

different samples (Figure 3.2). Some peaks, such as m/z= 890.4, 986.6, 1125.6, 1468.7 

and 1738.9, appeared at every mass spectrum. But the number of detected 

bacteriorhodopsin peptides varied with the different sample-handling conditions. The 

number are respectively 6, 10, 7, 10 and 7 under the conditions of (a), (b), (c), (d) and (e). 
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890.4 g86,6 1063.5 (a) No surfactant 

1738.9 
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Figure 3.2 MALDI mass spectra of bacteriorhodopsin chymotrypic peptides using matrix SA and 
dried-droplet method. (a) no surfactant, (b) SDS added before digestion, (c) OG added 
before digestion, (d) SDS added after digestion (e) OG added after digestion. Letter C 
indicates the peak from chymotrypsin autolysis. 

The highest coverage of bacteriohodopsin was 59% with matrix SA, when SDS 

was added before digestion. Under the same condition, 100% sequence coverage of 

myoglobin was obtained with SA. The sequence coverage of proteins with matrix SA was 

summarized in Table 3.3, when detergents added before or after digestion. 

Table 3.3 Summary of sequence coverage of proteins with different detergents using the dried- 
droplet sample preparation method with matrix SA. BR is bacteriorhodopsin. 

Protein (a) No (b) SDS (c) OG (d) SDS (e) OG (f) Combination 
detergent before digest before digest after digest after digest of 

(a)(b)(c)(d)(e) 

Myoglobin 73% 100% 81% 90% 81% 100% 



The sequence coverage of bacteriorhodopsin containing SDS increased to 59% for 

adding SDS before digestion from the 42% sequence coverage without SDS. The SDS- 

containing samples (SDS added before digestion and SDS added after digestion) showed 

they had higher sequence coverage of bacteriorhodopsin than samples not containing 

SDS. SDS is an anionic detergent, its hydrophobic tail interacted with protein by 

hydrophobic interaction, the anionic head of SDS reduced the surface tension of protein, 

protein then became soluble in water.79 Therefore, SDS improved the solubility of 

bacteriorhodopsin and its peptides. 

OG is a non-ionic mild deterg~ent,~ the OG-containing samples did not increase 

the sequence coverage of bacteriorhodopsin. The possible reason was that OG at low 

concentration was not strong to solublize this very hydrophobic transmembrane protein 

bacteriorhodopsin or its peptides. 

The total sequence coverage of bacteriorhodopsin using the dried- droplet sample 

preparation method from the digest containing or not containing detergents was 8 1 %. 

As an example for hydrophilic protein, myoglobin was studied. Its sequence 

coverage improved to 100% at SDS-containing sample from 73% without detergent. This 

suggested SDS contributed to improved hydrophilic protein sequence coverage. The 

result is better than that from Zhang and Li, they obtained 96% sequence coverage of 

myoglobin using trypsin as enzyme. 9 

The full sequence of bacteriorhodopsin, and its detected peptide regions by 

MALDI-MS from each condition were mapped in Figure 3.3. Each detected 

bacteriorhodopsin peptide in MALDI mass spectrum was traced back to find out its 

position in the full sequence of bacteriorhodopsin. For example, the peak with rnlz value 



of 1738.9 in Figure 3.2 was in the sequence from amino acid position 27 to 42 

(FLVKGMGVSDPDAKKF) in Figure 3.3. Mapping the positions from all detected 

peptides together manually, the detected peptide regions were obtained and shown in 

Figure 3.3. Some common regions, such as position of 27-42, 55-6 1, and 67-80, were 

detected under five different conditions. Some regions, such as position of 16-25> 8 1-86 

and 23 1-248, were only detected when SDS was added after digestion completion, which 

indicated that the sequence coverage of bacteriorhodopsin increased in the SDS- 

containing bacteriorhodopsin sample. 
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Figure 3.3 Bacteriorhodopsin sequences1 and its detected peptide regions with different detergents 
using dried-droplet sample preparation method. The first row is the full sequence of 
bacteriorhodopsin with its transmembrane regions (TM) indicated by the rectangular 
box. Row (a) no detergent, highlighted by grey background. (b) SDS added before 
digestion, letters in bold. (c) OG added before digestion, letters in italic. (d) SDS added 



after digestion letters in bold. (e) OG added after digestion, letters in italic. (Mapping 
from using three matrices). 

3.5.3 Effects of matrices on sequence coverage 

The commonly used matrices CHCA, SA and DHB were examined with the 

chymotrypic digests of bacteriorhodopsin by using the dried-droplet sample preparation 

method (Figure 3.4). Common peaks, such as m/z=lO63.5, 1738.9, were detected by 

using any one of the three matrices. The detected peptide number by using matrix SAY 

CHCA and DHB were respectively 8 , 4  and 3. 

4 

(a) CHCA 

3 

(c) DHB 

0 
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Figure 3.4 MALDI mass spectra of bacteriorhodopsin chymotrypic peptides using dried-droplet 
sample preparation method when SDS was added before digestion. (a) using matrix 
CHCA, (b) using SAY (c) using DHB. Letter "C" indicates the autolysis peak of 
chymotrypsin. 



Table 3.4 Summary of peptide sequence coverage of proteins with different matrices using dried- 
droplet sample preparation method when SDS was added before digestion. 

(a) CHCA (b) SA (c) DHB 
(d) combination of 

Protein 
(a) (b) (c) 

Bacteriorhodopsin 3 8% 59% 3 1% 67% 

Myoglobin 79% 100% 86% 100% 

Table 3.4 showed the sequence coverage of bacteriorhodopsin detected by 

MALDI-MS using different matrices. The sequence coverage of bacteriorhodopsin 

detected by MALDI-MS with matrix SA was 59%. It was higher than that with matrices 

CHCA (38%) and DHB (3 1%). The order of the sequence coverage was consistent with 

the reverse order of polarity of matrices (SA<CHCA<DHB). In other words, the use of 

the least polar matrix SA obtained the highest sequence coverage, while the most 

hydrophilic matrix DHB yielded the lowest sequence coverage. The results suggest that 

the hydrophobic interaction between matrix and peptides is a possible factor for detection 

of hydrophobic peptides. This interaction between matrix and analytes is consistent with 

the results from Hoteling and Owens's research on hydrophilic peptides and synthetic 

polymers.80382 They found that the matching the polarity of matrix and a peptide or 

polymer produced the best MALDI signal intensity. 

In our study, the least polar matrix SA was found to give highest sequence 

coverage of hydrophobic protein bacteriorhodopsin. The detected peptides with matrices 

were presented in Figure 3.5. We found the detected peptide region of bacteriorhodopsin 

from using matrix DHB was covered by that from using matrix SA. In addition, matrix 

CHCA only detected three more amino acids at position 59-61 comparing to the detected 

regions from using SA as matrix. 
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Figure 3.5 Bacteriorhodopsin sequence and its detected peptide regions with different matrices 
using dried-droplet method. The first row is the full sequence of bacteriorhodopsin with 
the transmembrane regions (TM) written with the rectangular box. The second row is 
using matrix CHCA, highlighted in grey background. The third row is using SA, 
written in bold. The forth row is using DHB, written in italic. 

The sequence coverage of myoglobin with SA was loo%, higher than that with 

CHCA or DHB (90%). Myoglobin is a hydrophilic protein, but its polarity is uncertain. 



Since SA is a polar matrix, one possible explaination is that the relative polarity of 

myoglobin and SA are similar. 

3.5.4 Effects of wall-less sample preparation method on sequence coverage 

The MALDI mass spectra of chymotrypic peptides of bacteriorhodopsin using 

two sample preparation methods, dried-droplet sample preparation method and wall-less 

sample preparation method, were obtained in Figure 3.6. Some common peaks, such as: 

m/z= 10 12.5, 1 063.5 and 1 125.6, were detected by two methods. 

(a) Dried-d roplet 

(b) Wall-less 

Figure 3.6 MALDI mass spectra of bacteriorhodopsin chymotrypic peptides using different 
sample preparation methods when matrix SA was used and SDS was added after 
digestion completation. (a) dried-droplet sample preparation method (b) wall-less 
sample preparation method. Letter "Cyy indicates the autolysis peaks of chymotrypsin. 

In addition, the dried-droplet sample preparation method detected some peptide 

peaks such as m/z = 1453.7, 1468.7 and 1738.9, which were not detected by the wall-less 



sample preparation method. Meanwhile the wall-less sample preparation method detected 

some peptide peaks, for example m/z = 890.4, 956.5 and 963.5, which were not detected 

by dried-droplet sample preparation method. This suggested these two methods are 

complementary. 

The sequence coverage from different sample preparation is summarized in Table 

3.5. The dried-droplet sample preparation method obtained 8 1% sequence coverage. The 

wall-less sample preparation method contributed to detect new peptides and the 

combination of two methods improved the sequence coverage to 89%. 

Table 3.5 Summary of peptide sequence coverage of bacteriorhodopsin from different sample 
preparation methods (Matrices CHCA and SA, from all conditions). 

Protein (a) Dried-droplet method (b) Wall-less method (C) Combination of (a) (b) 

Bacteriorhodopsin 81% 65% 89% 

In order to better display the contribution of wall-less sample preparation method 

on improved sequence coverage, the detected peptide regions from two methods were 

mapped in Figure 3.7. The transmembrane region G with amino acid position 202 to 223 

(NIETLLFMVLDVSAKVGFGLILLL) was not detected by the dried-droplet sample 

preparation, but part of it (MVLDVSAKVGFGLILLL) was detected by the wall-less 

sample preparation method. This detection of hydrophobic peptide was probably due to 

solvent fast evaporation in levitated droplets. The hydrophobic peptides did not have 

enough time to segregate from matrix in the levitated droplets before co-crystallization. It 



shows that the wall-less sample preparation and dried-droplet method are complementary 

sample preparation methods to improve the sequence coverage of bacteriorhodopsin. 
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Figure 3.7 Bacteriorhodopsin sequence and its detected peptide regions using different sample 
preparation methods. The first row is the full sequence of bacteriorhodopsin with 
transmembrane regions indicated with the rectangular box. The second row (DD) is the 
detected peptides using dried-droplet sample preparation with highlighting by the grey 
background. The third row of (WaSP) is the detected peptides using wall-less sample 
preparation method indicated in bold. 

3.5.5 Discussion of undetected peptides of bacteriorhodopsin 

A total three major peptide regions in bacteriorhodopsin sequence were not 

detected in Figure 3.7. These peptide regions, position 88-97, 150-156 and 202-208, were 

very hydrophobic from the transmembrane regions. Their grand average of 



hydropathicity, abbreviated as GRAVY, was calculated by using web accessible 

ProtParam program (http://kr.expas~.or~/tooIs/~rot~aram.html). ProtParam is running by 

the Expert Protein Analysis System (ExPASy) proteomics server of the Swiss Institute of 

Bioinformatics (SIB). ProtParam is a tool to compute various physical and chemical 

parameters for a user entered sequence or for a given protein stored in protein databases, 

e.g, Swiss-Prot. These parameters include GRAVY, pKa, and theoretical isoelectric 

point. 

The GRAVY was calculated by using the Kyte and Doolittle scale.83 Each amino 

acid is given a hydrophobocity score between -4.5 to 4.5. A score of -4.5 is the most 

hydrophilic, while a score of 4.5 is the most hydrophobic. The GRAVY score is the linear 

combination score for all the amino acids in a peptide or protein. The positive value of 

GRAVY means the peptide or protein is hydrophobic.83 The Kyte and Doolittle scale can 

also be used to predict the potential transmembrane region by Kyte and Doolittle plot.83 

Table 3.6 summarized some properties of the undetected peptides of bacteriorhodopsin. 

Table 3.6 Undetected peptides of bacteriorhodopsin. 

# Peptide sequence Position Missed cleavage Monoisotopic GRAVY 
mass [M+H+] 

(1) FTTPLLLLDL 88-97 4 1 144.6713 1.530 

(2) YVLFFGF 150-156 3 891 2.100 

(3) NIETLLF 202-208 2 848.4652 1.029 



The missed cleavage sites of the potential peptides # 1 and #2 were 4 and 3, 

respectively. Thus, these peptides were likely cleaved by chymotrypsin into peptides of 

mass < 800 Da. The Peptide Cutter from the ExPASy was used to predict the potential 

cleavage sites of these peptides. (htt~://au.ex~as~.or~/tools/peptidecutter/). This 

prediction was based on a user entered sequence. Figure 3.8 shows the potential cleavage 

sites with possibility of cleavage. Chymotrypsin cleaves at the C-terminal side of 

phenylalanine (F), tyrosine (Y), tryptophan (W) and leucine (L) (when they are not 

before proline (P)). 

10.7% 59.4% 81.7% 

K K K  
L F F G F 

Figure 3.8 Undetected peptides of bacteriorhodopsin and their potential chymotrypsin cleavage 
sites indicating with arrows. The number of percentage shows the possibility of 
cleavage. 

If the digestion went to completion, and the missed cleavage sites entered into the 

protein search algorithm 5 2, as predicted in Figure 3.8, the mass of their smaller 

peptides, e.g. TTPL from the potential peptide (1) in Figure 3.8, is at or below 700 Da. 

Due to the matrix cluster suppression of analyte ion the MALDI mass range 

( d z )  was set at 800-4000 for bacteriorhodopsin peptide detection in this study. Therefore 

these smaller peptides were not detected due to their m/z being outside of the detection 



window examined. One exception was peptide (3) (NIETLLF) in Figure 3.8 failing to be 

detected. Its m/z value is 848.4652 with 2 missed cleavage sites. 

3.6 Conclusion 

This chapter described approaches to study the primary structure of a membrane 

protein, bacteriorhodopsin, and strategies to improve its sequence coverage as measured 

using MALDI-MS. (1) The addition of a low concentration anionic detergent SDS 

improved the solubilization of the hydrophobic protein, which lead to an increased 

sequence coverage. (2) Of the common MALDI matrices used, the least polar matrix SA 

gave the best sequence coverage of bacteriorhodopsin. It was probably due to more 

favourable intermolecular interactions between less polar matrix and hydrophobic 

peptides, which suggested the hydrophobic interaction is a possible factor for detection of 

hydrophobic peptides or proteins. (3) The wall-less sample preparation method was 

shown to be a complementary sample preparation method to the traditional dried-droplet 

method. These approaches are good starting points for future studies of membrane 

proteins on their primary structure and identification through their high sequence 

coverage by using MALDI-MS. 



Table 3.7 Summary of detected bacteriorhodopsin chymotrypic peptides. The check marks (d) indicate using dried-droplet method. The solid 
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CHAPTER 4: 
IDENTIFICATION OF CHEMICAL MODIFICATION SITES 

ON PROTEINS 

4.1 Context 

This chapter describes the identification of the chemical modification sites on 

proteins. The chemical modifications were performed to facilitate experiments designed 

to improve understanding of protein native topology. This is an inter-department 

collaborative project with Dr. Erika Plettner at the Department of Chemistry at SFU. Two 

proteins, pheromone binding protein 2 (PBP2) from the Gypsy Moth Lymantria dispar, 

and cytochrome P45OC, (P450ca,) from Pseudomonas putida, were investigated. 

Doctoral candidates, Yongmei Gong and Adina Rojubally from Dr. Plettner's research 

group, performed the covalent protein modifications. I performed MALDI-TOF-MS on 

the modified proteins followed by data analysis. Our work to identify sites of chemical 

modification allows studies of the native topology of these two proteins. 

4.2 Abstract 

MALDI-TOF-MS was used to identify sites of covalent chemical modification on 

two proteins. Yongmei Gong reacted dansyl chloride (DNS-C1) with pheromone binding 

protein 2 (PBP2) to form modified protein DNS-PBP2. The dansyl chloride was expected 

to add at sterically accessible lysine (Lys or K) residues. The experimental results showed 

that the modification was at the lysine residues K3 1 and K38 of DNS-PBP2. This finding 

enables further studies of the modified proteins that would be designed to elucidate new 



information regarding the structure-function and protein-ligand interactions of PBP2. 

Adina Rojubally produced, isolated and modified another protein cytochrome P45OCam 

(P45OCa,) with two thiol-reactive probes, 5'-(4-Bromo-heptyl)-5-rnethyl-[2,2']bipyridinyl 

(7C-BIPY) and 5-((2-iodoacetamido)ethyl arnino)naphthalene- 1 -sulfonic acid 

(IAEDANS). 7C-BIPY and IAEDANS were separately added to wild type P45OC, and 

P45OCam containing a histidine tag. The reactions were at cysteine (Cys or C) residues. 

The modification sites were identified using MALDI-TOF-MS. The experimental results 

showed that 7C-BIPY modified P45OCam at C285 and C334, while IAEDANS only 

modified P45OC, containing a histidine tag at site C334. This work provided mass 

spectral evidence that selective chemical modifications of P45OC, were achieved. 

4.3 Introduction 

MALDI-MS has been used for identification of covalent and post-translational 

modifications of proteins, as well as to monitor the protein chemical reactions. The latter 

can be used to characterize the surface topology and binding sites of a protein or protein 

complex. 28,85-87 The digested peptides from the unmodified protein were compared to that 

generated from the chemically modified protein. The covalent modification sites were 

identified by mass shift in the MALDI-MS spectra. 

4.3.1 Pheromone binding protein 2 (PBP2) 

PBP2 is a 16-kDa protein that was isolated from the gypsy moth, Lymantria 

dispar. 88,89 Dansyl chloride (1-dimethylnaphthalin-5-sulfonyl chloride, DNS-C1) is a 

fluorescent detection reagent, and it is a lysine site-specific reactant at pH 2 9.0. This 

site-specific reaction is shown in Equation 4.1. Dansyl chloride gave highly fluorescent 



dansylated residues on PBP2, because of the rigid extended n system in the resultant 

dansyl ~ulfonamide.~~ The technique of fluorescence spectroscopy was used to study the 

conformational properties of the PBP2-ligand complex.90 

0 

R-NH - 
I I 
S 

II 
0 

Dansyl chloride 

The mass of PBP2 is changed after modification. The monoisotopic mass of the 

modified peptide increases by n times of 233.0510 Da, due to the mass shift. Here n is the 

number of modified lysine residues in the peptide. Therefore comparing the peptide mass 

of PBP2 and DNS-PBP2, the modified peptides and the related lysine residues in DNS- 

PBP2 would be identified. 

PBP2 has 11 lysine residues in its peptide chain at locations of K2, K11, K14, 

K17, K3 1, K38, K44, K58, K78, K121 and K126. From a model of PBP2 (Figure 4.1), 

three lysine residues, K14, K38 and K44, are located on PBP2 loops, the remaining eight 

lysine residues are on a-helices. Three out of eleven lysine residues are the most surface 

exposed. K38 is located on an exposed loop. K3 1 and K126 are at the outside of helices. 

These positions suggest that K38, K3 1 and K126 are the most likely sites for reaction 

with dansyl chloride. The model of PBP2 was created by "threading" the sequence of 

PBP2 onto the crystal structure of the PBP from silk moth, Bombyx mori 91 



The tryptophan (Trp or W) residue contains an aromatic side chain. If it is close to 

DNS, tryptophan could enhance the fluorescence of DNS due to the potential energy 

transfer. Two tryptophan residues, W37 and W129, are in the PBP2 sequence. W129 is 

not close to any lysine residue. W37 is next to K38. W37 would enhance the fluorescent 

signal of dansyl chloride, when W37 is excited at wavelength h = 295 nm. 

Figure 4.1 Crystal structure of PBP2 and its lysine residues labelled. This model was created by 
"threading" the sequence of PBP2 onto the crystal structure of the PBP from silk moth, 
Bombyx moli9* The circles show the modification sites identified in this work. 

Cyanogen bromide (CNBr) and chymotrypsin were separately used to digest 

PBP2 and DNS-PBP2, due to they do not cleavage at lysine residues of the primary 

sequence of a protein. CNBr cleaves protein at methionine (M). Chymotrypsin cleaves at 

the C-terminal side of phenylalanine (F), tyrosine (Y), tryptophan (W) and leucine (L) 



(when they are not before proline (P)). None of these cleavage sites are potential 

modification lysine (K) residues (Figure 4.2). 

1 i + + 21 

s K ~ D  v M ' H  Q M A  L 
+ 

L C Q  Q  E L G A D D S V V  

31 + +  + +  i i + i + 
E F L D F W  D G  Y V M  D R Q T G C  M  L I  C M A M  

+ + 71 + + 81 

L  L D S A M E I  H H  G S T F A F A  A H  G  A D E A M A Q Q I  

91 + 111 i + 
I  D l  V H G C T T T  Y  P A A E T N D P C  Q  R A V N V A M C F  

I 21  131 

L N W A  P D V E L L V A D F  L  A E S Q  

Figure 4.2 PBP2 sequence." Its lysine residues are written in bold and highlighted with grey 
background. Chymotrypsin cleavage sites are indicated by the arrows. The dashed lines 
show CNBr cleavage sites. 

4.3.2 Cytochrome P45OC,, (P45OC,,) 

Cytochrome P450,, is a hydrophobic protein. The detection of hydrophobic 

proteins and peptides is a challenge for MALDI-MS as discussed in chapter 3. 

Hydrophobic proteins and peptides are not soluble in aqueous solution, and they are 

prone to sample loss on the walls of containers. Furthermore they have low ionization 

efficiency in the process of desorptiodionization in MALDI. We applied the approaches 

learned in chapter 3 to study P45OC, modification sites. The detergent SDS was used to 

solubilize P45OC,, and its peptides generated by digestion. The relative weak polar matrix 

SA was used to detect the hydrophobic peptides. 



Since its discovery in the late of 1 9 5 0 ' s , ~ ~ - ~ ~  the structure and function of 

cytochrome P450 has been widely studied using chemical, physical and biochemical 

techniques, including X-ray crystallography, optical spectroscopy (UV, NMR, IR, CD), 

and site-directed m ~ t a ~ e n e s i s . ~ ~  P45OCam is cytochrome P450 that is bound to its substrate 

camphor. Camphor is bound at the substrate site above the iron porphyrin of P450,,,, 

Figure 4.3 Crystal structure of wild type P450,,, with the cysteine residues ~abelled.~' 

Wild type P45OC, was isolated and purified from Pseudomonasputida. It 

contains 428 amino acid residues, including 8 cysteine  residue^.^',^^ In its native 

conformation, a heme is embedded in a hydrophobic region of P45OCam. P45OC, is an 

interesting template for chemical selective modification, due to the eight cysteine 

residues that are classified into three sub-groups. A) Surface-exposed, C58, C85, C136, 

C148 and C334; B) substrate access channel, C242 and C285, which are relatively buried 



by helices; C) inaccessible in the interior, C357, which is coordinated to the iron atom of 

the heme. Of all the cysteine residues, C334 is the most surface exposed and was 

anticipated to be the most probably modification site (Figure 4.3). 

Figure 4.4 shows the sequence of wild type ~ 4 5 0 , ~ ' ~ ~  and its trypisn and 

chymotrypsin cleavage sites. None of the cleavage sites are at the potential modification 

cysteine residues. 
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Figure 4.4 The sequence of wild type ~ 4 5 0 , , , ~ ' ~ ~  And its cysteine residues are in bold and 
highlighted with grey background.16 Trypsin cleavage sites are indicated by arrows. 
The dashed lines indicate the chymotrpsin cleavage sites. 

Wild type P450,,, was modified by 5'-(4-Bromo-hepty1)-5-methyl- 

[2,2']bipyridinyl(7C-BIPY), and formed BIPY-WTP450. 7C-BIPY is used as a cross- 



linker to attach another protein with P45OC,,. The reaction is cysteine specific at pH 

values between 8 and 9 (Equation 4.2). 99,101 

The native conformation of P45OC, may change, when a histidine tag (His-tag) 

was attached at its C-terminal site. The His-tag contained 14 amino acid residues 

(EKLASALEHHHHHH). It likely coordinated with the active substrate access channel, 

and "blocked" the reaction pathway during the modification process. 

The amino acid sequence of P45OC, containing a His-tag and its trypsin and 

chymotrypsin cleavage sites are shown in Figure 4.5. 
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Figure 4.5 The sequence of P45OCa, containing a His-tag. Trypsin cleavage sites are indicated by 
the arrows. The dash lines indicate the chymotrpsin cleavage sites. The cysteine 
residues are in bold and highlighted by the grey background. The His-tag is indicated 
with a rectangular box. 

The fluorescent reagent 5-((2-iodoacetamido)ethyl amin0)naphthalene- 1 -sulfonic 

acid (IAEDANS) was reacted with His-tag P450,,, to form IAEDANS-P450. Some of 

the cysteine residues of His-tag P450,, were modified by a process indicated by 



As indicated by Equations 4.2 and 4.3, the mass of modified protein P45OC,, 

would shift as a result of a covalent addition of a compound to P45OC,. The theoretical 

monoisotopic peptide mass of modified BIPY-WTP450 and IAEDANS-P450His-tag 

increased by 266.1782 Da and 306.0673 Da, respectively. Through comparing the mass 

shift, the modified peptides would be identified and the positions of cysteine bound with 

either BIPY or IAEDANS would be discovered. 

4.4 Experimental section 

4.4.1 Sample preparation of PBP2 

Yongmei Gong performed protein modifications of PBP2 and CNBr digestion. I 

performed the chymotrypsin digestion of PBP2 and MALDI-MS analysis of the peptides 

from both digests. 

4.4.1.1 PBP2 modification 

To a solution of PBP2 10 mL (50 pM PBP2 in 20 mM NaHC03, pH=10.3), 0.02 

mL dansyl chloride (50 mM in ethanol) was added three times with 30 min separation 

between additions. A total of 0.06 mL dansyl chloride was added to the PBP2 solution. 

This reaction was allowed to proceed at room temperature for a total of 1.5 h. 

4.4.1.2 PBP2 digestion 

(1) CNBr digestion 

One milligram of sample of PBP2 and DNS-PBP2 were separately dissolved in a 

200 pL solution of 70% trifluoroacetic acid (TFA) in water (vlv). Two small white 

crystals of CNBr (-1 mg) were directly added in the protein solution. CNBr was about 15 



fold molar excess over methionyl residues in PBP2. The mixture was sealed in a tube and 

incubated at room temperature. Since CNBr is a highly toxic reagent, proper care was 

taken. It was handled only in a fume hood, and the chemist wore gloves and a mask. After 

a 24 h incubation period, the tube was opened and left in a fume hood for 3 hours before 

using the vacuum centrifuge ("Speedvac"). To terminate the reaction, the solution was 

evaporated to dryness in h m e  hood. The dry peptides were dissolved in a 100 pL 

solution of 0.1 % TFA in water (v/v) and stored in the freezer (-1 0 "C) for MALDI-MS 

analysis. 

(2) Chymotrypsin digestion 

Two microliters of chymotrypsin (5 pg / pL in 100mM NH4HC03, 2mM CaC12, 

pH=8 buffer) was added to 50 pL PBP2 or DNS-PBP2 solution (1 pg/ pL in 100mM 

NH4HC03, 2mM CaC12, pH=8), and incubated at 37•‹C for 24 hours. Immersing the 

mixture in liquid nitrogen terminated the digestion, and the digest solution was stored in 

the freezer (-10 "C) for MALDI-MS analysis. 

4.4.1.3 Sample preparation for MALDI-MS 

The MALDI matrix SA was saturated in 50% acetonitrile / water containing 0.1 % 

TFA. One microliter of digest solution was mixed with 1 pL solution of SA, and 

deposited on MALDI target plate by using a pipette. Samples were analysed in duplicate. 

4.4.2 Sample preparation of P450,,, 

Adina Rojubally performed the chemical modifications of P450,,, with BIPY and 

IAEDANS, and the subsequent purification steps. I performed the protein digestion by 

using trypsin and chymotrypsin, and MALDI-MS analysis. 



4.4.2.1 Reduction of disulfide bonds on P450,,, 

After protein modification and isolation, any unmodified cysteine residues would 

most likely reform disulfide bonds. Therefore, the reducing agent dithiothreitol (DTT) 5 

pL (1 0 mM) was added to 20 pL protein solution (1 pg/ pL). This mixture was then 

stored at room temperature for 2 h before digestion. The reaction is shown in Equation 

4.4. 

DTT 

4.4.2.2 P450,,, digestion 

Trypsin (sequence grade, Promega, Madison, WI, USA) and chymotrypsin 

(Sigma, USA) were separately used to digest P450,,, and its modified proteins (BIPY- 

WTP450 and IAEDANS-P450). In order to denature the protein, 20 pL of reduced 

protein (1 pg/ pL in 100 mM NH4HC03, 2 mM CaC12, pH=8) were heated at 95 'C for 3 

min, and cooled to room temperature. Two microliter of SDS solution (8 mM in 100 rnM 

NH4HC03, 2 mM CaC12, pH=8) was added to protein solution, and 3 pL of trypsin or 

chymotrypsin (2 pg/ pL in 100 mM NH4HC03, 2 mM CaC12, pH=8) was then added. This 

mixture was incubated at 37•‹C for 24 hours. Immersion of the mixture into liquid 

nitrogen terminated the protein digestion, and the solution of protein digestion was stored 

in the freezer for MALDI-MS analysis. 



4.4.2.3 MALDI-MS Sample preparation 

The weak polar MALDI matrix SA was used. One microliter of the solution of 

digested protein was mixed with 1 pL of saturated SA solution (ACN / 0.1% TFA, v/v = 

2:3). This mixture was deposited on a MALDI target plate by using a pipette. Samples 

were analysed in duplicate. 

4.5 Results and discussion 

4.5.1 Identification of modification sites on PBP2 

A representative mass spectrum of peptides generated from unmodified protein 

PBP2 is shown in Figure 4.6a. Peptides containing all eleven unmodified lysine residues 

were detected from PBP2, nine from chymotrypic digestion and two from CNBr 

digestion (Table 4.1). A PBP2 sequence coverage of 78% was obtained. 

MALDI mass spectrum (Figure 4.6b) showed that three modified chymotryptic 

peptides of DNS-PBP2 were detected, m/z=1276.8391 (fragment 34-4 1, K38), 1675.2621 

(24-36, K3 1) and 1861.4426 (24-37, K3 1). Their respective unmodified peptides, 

m/z=lO43 S764, 1442.0824, 1628.2544, were detected as well. The difference of the 

mass was 233.2627,23 3.1797 and 233.1882 Da respectively due to the addition of dansyl 

residue. No other modified peptides were detected (Table 4.2). 

These three modified peptides were detected. One contained K38, the other two 

peptides both contained K3 1. This suggested the dansyl chloride modified PBP2 at K3 1 

and K3 8 (Figure 4.1). 

Modified K3 1 and K38 are likely the most surface exposed lysine residues. K38 is 

next to W37, the potential fluorescence energy transfer between DNS and W37 could be 



monitored and provide information about PBP2 conformational changes. The potential 

energy transfer could be developed as a potential method to investigate the protein-ligand 

interaction. 

Table 4.1 Detected unmodified PBP2 peptides containing lysine residues from chymotrypsin or 
CNBr digestion. An asterisk * denotes the peptides from CNBr digestion. 

Peptide Lysine Unmodified Unmodified Mass Accuracy 

Position Position Theoretical Observed ( P P ~ )  

[M+H]* [M+H] + 

34 - 41 K3 8 1043.4838 1043.5100 25 

24 - 36 K3 1 1441.6851 144 1.9824 206 

24 -37 K3 1 1627.7644 1628.1437 233 

121-127 K121, 126 832.5 157 832.8712 427 

53-61 K5 8 1122.5725 1122.7478 156 

121-129 K121, 126 1132.6380 1133.0921 40 1 

1 - 12 K2,11 1466.7136 1465.9584 -5 15 

11 -23 K11, 14, 17 1602.9042 1602.0740 -518 

42 - 61 K44,58 2504.1877 2503.8274 -144 

*58 - 66 K5 8 971.5413 971.0537 -502 

*67 - 86 K7 8 2078.9684 2078.9395 -14 
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MALDI mass spectra of PBPZ and DNS-PBP2 chymotrypic peptides containing lysine. 
(a) PBP2 peptides. (b) DNS-PBP2 peptides . An asterisk denotes the modified peptides. 

1442.0824 (a) unmodified 

Figure 4.7 (a) and (b) are x-axis zoom in showing the unmodified and modified peptide containing 
K31 in Figure 4.6b. 



Table 4.2 Detected DNS-PBP2 peptides containing lysine residues from chymotrypsin or CNBr 
digestion. An asterisk * denotes the peptides from CNBr digestion. A (-) indicates no 
peptide detected. 

Peptide Lysine Unmodified Unmodified Modified Modified DNS 
Position In peptide Theoretical Observed Theoretical Observed Modified 

[M+H]+ [M+H]+ [M+H]+ [M+H]+ Lysine 

4.5.2 Identification of modification sites on P450,,, 

Unmodified peptides containing all eight cysteine residues were detected (Table 

4.3). The wild type unmodified P45OC, sequence coverage of 80% was obtained. 

For modified protein BIPY-WTP450, two tryptic modified peptides containing 

C334 and C285 respective were detected by MALDI-MS, m/z=l742.955 1 (33 1-342, 

C334) and 1607.3766 (28 1-291, C285) (Figure 4.8). No other modified peptides were 

detected. Table 4.4 summarized the detected peptides of BIPY-WTP450. This result 

indicated that 7C-BIPY modified the wild type of P45OC, at C334 and C285. 



Figure 4.8 MALDI mass spectra of tryptic BIPY-P450 peptides. An asterisk denotes the modified 
peptides. (a) is x-axis zoom in on the modified peptides from (b). N/D: not detected. 



Table 4.3 Detected unmodified P450,,, peptides containing cysteine residues from trypsin o r  
chymotrypsin digestion. An asterisk * denotes the peptides digested using 
chymotrypsin. 

Peptide Cysteine Unmodified Unmodified Mass Accuracy 

Position In peptide Theoretical Observed ( P P ~ )  

Table 4.4 Detected BIPY-WTP450 peptides containing cysteine residues from trypsin o r  
chymotrypsin digestion. An asterisk * denotes the peptides digested using 
chymotrypsin. A (-) indicates no peptides detected. 

Peptide Cysteine Unmodified Unmodified Modified Modified BIPY Modified 

Position In peptide Theoretical Observed Theoretical Observed cysteine 

[M+H]+ [M+H]+ [M+H]+ [M+H]+ 



For another modified protein IAEDANS-P450, two modified tryptic peptides both 

containing C334 were detected, rn/z=1782.4518 (331-342, C334) and 2038.2134 (331- 

344, C334). A MALDI mass spectrum shows these modified peptides in Figure 4.9. No 

other modified peptides were detected. The summary of detected peptides is listed in 

Table 4.5. The results show that IAEDANS reacted with P45OCam at C334 only, when 

P45OCam contained a His-tag. 

Table 4.5 Detected IAEDANS-P450 peptides containing cysteine residues from trypsin or 
chymotrypsin digestion. An asterisk * denotes the chymotrypic peptides. A (-) indicates 
no peptides detected. 

Peptide Cysteine Unmodified Unmodified Modified Modified IAEDANS 
Position In Theoretical Observed Theoretical Observed Modified 

peptide [M+H]+ [M+H]+ [M+H]+ [M+H]+ cysteine 



Figure 4.9 MALDI mass spectra of tryptic IAEDANS-P450 peptides. An asterisk * denotes the 
modified peptide. (a) is x-axis zoom in on the modified peptide from (b). 



As discussed in the introduction, the conformation may be different between wild 

type P45OC, and His-tag P45OCam. 7C-BIPY reacted with the wild type P45OC, at the 

most surface exposed C334 and one cysteine residue C285 in the active access channel. 

IAEDANS only reacted at C334 on His-tag P45OC, (Figure 4.10). The possible reason 

was that the His-tag interacted with the access channel and prevented C285 from reacting 

with reagent IAEDANS. The selective chemical modification sites suggested P45OCam 

conformation change due to the addition of a His-tag. 

w 
(a) Wild type P450cam (b) P450cam containing a histidine tag 

Figure 4.10 (a) Crystal structure of wild type ~ 4 5 0 , , , . ~ ~  Its modified cysteine residues, C285 and 
C334 indicated by circles. (b) crystal structure of P450cam containing a histidine tag 
shown in rectangular, and modified cysteine residue C334 indicated by circle. 

4.6 Conclusion 

Two proteins, PBP2 and P450,,,, were characterized by MALDI-MS. Their 

chemical covalent modification sites were identified. The results showed that DNS 



modified PBP2 at its lysine residues K3 1 and K38. The finding confirmed that the K3 1 

and K38 were the most surface exposed lysine residues of PBP2, which was correlated 

with the structure analysis. This work has enabled further study of protein structure- 

function and protein-ligand interaction of PBP2.Wild type P45OC,, was modified by 7C- 

BIPY at cysteine residue C334 and C285. When a His-tag was attached to the wild type 

P45OC,, IAEDANS modification sites of P45OC, were identified at C334 only. This 

selective modification suggested a conformational change of P45OC,,. 



CHAPTER 5: CHARACTERIZATION OF ION CHANNEL 
PROTEIN-PROTEIN INTERACTIONS 

5.1 Context 

This chapter describes identification of potassium voltage-gated ion channel 

Kv1.5 and its associated proteins by using MALDI-TOF-MS combined with co- 

immunoprecipitation. The aim of this study was to identifl proteins that interact with 

Kv1.5 under physiological conditions. This was a collaborative project with Dr. David 

Fedida's group from the Department of Cellular and Physiological Sciences at the 

University of British Columbia. A Ph. D. candidate, Jodene Eldstrom, in his group 

performed the co-immunoprecipitation on Kv1.5, gel separation and protein trypsin 

digestion. I performed all MALDI-MS work and interpretation of the mass spectra data. 

5.2 Abstract 

Kv1.5 and its associated proteins were co-immuniprecipitated by antibodies. The 

mixture of proteins were separated through sodium dodecyl sulfate polyacrylarnide gel 

electrophoresis (SDS-PAGE), followed by in-gel trypsin digestion on each gel band. The 

peptides recovered from the digested protein in gel bands were characterized using 

MALDI-MS and the masses of detected peptides were submitted to the database Mascot 

for peptide mass fingerprinting (PMF) search. The computer output of the peptide mass 

fingerprint (PMF) search suggests that synapse-associated protein (SAP97) was found 

fiom the gel co-irnrnunoprecipitated with Kv1.5. This work provided the first mass 

spectral evidence of protein-protein interaction between Kv1.5 and SAP97. 



5.3 Introduction 

Transmembrane protein Kv1.5 is a potassium voltage-gated channel subfamily A 

member 5. It has six transmembrane regions. Its sequence is shown in Figure 5.1. The 

protein Kv1.5 in myocardium opens in response to depolarisation of potentials and 

shuttles positive potassium ions out of the cell. The cardiac potassium channel effects the 

contractility of the human heart, the propagation of the impulse and the cause of 

arrhythmias, which makes Kv1.5 a target for antiarrhythmic drugs. 102,103 

A family of anchoring proteins named Membrane-Associated Guanylate Kinases 

(MAGUK) are PDZ domain proteins that have been proposed to be involved in the 

localization of ion channels.lo4 PDZ is named after three proteins, postsynaptic density 

protein (PSD-95), discs-large protein (Dlg) and zonula occludens-1 (20-1).lo5 A PDZ 

domain is about 90 amino acid residues. 

The synapse-associated protein (SAP97) is a PDZ domain protein, has three PDZ 

domains, an Src homology 3 (SH3) region and a guanylate kinase-like domain (GUK).~'~ 

A short peptide at the C-terminal of Kvl.5 binds to the PDZ domain of SAP97 (Figure 

5.2).lo7 The binding has been determined by Western blot, confocal imaging of green 

fluorescent protein-tagged proteins and the patch clamp technique. 105,108 
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Figure 5.1 Kv1.5 sequence. The amino acid sequence that are transmembrane helices (TM) are 
within the rectangular boxes. 

Dr. Fedida's group did not find direct evidence to support the interaction of Kv1.5 

and ~ ~ ~ 9 7 . l ' ~  In this collaborative project MALDI-TOF-MS was applied to identify 

proteins non-covalently interacting with Kv1.5. 



GUK 1 

Figure 5.2 Schematic diagram of Kv1.5 and SAP97. The circles with numbers indicate PDZ 
domains of SAP97. (Adapted from referen~es) . '~"'~~ 

Protein separation using one-dimensional (ID) or two-dimensional (2D) gel 

electrophoresis, followed by the MALDI peptide mass fingerprinting (PMF) has become 

a very popular technique for protein identifi~ation."~ 

MALDI yields the best results for an individual hydrophilic peptide relative to a 

hydrophobic peptide, or a peptide mixture. In this study, an antibody was used as a "bait" 

to "fish" out the proteins associated with Kv1.5. The protein identification was conducted 

by PMF using the web based search engine Mascot (Matrix Science, London UK, 

http://www.matrixscience.com). The strategy is summarized in Figure 5.3. 



I Cell s expressing Kv 1.5 1 

ID SDS-PAGE separation 

4 
In-gel trypsin bestion 
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Figure 5.3 Strategy for protein identification by MALDI-MS peptide mass fingerprinting. 

5.4 Experimental section 

5.4.1 Kv1.5 expression in cell and co-immunoprecipitation 

Jodene Eldstrom performed Kv1.5 expression in human embryonic cell line 

(HEK293), co-immunoprecipitation, SDS-PAGE separation and in-gel trypsin digestion. 

The procedure was described in detail in previous publications from Dr. Fedida's 

group.1023103 Once the Kv1.5 had been immunoprecipitated, any protein in the co- 

irnrnunoprecipitated complex was separated from other proteins in the cell.'" Three 

antibodies, mouse anti-PDZ, rabbit C-term anti-Kvl.5 and mouse T7 tagged anti-Kvl.5 



performed the immunoprecipitation. SDS-PAGE was applied to separate the protein 

mixture followed by in-gel trypsin digestion. 

5.4.2 Sample preparation for MALDI-MS 

Commercially available ZipTipC18 (Millipore, Billerica, MA, USA) were used to 

desalt and concentrate the peptide samples from the solution of gel electrophoresis bands 

provided by Jodene Eldstrom. ZipTipc18 is a trade name for a 10 pL pipette tip that has a 

0.6 pL bed of reverse phase chromatography media fixed at the narrow end of the tip. 

One microliter of saturated solution of matrix CHCA in methanol and acetonitrile (v/v = 

1 : 1) was mixed with 1 pL desalted peptide solution and deposited onto a MALDI target 

plate by using a pipette, and the sample was allowed to co-crystallized on the plate. 

Samples were analysed in duplicate. 

5.4.3 Protein database search 

Protein identification by peptide fingerprinting was conducted on Mascot (Matrix 

Science, London UK, http://www.matrixscience.com). Two protein databases were used, 

the National Center for Biotechnology Information (NCBInr) database and Swiss-port 

database. The MH' value of the monoisotopic peaks were submitted to Mascot protein 

search, and the top 20 possible proteins were reported by Mascot. The parameters in 

Table 5.1 were used for a typical protein search. 



Table 5.1 Parameters used in peptide mass fingerprinting database search at Mascot. 

Parameters Value 

Database NCBInr 1 Swissport 

Taxonomy Homo sapiens (human) 

Enzyme Trypsin 

Allow missed cleavages 2 

Fixed modification None 

Variable modification Oxidation (Methionine) 

Protein mass No specific range 

Peptide tolerance *I Da 

5.5 Results and discussion 

5.5.1 SDS gel 

MW No 
(knal Antibodv PDZ C-Term T7 

Figure 5.4 SDS gels of Kvl.5 and its co-immunoprecipitated proteins. "MW" was the molecular 
mass marker, from 24 kDa to 180 kDa. The column indicated as "No Ab" was protein 
without using any antibody. The column of "PDZ" indicated the proteins extracted 
from cell with mouse anti-PDZ antibody. The "C-Term" and "T7" columns were 
respectively proteins extracted from rabbit C-term anti-Kvl.5 and mouse T7 tagged 
anti-Kvl.5 antibodies respectively. Gel bands B1 and B2 were blank gel bands. (Gel 
was performed by Jodene Eldstrom). 



SDS gel was used to separate the co-immunoprecipitaed proteins with Kv1.5. In 

Figure 5.4, antibody anti-PDZ recognized the PDZ proteins, which were under the 

column labelled with "PDZ", and C-term anti-Kvl.5 extracted Kv1.5 and its associate 

proteins, which were listed under " C-Term", the third antibody T7 tagged anti-Kvl.5 

labelled as "T7" was used to extract Kv1.5 at its N-terminal site along with its associated 

proteins. Each gel band was exercised and performed in-gel trypsin digestion. 

5.5.2 MALDI-MS analysis 

Figure 5.5 is one representative MALDI mass spectrum obtained from gel band 

PDZ#8 in Figure 5.4. Four peaks of trypsin autolysis peptides were used as the internal 

standard. A total of 23 remaining peaks value (rnlz) were submitted to Mascot. A 

representative MALDI mass spectrum of gel band T7 #10 is also presented in Figure 5.6. 

Four trypsin autolysis peptides were detected. The remaining 49 detected peaks were 

submitted to Mascot research. 
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Figure 5.5 A MALDI mass spectrum of gel band PDZ #8. The letter "T" indicates the trypsin 
autolysis peaks. 

Figure 5.6 A MALDI mass spectrum of gel band T7 #lo. Letter "T" indicates the trypsin autolysis 
peak. 



5.5.3 Protein identification 

The peaks obtained fiom MALDI mass spectra were manually submitted to 

Mascot for peptide mass fingerprinting search (Table 5.3 and 5.4). Two databases, the 

National Center for Biotechnology Information database (NCBInr) and Swiss-prot 

database (Swiss-prot), were used in the protein search. The probability for the observed 

match between the experimental data and each database was calculated. The match with 

the lowest probability is reported as the best match. The probability for a good match is a 

small number. The Mascot score is -lOLoglo(P), where P is the probability. ' I 2  The best 

match is the one with the highest score, and a significant match is a score of the order of 

70 ."~  

The results from the two databases, NCBInr and Swiss-prot, were consistent. A 

protein "Synapse-associated protein 97 (SAP97)" was identified in gel band PDZ#8 and 

T7#10 with Mascot scores of 66 and 99 respective. Table 5.2 summarizes the results from 

the Mascot search. SAP97 has a mass of 103 15 8 Da. The mass of PDZ #8 and T7 # 10 

was -1 00 kDa in gel (Figure 5.4). 

Table 5.2 Summary of the Mascot search results of gel band PDZ#8 and T7#10. 

Gel Identified Mascot Molecular Number of Number of Sequence 
band protein score weight peptides peptides coverage 

(NCBInr I 
P a >  

matching submitted 
Swiss-Prot) 



5.5.4 Protein-protein interaction site 

Three antibodies, mouse anti-PDZ, mouse T7 tagged anti-Kvl.5 and rabbit C- 

terminus anti-Kvl.5, were used to co-immunoprecipitate Kv1.5 and its associated 

proteins in cell HEK923. 

The mouse Anti-PDZ antibody recognized PDZ domain proteins including 

SAP97. The MALDI-MS results showed that one gel band, PDZ#8, was identified as 

SAP97, which suggested that SAP97 was interacting with Kv1.5 in the human embryonic 

cell line (HEK293). 

The mouse T7 tagged anti-Kvl.5 recognized Kv1.5 at its N-terminus. SAP97 was 

also found in one of its gel bands, T7#10. When Kv1.5 was immunoprecipitated with 

anti-Kvl.5, its associated proteins were co-immunoprecipitated, which suggested that 

Kv1.5 had strong interactions with SAP97. In addition, this interaction was not at the N- 

term of Kvl.5. 

The rabbit C-terminus anti-Kvl.5 was bound with Kv1.5 at its C-terminus. When 

the C-terminus anti-Kvl.5 recognized Kv1.5 at its C-termininus, the interaction between 

Kv1.5 and its associated proteins at C-terminal side of Kv1.5 was destroyed. Therefore, 

the proteins binding to Kv1.5 at its C-terminal side were not co-immunoprecipitated with 

Kv1.5. SAP97 was not identified by MALDI-MS in the gel bands co-immunoprecipitated 

with C-term anti-Kvl.5 antibody. 

The results from interaction sites of three antibodies and the corresponding 

Mascot protein searches indicated that SAP97 interacted with Kv1.5 at its C-terminus. 



5.6 Conclusion 

Co-immunoprecipitation following by MALDI-TOF-MS was used to investigate 

the ion channel Kv1.5 and its associated proteins. The results showed that SAP97 

interacted with Kv1.5 at its C-terminus. This is the first mass spectral evidence in support 

of the protein-protein interaction between Kv1.5 and SAP97. This work demonstrated 

that MALDI-MS has great potential to identify membrane proteins and providing mass 

spectral evidence of protein-protein interaction in complex "real" cells. 



Table 5.3 Identification of peptides from gel band PDZ #8. 

Identity Peptide position Theoretical Observed Mass accuracy 
[M+H]' [M+H]' ( P P ~ )  

SAP97 10-27 2188.1361 2 188.2092 

Trypsin 

Unidentified 



Table 5.4 Identification of peptides from gel band T7 #lo. 

Identity Peptide position Theoretical Observed Mass accuracy 
[M+H]+ [M+H]+ ( P P ~ )  

SAP97 10-27 2188.1361 2 188.2092 3 3 

Trypsin 

Unidentified 



CHAPTER 6: A STUDY OF GAS-PHASE CATIONIZATION 
IN MALDI-MS 

6.1 Context 

This chapter describes a study of gas phase cationization in MALDI. The 

objectives of this study are: (1) to provide experimental results of the gas-phase 

cationization by using a single laser simultaneously irradiating two adjacent samples, (2) 

to investigate the effect of separation distance on cationization, (3) to examine the 

potential application of quantitative measurement. 

6.2 Abstract 

Gas-phase cationization is ofcen observed with synthetic polymers in MALDI 

mass spectra. To better understand this type of ionization process in MALDI, a very 

simple two-plate method was developed. Polyethylene glycol (PEG) and cation reagents 

were separately deposited on two adjacent plates. A single laser irradiated both samples 

simultaneously. The cation adducts of PEG were observed in the MALDI mass spectrum. 

The relative extent of cationization based on relative signal intensity depended on the 

separation distance of PEG and cation reagents and the type of cation. These 

experimental results support the gas-phase cationization mechanism. The two-plate 

method was also investigated with respect to its potential to perform quantitative 

analysis. A linear response using the two-plate method was observed over 2 decades of 

analyte concentration with the correlation coefficient R~ value of 0.9657. 



6.3 Introduction 

Cation adducts of synthetic polymers are often observed in MALDI mass 

spectrum.113 A better understanding of the cationization process in MALDI could lead to 

improved ion yields, determine polymer molecular weight distribution, and increase 

sensitivity. To better understand the cationization process, several questions need to be 

addressed. Where and when do the detected analyte ions form? Are the ions formed in the 

mixture of molecule and cation (solution or solid state)? Or are they formed in the gas 

phase from ion-molecule reaction? 

6.3.1 MALDI laser induced plume 

The plume generated by MALDI laser is considered to be a pulsed jet expansion, 

transformation from solid state to gas state, where the matrix molecules, analyte 

molecules, and cation ions collide in the plumes. The image of the plume has been 

obtained using laser induced fluorescence ( L I F ) . ~ ~ , ~ ~  

The results of recent studies show that the plume induced by UV laser irritation 

lasts about 35-70 ns with a plume velocity of 500-1000 m/s. 46,47,114 The jet expansion 

causes the radial component of the velocity to be considerably smaller than the axial 

velocity. 40,45,115 The "axial" direction is towards the time-of-flight mass spectrometer. 

The direction of "radial" is perpendicular to the axial direction. The plume density is up 

to 10% of the pre-desorption solid.46347 

6.3.2 Preview study on gas-phase cationization in our group 

Our group studied the cationization by using the wall-less sample preparation 

method.52253 The electrodynamic balance (EDB) was used to deposit two different 



samples on two adjacent sample spots. One of the samples was polyethylene glycol with 

an average molecular weight of 1000 (PEG1000) with a matrix of CHCA, Another 

sample was cation reagent CsCl with CHCA. A single laser irradiated the two adjacent 

sample spots simultaneously. Two MALDI laser induced plumes formed containing 

neutral molecules PEG1000 and CS' respectively. When the separation distance was 

close enough that the two plumes overlapped, PEG 1000 collided with CS', cesium 

adducts of PEG formed and detected by MALDI-MS (Figure 6.1). The experimental 

results provided evidence of gas-phase cati~nization.'~ 

Two Plumes Nat Overlap Two Plumes Overlap 

Figure 6.1 Schematic diagram of the gas-phase cationization (Adapted from referen~e)'~. 

6.4 Experimental section 

6.4.1 Two-plate method 

We developed a very simple two-plate method based on the two spots method to 

further analyze the gas-phase cationization. Two laboratory made stainless steel plates 

were used as the two sample plates, which could be fixed on a plate holder with 

electrically conductive tape. The distance between the two sample plates was 0-1 00 pm. 

A laser simultaneously irradiated the two sample plates. 



The advantages of the two-plate method include: (1) providing exclusive 

secondary pathway; (2) applying a simple sample preparation method, (3) analyzing 

samples under normal MALDI conditions, and (4) requiring no extra experimental 

apparatus. 

The two sample plates and plate holder were made of stainless steel, which are 

chemically stable under laser irradiation. A standard MALDI plate was machined to hold 

two sample plates (55 mrn x 41 mm x 2 mm) with a depth of recessed region (40 mm x 

30 mm x 1 mrn) in the centre. The dimension of each sample plate was (28 mm x 18 mm 

x 1 mm) (Figure 6.2a). When the sample plates were placed into the recessed region of 

the plate holder, the top side of the sample plates was the same height as the edge of the 

holder plate. 

Using the same heights for the plates ensured there were no obstacles in loading 

or unloading of the samples from the MALDI vacuum chamber. These conditions also 

minimized that as a source of error in the maintained the same flight length for the 

analyte ions. Otherwise the mass accuracy would be degraded. 



(a] a two-plate mode (b) a standard R.IALDI target plate 

Figure 6.2 Photographs of the two-plate and a standard MALDI target plate. (a) Two sample 
plates on top of the plate holder, (b) a standard MALDI target plate, the circles are 
sample wells with diameter 3.0mm. 

PEGlOOO was used as the neutral molecule source, and CsCl and KC1 were used 

as the cation reagents. Equations 6.1 and 6.2 express the gas-phase cationization process. 

EO, + CS' + [EO, + Cs'] (6.1 ) 

EO, + K' + [EO, + K']  ( 6.2 ) 

Where EO is an ethylene oxide unit of polyethylene glycol, and x is the degree of 

polymerisation. 

6.4.2 Sample preparation on two sample plates 

PEGlOOO was dissolved in methanol aqueous solution (0.1 mM, methanol: 

water=l : 1, v/v). Matrix CHCA was saturated in methanol. A 1 pL PEG1 000 solution was 



mixed with 9 pL CHCA solution. Then the mixture of PEG and CHCA was deposited on 

the edge of one sample plate. 

One microliter of a CsCl or KC1 solution (2 M in water) was mixed with 9 pL of 

the CHCA solution and deposited onto the other sample plate. After the samples co- 

crystallized and were completely dry, the two sample plates were placed side-by-side on 

the plate holder, and fixed with electrically conductive tapes. The two prepared plates 

were investigated using an optical microscope (Motic, B5 Professional, Richmond, BC, 

Canada). Their separation distance ranged from 0 to 60 pm. The gas-phase cationization 

was examined as a function of the separation distance of PEG and cation reagents. A 

single nitrogen UV laser (beam spot 650 pm x 450 pm) irradiated both samples 

simultaneously. 

6.4.3 Sample preparation for quantitative study 

Instrument limitations of detection, such as detector saturation from analyte or 

standard ion signal peaks, lead to sub-optimal dynamic range. 1 16,117 Another problem for 

quantitative measurement is the signal suppression of the less concentrated component 

(analyte or standard) by the more concentrated ~omponent."~ The range of linear 

response and the correlation coefficient of analyte were examined. 

Peptides angiotensin I (theoretical mlz =1296.6833) and bradykinin (fragment 2- 

9) (theoretical rn/z =904.4667) were used as the standard and analyte respectively. Matrix 

CHCA was saturated in a solution of acetonitrile and methanol (v/v=l : 1). 

Five microliters of an angiotensin I (1 pM) was mixed with 5 pL of CHCA 

solution and deposited on one sample plate to form a sample spot area of 10 mm x 



2.5mm. Analyte bradykinin (2-9) at concentrations from 0.01 to 6 pM was studied. A 5 

pL of bradykinin (2-9) solution was mixed with 5 pL of a CHCA solution and deposited 

on the other plate. The spot of co-crystallized bradykinin and CHCA was about the same 

size of angiotensin I sample spot. The laser irradiated both sample spots simultaneously. 

The laser beam spot is 650 pm x 450 pm. The separation distance between the two plates 

was 40 pm. 

The conventional quantitative method by using an internal standard was studied in 

order to compare the two-plate quantitation method. A mixture solution consisted of 2.5 

pL angiotensin I solution (2 pM, internal standard), 2.5 pL bradykinin solution 

(concentration ranged from 0.02 to 12 pM) and 5 pL CHCA solution was deposited on 

the sample plate. The MALDI mass spectra were collected under the same condition as 

the two-plate method. 

6.5 Results and discussion 

6.5.1 Evidence of gas-phase CS' reaction with PEG1000 

Co-crystallized CsCl and CHCA was on the one sample plate (Figure 6.3a), 

PEG1000 and CHCA were co-crystallized on other sample plate (Figure 6.3b). The 

separation distance was 8 pm. A single laser irradiated three different positions. 



Figure 6.3 A microscope image of two plates covered by co-crystallized analytes with matrix 
CHCA. (a) CsCl co-crystallized with CHCA. (b) PEG1000 co-crystallized with CHCA. 
The circles with number indicate the position of laser irradiations. Position 1, where 
laser irradiated CsCl. Position 2, where laser irradiated simultaneously at both 
samples, CsCl and PEG1000. Position 3, where laser irradiated PEG1000. 

The MALDI mass spectrum (Figure 6.4a) showed that the CS+ ion was detected 

when laser irradiated position 1. Ion signal from matrix ions and clusters was not 

observed in the spectrum due to suppression by CS+. When the laser irradiated at position 

3, the MALDI mass spectrum (Figure 6.4b) showed no cesium adducts of PEG were 

detected. At position 2, the laser irradiated both samples, the cesium adducts of PEG 

were observed as the dominant signal in the mass spectrum (Figure 6 .4~) .  

The detected cesium adducts of PEG in MALDI mass spectrum indicated that the 

cationization took place in the gas phase. 
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Figure 6.4 MALDI mass spectra with laser irradiation different positions 1,2,3, in Figure 6.3. (a) 
Mass spectrum from laser irradiate position 1, where was the co-crystallization of CsCl 
and CHCA, (b) mass spectrum from laser irradiate position 2, where was CsCl and 
PEGlOOO simultaneously, (c) mass spectrum from laser irradiate position 3, where was 
co-crystallized PEGlOOO and CHCA. N/D: not detected. 

6.5.2 The effect of cation and separation distance on gas-phase cationization 

(1) CS+ reaction with PEGlOOO in gas-phase 

Sodium and potassium impurities in the PEG sample and glassware were difficult 

to remove. Sodium adducts of PEG were used as an internal standard. The intensity ratio 

of cesium adducts of PEG verse sodium adducts of PEG were used to investigate CS' 



reaction with PEG in gas phase. The cationization of PEG (EO 19, E022 and E023) were 

examined. Here EO was the ethylene oxide unit of PEG, the number X was the degree of 

polymerization. Their average ratio was plotted in Figure 6.5. 

The average intensity ratio was decreased as the separation distance between PEG 

and CsCl increased (Figure 6.5). No cesium adducts of PEG were observed when the 

separation distance was greater than 20 h 2 pm. 

0 10 20 30 40 50 60 
Separation distance between PEG1000 and CsCl (pm) 

Figure 6.5 Separation distance effect on gas-phase cesium reaction with PEG1000. 

(2) K+ reaction with PEG1000 in gas-phase 

The gas-phase cationization of PEG by KC1 was also studied. The intensity ratio 

of potassium adducts of PEG to sodium adducts of PEG was used to investigate K+ 

reaction with PEG in gas phase. The level of impurity K+ in PEG1 000 and glassware was 

measured to be 0.078, and that intensity ratio of potassium adducts of PEG to sodium 



adducts of PEG in PEG sample was considered as background signal. Therefore a value 

of 0.078 was subtracted from the intensity ratio of potassium adducts to sodium adducts 

measured from the gas-phase cationization. 

The intensity ratio dropped as the separation distance between PEG and KC1 

increased (Figure 6.6). When the separation distance was equal to or greater than 40 pm, 

the detected intensity of sodium adducts of PEG became the same as that detected in the 

PEG sample only. 

0 10 20 30 40 50 60 
Separation distance between PEG1000 and KC1 (pm) 

Figure 6.6 Separation distance effect on potassium reaction with PEG1000 in gas phase. 

(3) Comparison cation reagents effect on gas-phase cationization 

In order to better compare the two different cation reagents, CsCl and KC1, 

reaction with PEG in gas phase, the data plotted in Figures 6.6 and 6.7 were combined 



into one figure (Figure 6.7). We found K" reacted with PEG at separation distance up to 

40 pm whereas CS' reacted with PEG at separation distance 4 3  pm. The results 

suggested that the radial velocity of K' was greater than that of CS'. This is consistent 

with the results from other research group, different species of analytes have different 

radial v e l ~ c i t i e s . ~ ~ ' ~ ~  

0 
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Separation distance between PEG1000 and cation reagents (pn) 

Figure 6.7 Separation distance effect on cationization of PEG in gas phase. 

In addition, the intensity ratios of cesium adducts was greater than that of 

potassium adducts at the same separation distance at the range 5 10 pm. A possible 

reason for this was that the MALDI laser desorption efficiency of CS' was greater than 

that of IS+, which resulted in an abundance of CS' in the plume to be greater than K+. To 

examine the assumption, a mixture of KC1 and CsCl at the same concentration (2 M) was 

measured by MALDI. The mass spectrum (Figure 6.8) confirmed that CS' has better 



desorption efficiency in MALDI than K'. And there was also the possibility that there 

was a mass and detection bias for CS' versus K'. 

Figure 6.8 MALDI mass spectrum of KC1 and CsCI. 

6.5.3 Potential for improved quantitative analysis using two-plate methodology 

Analyte bradykinin (2-9) concentration range from 0.01 pM to 10 pM was 

examined while the standard angiotensin I at concentration of 0.1 pM was fixed. When 

the concentration of bradykinin (2-9) was greater than 5 pM, the MALDI signal of 

bradykinin (2-9) was saturated, which was not suitable for quantitative measurement. 

When the concentration of bradyknin (2-9) was below 0.05 pM, the MALDI ion signal of 

standard, angiotensin I (0.1 pM), was saturated. When the sample ion intensity is 

saturated, there is significant deviation from a linear relationship between concentration 



and signal intensity. The linear response of bradyknin (2-9) at concentration range 

between 0.05 pM to 5 pM was therefore investigated and plotted in Figure 6.9. 
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Figure 6.9 Linear response of bradykinin (2-9) by (a) internal standard method using mixture of 
analyte bradykinin and standard angiotensin, and (b) a two-plate method with analyte 
bradykinin on one sample plate and standard angiotensin on another sample plate. 

The linear response of bradykinin (2-9) when using the two-plate method showed 

that it was comparable to that using an internal standard method (Figure 6.9). At the same 

dynamic range (0.05 pM - 5 pM), the correlation coefficient value of R2 for two-plate 

method was 0.9657, which was slightly less than that of the internal standard method, 

0.9949. 

The possible reason for the difference of R2 value was the co-crystallized sample 

hetegeneity. In MALDI-MS analysis, the "sweet" spots were always searched since the 

sample was not h ~ r n o ~ e n e i t y . " ~ ~ ~ ' ~  The signal reproducibility "spot-to-spot" was 



poor. 116,l 17 In the internal standard method, the standard co-crystallized with analyte, in 

which the mixture likely compensated for the sample hetegeneous problem. 116,117 

6.6 Conclusion 

A very simple two-plate method was developed and used to study the gas-phase 

cationization. The results provided experimental data in support of the cation reaction 

with polymer molecules in gas-phase. The study also found that K+ reacted with 

PEG1 000 at a greater separation distance that CS'. The method of a single laser 

irradiating two adjacent sample spots simultaneously was also shown its potential for 

performing quantitative analysis, the results were comparable to the existing 

methodology. 



CHAPTER 7: 
CONCLUSION AND FUTURE WORK 

MALDI-MS has become a popular tool for proteomics research. It is a relatively 

new analytical technology that has as its features, relatively simple sample preparation, 

high mass resolution up to 35,000,~~ as low as femtomole detection4 and straightforward 

interpretation of mass spectrum118. This thesis described applications of MALDI on 

proteins or peptides study, such as protein primary structure, sequence coverage of 

membrane protein, chemical modification sites of protein and ion channel protein-protein 

interactions. 

Hydrophobic proteins including membrane proteins are a challenge for MALDI- 

MS detection due to their hydrophobic property. Some factors were examined for their 

performance on hydrophobic protein or peptides in this thesis. (1) We found that the 

anionic detergent SDS at a low concentration could increase the sequence coverage of a 

membrane protein bacteriorhodopsin. (2) Three common matrices, CHCA, SA and DHB, 

were investigated. The results showed that the least polar matrix SA gave the highest 

sequence coverage of bacteriorhodopsin by the dried-droplet method. (3) Wall-less 

sample preparation method involving an EDB was demonstrated to be a complementary 

method with the traditional dried-droplet sample preparation method. A total of 89% 

sequence coverage of bacteriorhodospin was obtained through a combination of these 

two sample preparation methodologies. 



Another useful application of MALDI is to identify the chemical modification 

sites of proteins. In chapter 4, two proteins, pheromone binding protein 2 and cytochrome 

P450,, , were modified by chemical reagents. The sites of their covalent modifications 

were characterized using MALDI-MS. The capability to track such modifications enables 

investigation of protein topology, structure and function. 

Ion channel Kv1.5 is another membrane protein studied in this thesis. Co- 

immunoprecipitation followed by SDS gel separation, in gel trypsin digestion and 

MALDI-MS was used to identify a physiologically relevant associated protein. The 

masses of peptides detected using MALDI were submitted to protein database for peptide 

mass fingerprinting search. SAP97 was identified. It was also found that SAP97 

interacted with Kv1.5 at the C-terminal side of Kvl.5. This mass spectral evidence 

supported the protein-protein interaction of Kvl.5 and SAP97. 

We conducted MALDI gas-phase cationization studies to better understand one 

type of ionization pathways in this soft ionization technique. We developed a simple two- 

plate method to examine two adjacent sample spots irradiated by one single laser 

simultaneously. This two-plate method provides an exclusive pathway to examine the 

gas-phase reaction. The results provided evidence to support the gas-phase cationization 

mechanism. We also found that CS' could form adducts of PEG1000 at further separation 

distance than that of K', which helps to characterize the MALDI laser induced plume. 

Currently, room temperature ionic liquid matrices are being studied in our group, 

which in principle are well-suited for the wall-less sample preparation method. Due to the 

diameter of the orifice in the droplet dispenser is as small as 40 pm, the common solid 

matrices solution sometimes crystallized at the tip of dispenser during sample 



preparation. Use of a liquid matrix could solve this problem. The ionic liquid matrix also 

minimizes searching for a "sweet spot" by improving homogeneity across the sample, 

reducing the background noise and improving signal reproducibility. 119-123 

In the future, a non-polar or very weak polar matrix could be examined and 

evaluated based on its performance of sequence coverage of hydrophobic proteins. The 

relative polarity of three most common matrices used and their effect on sequence 

coverage of bacteriorhodopsin were monitored in chapter 3. SA (the least polar matrix) 

compared to CHCA and DHB gave the highest sequence coverage (SA:59%, CHCA:38% 

and DHB:3 I%, using the dried-droplet method). However, these three matrices are all 

still quite polar molecules. In order to better understand the interaction of matrix and 

hydrophobic proteins or peptides, as well as the effect on MALDI-MS detection, a non- 

polar or very weak polar matrix could be examined. 

Due to the matrix absorbing the UV laser energy via electronic e~c i t a t i on ,~~  most 

matrices are aromatic compounds, e.g. benzoic derivatives (e.g. DHB) or cinnamic acid 

derivatives (e.g. SA and C H C A ) . ~ ~ , ~ '  It is very difficult to find a non-polar compound as 

UV MALDI matrix. The compound dithranol is polar though, it should be studied. Its 

chemical structure is shown in figure 7.1. Dithranol is mostly used as a matrix to detect 

synthetic polymers. In a method proposed by Hoteling and Owens, the HPLC retention 

time of matrix SA was 4.12 min, while it was 7.66 min for dithranoLS0 The difference 

between retention times indicated that dithranol is much less polar than SA. Based on the 

finding from chapter 3, the least polar matrix obtained the highest sequence coverage of 

hydrophobic protein. It is anticipated that dithranol could generate even better sequence 

coverage of hydrophobic proteins than common more polar matrices. 



Figure 7.1 The chemical structure of dithranol. 
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