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Abstract

With sufficient separation of complex protein mixtures, MALDI MS is an 

important analytical tool for detection of proteins. In this work, two important areas of 

proteomics research were studied: the detection of hydrophobic membrane proteins and 

cancer proteomics. Our work is the first demonstration of using sequential CNBr/trypsin 

digestion for the analysis of low amounts of hydrophobic membrane proteins in-gels. 

Peptide mass mapping using MALDI MS and sequence information by MALDI MS/MS 

enabled the confirmation of protein identification. The inherent advantages and 

limitations of the mass spectrometric technique are discussed and the usefulness of 

complementary techniques, such as ESI-MS with on-line MS/MS capabilities, is 

demonstrated. For the cancer proteomics work, separation techniques of polyacrylamide 

gel electrophoresis and liquid chromatography were combined with MALDI MS. The 

direct comparisons of protein expression and detection of the differentially expressed 

proteins in squamous carcinoma cells are demonstrated to be well suited for biomarker 

discovery.
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Chapter 1 

Introduction:

Combining Gel Electrophoresis and Liquid Chromatography with 

Mass Spectrometry for Proteome Analysis

Protein characterization and identification by mass spectrometry (MS) has 

become the method of choice in proteome analysis. Its popularity is largely due to 

advances in soft ionization techniques, particularly matrix-assisted laser desorption 

ionization (MALDI) and electrospray ionization (ESI), as well as, advances in 

bio informatics search tools after the completion of several genome sequencing projects. 

These gentle ionization methods made it possible to ionize large thermally labile 

biomolecules and transfer them to the gas phase without inducing extensive thermal 

decomposition. Mass spectrometry can be readily combined with separation methods and 

offers high sensitivity, accuracy, and rapid analysis. However, its application towards 

proteome research of complex cellular extracts and towards the detection of hydrophobic 

proteins and low abundance proteins still require improved methods. In the subsequent 

sections, an overview is given of the MALDI process and the technology and principles 

underlying the time-of-flight (TOF) and quadrupole-TOF mass spectrometers. As well, a 

brief summary of the separation techniques of 2D gel electrophoresis and liquid 

chromatography (LC) will be outlined.

1.1 MALDI TOF Mass Spectrometry

As early as the 1960s, lasers were used in mass spectrometry to generate ions

1
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from organic molecules but proved problematic for analysis o f high mass compounds, 

with the limited mass up to 1000 Da for biopolymers.1 Biopolymer molecules, such as 

proteins and carbohydrates, normally present in the condensed phase are extremely non

volatile because they are polar and massive, and therefore are difficult to convert into 

intact, isolated ionized molecules in the gas phase. Many volatization and ionization 

techniques have been developed , including those that generate ions by the application of 

a high electric field to the sample (field desorption3); by bombardment of the sample with 

energetic ions or atoms (252Cf plasma desorption4 and secondary ion MS5); by the 

formation of ions directly from small, charged liquid droplets (thermospray ionization6
n

and electrospray ionization ); and by bombardment with short duration, intense pulses of
o

laser light (laser desorption ). Of these techniques, ESI and MALDI, are now widely 

used for the mass spectrometric analysis of biopolymers. Both the groups of Karas and 

Hillenkamp9 and Tanaka et al.10 in 1987 independently introduced the MALDI technique. 

Because this is a pulsed technique, it was most easily interfaced with TOF mass 

spectrometers. As a result, the molecular weight determination of proteins with high 

masses in excess of 100 kDa was possible.11,12 In 1989, Fenn and coworkers13 

introduced ESI, commonly used with quadrupole mass spectrometers, as a 

complementary method of measuring high molecular weights from a series of multiply 

charged ions.

The use of MALDI TOF MS has become a valuable tool for the structural 

characterization of proteins. Its popularity stems from the low sample amount required 

for analysis (sensitivity of femtomoles to picomoles of analyte), its tolerance to buffers 

and salts, and its high mass accuracy (0.01-0.1%). The following sections will discuss

2
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the three major components of a mass spectrometer: ionization, separation and detection. 

Only the methods/instrumentation relevant to the experiments discussed in this thesis will 

be outlined.

1.1.1 MALDI Process

In MALDI, the analytes are mixed with a saturated solution of matrix in either 

pure water or a water/organic (methanol or acetonitrile) solvent. For optimal ion 

production, a molar ratio of >1000:1 of matrix to analyte should be used. The matrix is a 

small organic molecule and highly absorbing, typically in the ultraviolet (UV) range. 

Common matrices used in peptide/protein analysis that can tolerate a relatively high 

amount of buffer and salts normally used in the preparation of biological samples, are a- 

cyano-4-hydroxycinnamic acid14 (HCCA)(<10000 Da) and sinapinic acid (for larger 

peptides and proteins)15, while 2,5-dihydroxybenzoic acid (DHB)16 is good for polar and 

non-polar samples. Several sample-matrix preparation methods have been developed, 

including dried-droplet12, vacuum-drying17, crushed-crystal18, slow crystallization19, fast 

evaporation,20’21 sandwich22,23 and two-layer method24. HCCA as matrix and the two- 

layer method is most commonly used in this laboratory. HCCA has superior detection 

sensitivity and higher tolerance to salts for protein samples. The two-layer method was 

shown to be ideal for MALDI MS analysis of samples containing up to 1% SDS.25

In the two-layer method, the first layer, consisting of a thin layer of matrix, is 

deposited on the stainless steel sample plate and is used as a ‘seed1 for crystallization. 

The second layer, consisting of the mixture of analyte mixed in a saturated solution of 

matrix, is then applied on top of the first layer. The solvent evaporates and the matrix

3
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and the analytes co-crystallize on the target. Water is used to clean ionic contaminants 

such as salts on the sample spot and air-dried. The sample is then ready to be loaded into 

the mass spectrometer and analyzed. The two-layer method produces high resolution 

mass spectra, better reproducibility from shot to shot and better external mass calibration 

accuracy afforded by the “homogeneous” co-crystals of matrix/analyte resulting from this 

deposition method.

Two types of pulsed lasers, UV lasers (nitrogen and Nd:YAG) and IR lasers 

(TEA-CO2 and Er:YAG), have been commonly employed in MALDI, with pulse 

durations between 1-200 ns. A pulsed laser beam, a nitrogen laser at 337 nm and 3 ns 

pulse used in our experiments, provides light that is absorbed by the aromatic matrix 

molecules which dissipates the absorbed energy thermally to analyte molecules and 

becomes desorbed into the gas phase. This rapid transfer of energy causes the matrix to 

rapidly dissociate from the surface, generating a plume of matrix and the co-crystallized 

analytes into the gas phase. The dissociation of matrix molecules into an assortment of 

small, neutral fragments, protonated ions and free-radical ions induces the ionization of 

analyte molecules. The ionization mechanism is not fully understood and several

• • 9  ( \  •suggestions are still debated. It is unclear whether the analytes acquire their charge 

during the desorption process (in the solid phase) and/or after entering the plume of 

molecules by interacting with the matrix molecules in the gas phase.

The matrix is believed to serve three major functions in MALDI: absorption of 

energy from the laser light, isolation of the biopolymer molecules from each other and 

proton transfer. Efficient and controllable energy transfer is ensured and decomposition 

of the analyte molecules is prevented. As well, the dilution of the sample with the matrix

4
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prevents potential association of the analyte molecules with each other, forming 

complexes that may irreversibly interact with the target surface or be too large to be 

desorbed and analyzed. MALDI produces mainly singly charged ions, which makes 

mass assignment easy for complex biological mixtures, such as protein digests.

1.1.2 Time-of-Flight Mass Analyzer

The simplest instrumental set-up of a time-of-flight mass analyzer, operated in 

linear mode, consists of a short source-extraction region (s, on the order of a few cm), a 

field-free drift region (D, from 0.5 to 4.0 m in length), and a detector (Figure 1.1).

Laser Pulse

Ions

Matrix & Analyte 
Co-Crystals

Source, S Field Free Drift Region, D

Detector

High Voltage

Figure 1.1 Schematic of linear mode TOF.

The principle of the TOF mass analyzer2,26 is to measure the flight time of ions, starting 

as they are accelerated out of an ion source into a field-free drift tube, where they are

5
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separated according to their mass-to-charge ratio, and ending as they arrive at the detector 

for signal recording. In MALDI, the ions are formed in the gas phase in the source 

region. The ions experience an electric field (E=V/s) when a voltage is applied on the 

source backing plate, which accelerates the ions to constant energy and enter the drift 

region. The drift region is field-free and consists of two grids placed at ground potential, 

an extraction grid and a second grid placed just prior to the detector.

In the time-of-flight mass analyzer, the velocity of an ion is used to determine the 

mass-to-charge ratio (m/z). As already stated above, a packet of ions is accelerated to 

constant kinetic energy by an electric potential, this gives the following formula from the 

law of conservation of energy:

Energy from Accelerating voltage = Kinetic Energy

Ve = Vz mv2 (eqn. 1.1)

v = (2Ve/m)'/l (eqn. 1.2)

where V is the potential applied, e is the charge of an electron, m is the mass of the ion 

and v is the velocity of the ion. As the ions pass through the field-free region, they travel 

with a velocity proportional to (m/z)'1/2, separating into a series of spatially discrete 

individual ion packets. Each ion packet then strikes the detector and produces a signal 

that is a function of time, yielding a TOF mass spectrum. The velocity of the ion can be 

calculated by the flight path distance (d) travelled divided by the elapsed time (t):

6
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v = d/t = flight path length / flight time (eqn. 1.3)

Rearranging equation 1.2 above with the velocity relationship of equation 1.3 gives the 

time of flight of an ion with mass m.

d/t = (2Ve/m)‘/! (eqn. 1.4)

t = [d/(2Ve)‘/l]x[(m),/2] (eqn. 1.5)

Simplifying eqn. 1.5 by substituting the constants with ‘a’ and accounting for multiply 

charged ions, the following formula relates the mass-to-charge ratio with the flight time 

for an ion:

t = a(m/z)/j (eqn. 1.6)

Ion flight times depend upon the square root of their masses. Lighter ions have higher 

velocities will arrive at the detector earlier than heavier ions carrying the same number of 

charges.

1.1.3 Mass Accuracy, Mass Calibration and Mass Resolution

In MALDI-TOF, the flight time can be affected by ion source conditions such as 

surface distortion (sample morphology) and laser power, thus the use of a proper mass 

scale for calibration is important for accuracy. The high mass accuracy of the TOF, in

7
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the ppm range, is due to two main factors: the high mass resolution and the simplicity of 

the mass calibration scale.2,26,27 Mass accuracy is a measure of the error involved in the 

mass assignment of an ion signal. Often expressed as a percentage or part-per-million 

(ppm), it is the ratio of the error between the experimental and theoretical mass divided 

by the mass of the ion. The mass scale follows a square root law regardless of the 

relative sizes of the extraction and drift regions, or whether any other focusing elements 

are used (e.g., multiple-stage extraction, Einsel lenses, or reflectrons). Thus, mass 

spectra can be calibrated by measuring the flight times of two known masses to determine 

the constants a and b (where b accounts for time offsets due to laser firing time, 

triggering of recording devices, etc.) in the following formula:

t = am1/2 + b (eqn. 1.7)

In the linear mass spectrometer, the mass resolution obtained is governed by the width of 

an ion signal observed in the mass spectra. During MALDI, the ions formed in the 

source will be at different distances from the detector caused by a spatial spread of ions 

being formed (leading to different extraction time), different ion production time and 

have different imparted initial kinetic energies (resulting in initial velocity distribution). 

Ions with the same m/z value but with different distances to the detector will be detected 

at different times, resulting in peak broadening and decreased resolution observed by the 

detector.

Mass resolution, defined as m/Am, is a measure of the instrument's ability to 

produce separate signals from ions of adjacent mass. It is expressed as the mass, m, of a

8
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given ion signal divided by the full width at half-maximum (FWHM) of the signal, Am. 

In a TOF mass spectrometer in which ions are accelerated to constant kinetic energy, the 

following formula for resolution applies, where m and t are mass and flight time of the 

ion, Am and At are the peak widths measured at the 50% level on the mass and time 

scales respectively:

m/Am = t/2At (eqn. 1.8)

Other factors affecting resolution include the stability of power supplies, mechanical 

precision and the quality of the detector. In linear mode, the TOF is a low resolution 

mass analyzer. Many instruments incorporate multiple extraction regions as well as a 

number of focusing elements to improve mass resolution. Technological advances in 

MALDI TOF MS analysis indicate that the initial energy spread of the ions is the major 

factor limiting the resolving power of a TOF mass analyzer. Instruments employing 

reflectron and time-lag focusing devices have become valuable tools in reducing peak 

broadening caused by the initial velocity distribution of ions. The improved signal-to- 

noise ratio is due to grouping of ions into narrower peaks (increasing the peak height).

The reflectron or ion mirror was first introduced in 1973 by Mamyrin and 

coworkers28 The ions are not detected after a single passage through the field-free drift 

region, as in the linear mode. Instead, the ions are reflected back into the field-free drift 

tube by the electric field of the reflectron and ion detection occurs near the start of the 

drift tube (refer to Figure 1.2). The reflectron consists of a series of parallel electrodes to 

which gradually increasing voltages is applied. For ions of the same m/z, more energetic

9
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ions move faster in the drift region, but penetrate deeper into the mirror, and as a result 

stay longer in it than less energetic ions. Ions with the same m/z value can then be 

focused at the detector. In this configuration, the reflectron extends the flight path which 

also improves mass resolution.

Laser Pulse

Detector 1

T®

Ion Mirror 
(Reflectron)Source, S

Detector 2

Figure 1.2 Schematic of reflectron mode.

In 1955, Wiley and McLaren29 described an instrument with a two-stage 

accelerating region, which is now adopted in TOF systems to improve resolution. 

Several related designs of time-lag focusing have been applied to MALDI TOF.30,31,32,33 

In the conventional MALDI TOF MS configuration, the ions are immediately extracted 

from the source following ion production. This mode of operation, known as time-lag 

focusing or delayed extraction, establishes a delay between the end of the ionization pulse 

and the start of the extraction pulse so that the ions could be sorted in space, according to
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their initial kinetic energy. After a time delay, the extraction pulse imparts more energy 

to an ion that starts further from the field-free region, and will then be accelerated to a 

slightly higher energy than an ion with the same m/z value that is initially closer to the 

field-free region. By allowing a delay for the slower ions to catch up to the faster ones, 

ions with the same m/z will strike the detector at the same time despite differences in 

their initial kinetic energies.

TOF is considered to be a high-speed mass analyzer capable of high sensitivity. 

Limited by the flight time of the heaviest ions, usually in the 100 ps range, thousands of 

full mass spectra can be generated per second. A practical sensitivity of picomoles of 

protein can be readily achieved.2 The high sensitivity of TOF mass analyzers, as 

compared to a scanning analyzer such as the quadrupole, is attributed to high ion 

transmission since all the m/z values in the flight tube can be detected. However, for 

very high m/z ions, the unlimited mass range offered by the TOF depends upon the 

quality of the ion detector and proper acceleration potential settings.

1.1.4 Detector

The detector used in the TOF and Q-TOF instruments is the microchannel plate 

(MCP) detector34 consisting of two microchannel plates made of a lead-glass inner 

surface placed in a chevron configuration.27 Each ion that strikes the MCP creates a 

pulse of electrons at the anode. The pulse is amplified and is used to trigger a timing 

pulse which is sent to the ion counting device, typically transient recorders (TRs) and 

time-to-digital converters (TDCs) are used to digitize the ion current to form a mass 

spectrum. To be detected, the large ions generated by MALDI must be converted into
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either electrons or low-mass ions at a conversion electrode. These electrons or low-mass 

ions are then used to start the electron multiplication cascade for amplification. The yield 

of secondary electrons from the conversion electrode is a function of the velocity of the 

ions to be detected.35,36 To increase the detection sensitivity or increase the yield of 

secondary electron generation, an acceleration potential may be increased or by applying 

a post-acceleration in the flight tube. The conversion electrode should have a flat surface 

and is placed orthogonal to the ion trajectory, so that the ion flight pathlength is kept 

constant across the surface of the detector for accurate flight time recording. Different 

degrees of penetration of ions into microchannels may result, producing a significant time 

spread and decreasing the resolution.27 Therefore, MCPs with the smallest channel 

diameter should be used.

1.2. Introduction to Quadrupole-TOF Mass Analyzer

Introduced in the early 1950s, the quadrupole mass analyzer is used as both a
T - f  l O

stand-alone device and in multistage mass spectrometers like the triple quadrupoles ’ 

and quadrupole TOF (Q-TOF) instruments39,40. Q-TOF mass spectrometers were first 

used for the analysis of peptides and now have a wide range of applications from 

biological samples in nanospray analysis to pharmaceutical preparations in liquid 

chromatography (LC)/MS/MS. Their popularity is due to the high sensitivity, mass 

accuracy and mass resolution of the TOF instruments for both precursor and product ions 

and also from their ability to record all ions in parallel, without scanning. Triple 

quadruple systems still offer the highest absolute sensitivity for targeted compounds 

(requiring the measurement of only a few types of ions), however, for certain analytical
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situations, the Q-TOF may provide better S/N due to the increased specificity afforded by 

the higher resolution of Q-TOF systems.27

1.2.1 Quadrupole Mass Analyzer

The quadrupole mass analyzer consists of a set of four electrodes of circular cross 

section positioned in a radial array, such that it approximates the ideal hyperbolic field. 

The quadrupole operates with both radio frequency (rf) and direct current (dc) voltage 

components applied to the rods (refer to Figure 1.3).

Figure 1.3 Schematic of quadrupole mass filter.

To one rod pair(+), a positive dc voltage and a time-dependent rf voltage are applied. To 

the other rod pair (-), a negative dc voltage and a time-dependent rf voltage are applied.

x

K
z

Detector

Quadrupole 
axis

U+Vcoscot<!►
-(U+vcosoot)
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The ion experiences a force proportional to its distance from the center of the oscillating 

electric field. If the amplitude and frequency at which the field oscillates are sufficient, 

the ion will be accelerated away from one pair of electrodes towards the other pair of 

oppositely charged electrodes and be confined between the electrodes. Thus, in the two- 

dimensional quadrupolar field, the ion will be confined along two axes, X and Y axes, 

while drifting along the third axis, Z axis.41

The nature of the potential distribution (d>) at a given time (t) that ionized 

particles encounter in the quadrupole is described in the following formula, where U and 

V are the magnitude of dc and rf voltage respectively, co is the angular frequency of the 

applied rf waveform, x and y are the distances along the given coordinate axes, r0 is the 

distance from the center axis (the z axis) to the surface of any electrode41:

O = [U + Vcos(oot)l(x2-y2)/2r02 (eqn. 2.1)

The theory of the quadrupole mass filter is governed by differential equations describing 

the trajectory of particles within the device. The generalized behavior of the solutions of 

such differential equations is represented by the reduced Mathieu parameters, a and q, 

describing the motion of an ion with mass (m/z) and charge (e).

a = 4eU/©2r02m and q = 2 eV/(0 2ro2m (eqn. 2.2)

The solutions of this type of differential equation may be considered as being either 

bounded solutions or unbounded solutions. A bounded solution corresponds to a stable
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trajectory of particles as it is transmitted through the quadrupole for detection. An 

unbounded solution corresponds to particles which have unstable trajectories and will be 

deflected due to collisions with the electrodes, before they can strike the detector. 

Combinations of a and q that have stable solutions of the equations of motion in both X-Z 

and the Y-Z plane have been plotted in the stability diagram (refer to Figure 1.4), a plot 

of regions in a-q space where solutions to the equations of motion are stable or unstable.42

unstable mass scan

slope = —

a = .2

stable

2eV
2 2 mr co

Figure 1.4 Plot of stability diagram.

The stability diagram allows the operation of the quadrupole mass filter to be 

simplified to two parameters, a and q, which is then further simplified by the two 

components of the potential applied, U and V. Quadrupoles are usually operated by 

holding the ratio U/V constant, which is equivalent to restricting operation of the mass 

filter to a set of operating points which lie on a straight line with a zero intercept. Such a 

line is known as the mass scan line. Simplifying common factors, the slope of the mass
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scan line (the quantity a/q) is reduced to the ratio 2U/V. If the slope is lowered, more 

ions covering a wider range of m/z pass through, and an increase in the signal is detected 

but the resolution is reduced.

The apex of the a-q diagram may be used to create a narrow bandpass mass filter. 

The bandpass region of this filter is changed by adjusting the slope of the mass scan line 

so that only particles within a certain m/z range will have stable trajectory to be detected. 

This is done by simultaneously increasing the applied voltages V and U, while keeping 

their ratio constant, then, the magnitude of the mass represented on the mass scan line 

also increases. From the kinetic energy relationship, the mass is inversely proportional to 

both a and q, the light ions are detected first followed by the heavier ones as the voltage

97is sweeped.

When no dc potential is applied to the rods, the Mathieu parameter, a is equal to 

zero and the mass scan line is represented by a line with a slope of zero and intercepts the 

a axis at the point a=0. Thus, a large number of ions having different m/z values would 

be predicted to have stable trajectories within the rf-only quadrupole. Such a device is a 

high-mass filter, ions with m/z values below a certain cut-off value corresponding to 

q=0.908 are rejected. However, transmission of ions with high m/z values suffers 

because of poorer focusing43 and can be lost in any of the three quadrupoles on their way 

to the TOF analyzer.

1.2.2 Basic Operation of MALDI QqTOF MS and MS/MS

77The QqTOF instrument , named for its operation in MS/MS mode, consists of a 

mass-resolving quadrupole (Q), an r.f.-only quadrupole (q) and a reflecting time-of-flight

16

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



(TOF) mass spectrometer with orthogonal injection of ions44,45. There is an additional rf 

quadrupole QO is added to provide collisional damping and focusing of ions, so the 

instrument consists of three quadrupoles, QO, Q l, and Q2. The ions are thermalized in 

collisions with neutral gas molecules, usually argon or nitrogen, reducing both the energy 

spread and the beam diameter and resulting in better transmission into and through both 

the quadrupole and TOF analyzers.

In a single-MS mode with QO, Ql and Q2 in the r.f.-only mode, the quadruples 

serves merely as a transmission element, while the TOF analyzer is used to record 

spectra. Ions covering approximately an order of magnitude in m/z range are transmitted 

simultaneously into the TOF instrument. If a wider m/z range is required, the rf-voltage 

is modulated (stepped or ramped between two or more rf levels) during the spectrum 

acquisition, providing a larger transmission window averaged over time. For MS/MS, 

Ql is operated in the mass filter mode to transmit only the parent ion of interest. The ion 

is then accelerated to an energy of between 20 and 200 eV before it enters the collision 

cell Q2, where it undergoes collision-induced dissociation (CID) after the first few 

collisions with neutral gas molecules. The resulting fragment ions and any remaining 

parent ions are collisionally cooled and focused. This step is even more important in 

QqTOF instruments than it is in triple quadrupoles since the quality of the incoming ion 

beam is more crucial in the TOF analyzer (as discussed above) than it is in Q3 in a triple 

quadrupole instrument. An important advantage of QqTOF instruments over triple 

quadrupoles is the high mass resolution of TOF, typically around 10,000. After leaving 

the collision cell, ions are re-accelerated to the required energy (usually several tens of 

eV per unit charge), and focused by ion optics. The parallel ion beam continuously
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enters the ion modulator of the TOF analyzer, equipped with time-lag focusing and 

reflectron operations, and is recorded at the MCP detector. Since both MS and MS/MS 

spectra are recorded in the TOF analyzer, the same high resolution, mass accuracy, and 

mass calibration is achieved in both modes.27

1.2.3 Fragmentaton in MS/MS

Peptide mass mapping is often not sufficient for unambiguous identification of 

proteins and thus requires MS/MS for confirmation. The development of tandem mass 

spectrometry (MS/MS) is the coupling of two mass analyzers. The first MS device 

serves to isolate the target peptide from other peptides and matrix ions before the peptide 

(the parent ion) is accelerated through a region (the collision cell) where it undergoes 

collisions with a gas. The resulting fragment ions (the daughter ions) are analysed in the 

second MS device. The fragments ions can be subsequently used to determine the amino 

acid sequence of the precursor peptide which is then used to determine the identification 

of the protein. The daughter ions can be selected for further MS/MS analysis (MS") for a 

more detailed structure elucidation in some tandem MS analyzers such as ion trap.

Different types of fragment ions and thus different sequence information is 

obtained whether low or high energy is used for fragmentation. We will restrict our 

discussion of fragmentation to low-energy regimes, since this mode is more common in 

practice. The set of fragment ions produced by low-energy collisionally induced 

dissociation (CID) are shown in Figure 1.5. The nomenclature shown were first 

classified by Roepstorff and Fohlman46 (1984) and later modified by Biemaiin47 (1990).
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Figure 1.5 Low energy CID fragmentation nomenclature.

When the peptide ions collide with the gas in the collision cell, they undergo 

multiple (one to ten) collisions and the kinetic energy is converted into vibrational 

energy. The ions become excited to an unstable state and the energy is then sufficient to 

cleave one of the amide bonds in the peptide backbone. The subsequent fragmentation
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pattern depends on the collisonal energy, the pressure and type of collision gas, the 

number of charges being carried by the peptide, and the amino acid sequence of the

• 4ft • • •peptide. For singly charged peptide ions, the daughter products formed consists of an 

ion and a small neutral molecule. Only those fragments carrying a charge are detected in 

the spectrum. If the charge is retained on the N-terminus, the fragment ions are classified 

as either a, b, or c-type ions. While fragment ions of x, y, or z-type ions have the charge 

retained on the C-terminus. Low energy CID mainly generate b and y-type ions. If the 

collision energy is relatively high, then fragmentation involving a single bond cleavage is 

favoured, and the preferential formation of b-type ions occurs. However, if the energy is 

relatively small, a pathway with a lower activation energy is favoured, and y-type ions 

are more likely to form.

In the gas-phase, the nitrogen atom of the amide moiety of the peptide backbone 

and of the primary amine have equivalent proton affinity. There is free movement of 

protons from the N-terminus and Lys side chains, resulting in a random proton 

distribution along the backbone. The distribution of charge is important in determining 

the relative amounts of b- and y-type ions that are detected. Also a factor is the number 

and position of residues which have a high basicity in the gas phase, such as Pro, His, 

Trp, Arg and Lys. In the low-energy regime in a triple quadrupole mass spectrometer, 

the neutral and charged products do not separate immediately after bond cleavage. The 

close proximity of the products to each other result from dipole-charge attractions until 

further collisions cause separation.48 During this transition state, proton transfer to the 

residue with the highest basicity can occur, which may explain the relative dominance of 

y-type ions in tryptic peptides that usually have Arg or Lys as the C-terminal residue.
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The generation of fragment ions is enhanced by the site of protonation on a peptide 

backbone because of better ionization efficiency and ion stability at these sites.493 In 

contrast, b-type ions are more dominate in a spectrum of a peptide obtained using a 

quadrupole ion trap mass spectrometer.

In addition to the six sequence-specific ions, a number of side-chain cleavages 

can also occur, forming the N-terminal d ions and the C-terminal v and w ions, but these 

only occur in high-energy regimes.48 Ions formed by internal cleavages are those that 

result from multi-point cleavage of the backbone, which include internal acyl ions (R- 

CO+) and internal immonium ions (R-+N=C), including single amino acid immonium 

ions. These immonium ions arise from at least two internal bond cleavages and occur in 

the low-mass region (m/z <200) of MS/MS spectra. They are diagnostic of the presence 

of specific amino acids in the peptide and important for interpretation. In particular, the 

immonium ions of His (m/z 110) and Pro (m/z 70) are usually quite intense.

Ions termed b° and y° (formed by the loss of water) and b* and y* (if ammonia is 

lost) often occur in low-energy spectra, but rarely occur in high-energy spectra. The 

preferential cleavage C-terminal to Asp is often observed. In the gas phase, the 

carboxylic acid group of Asp is often involved in rearrangement reactions with the amide 

bond, giving rise to a cyclic intermediate that decomposes to yield a b-type ion that often 

dominates the MS/MS spectrum. For tryptic peptides, the proton is localized on Arg and 

Lys residues and y-type ions predominate the spectra. The preferential cleavage of singly 

charged tryptic peptide ions C-terminal to aspartate residues was reported.4915 The 

opposite is true for Pro, where almost no C-terminal cleavage is found. Similarly, no C- 

terminal cleavage of R or K residues next to Pro is observed in trypsin digestion. In
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addition, the specific loss of certain groups may indicate the presence of certain 

modifications, such as phosphorylation and glycosylation.

1.3 Separation Methods

Most single-dimension separations exhibit poor resolution for analysis involving 

complex cellular extracts, and therefore multi-dimension separations must be employed. 

Dynamic range and protein solubility issues complicate the separation of low-abundance 

and hydrophobic proteins and their detection by two-dimensional polyacrylamide gel 

electrophoresis (2D-PAGE) . 50 ,51,52 The analysis of integral membrane proteins remains a 

challenge. New detergents have been designed to enhance membrane protein solubility 

for analysis by 2D-PAGE.53’54’55 The use of narrow pH-range IPG gels and sample 

loading via rehydration allows for higher amounts of protein to be loaded and thus 

extends the sensitivity range. Another approach to solving this problem is to 

prefractionate complex protein mixtures before loading on 2D gels, thus increasing the 

amounts of low-abundance proteins relative to other proteins, but this is still quite labour 

intensive.

Alternative separation methods to gel electrophoresis, particularly, reversed 

phased liquid chromatography (RP LC), offer complementary information. A different 

selection of proteins will be identified to that derived from 2D PAGE. The choice of 

separation method to employ depends on the analytical task and on the biological system. 

Despite development of new methods, the ‘traditional4 methods still offer analytical 

advantages. Some newer methods include the use of combinations of chromatographic or 

electrophoretic separations in the liquid phase, such as two dimensional liquid

22

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



chromatography and hybrid electrophoretic-chromatographic approach (IEF and NP-RP- 

HPLC) . 56 The emergence of multidimensional liquid chromatography (LC) provide 

direct interface of protein and peptide separations to mass spectrometers. However, 

these methods yield lower resolution of proteins from complex mixtures, and provide 

inferior visualization of the total protein expression within a biological system, as 

compared to 2D PAGE.

1.3.1 2D Polyacrylamide Gel Electrophoresis

2D-gel electrophoresis was invented in 1975 by O-Farrell. 58 2D-PAGE is widely 

used for the global study of protein expression in biological systems. This method 

usually involves enzymatic digestion of the excised protein spots, peptide mass 

mapping59 and/or tandem mass spectrometry60 followed by bioinformatics searches for 

unambiguous protein identification. The quality of 2D separations is highly dependent 

on good sample preparation. The advantage is that thousands of proteins and their 

isoforms (including post-translational variants) from a cell or tissue can be resolved in a 

gel. Cells exhibit a large dynamic range of expression, a single cell may express 10,000 

or more proteins at the same time. However, the limitation of this method is that it can 

not monitor all types of proteins in the biological system at the same time in a gel. 

Proteins not readily analyzed by this strategy include membrane, low copy number, 

highly basic, and very large (>150 kDa) and small (<10 kDa) proteins. 56
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1.3.2 Basic Principles of Isoelectric Focusing

The focusing effect of IEF, which concentrates the proteins at their pis, allows for 

proteins to be separated on the basis of very small charge differences. The protein 

mixture is loaded onto an immobilized pH gradient (IPG), typically 3-10 pH range. IPGs 

were introduced by Bjellqist and coworkers61 in 1982, and are created by covalently 

incorporating a gradient of acidic and basic buffering groups to an acrylamide monomer. 

During polymerization, the acrylamide portion of the buffers copolymerize with the 

acrylamide and bisacrylamide to form a polyacrylamide gel which is cast onto a plastic 

backing and frozen until use. The IPG strip is rehydrated in a rehydration solution 

containing sample prior to performing IEF. An electric field is applied and the proteins 

will move to their respective positions in the gradient, at the pH at which their net charge 

is zero, or at its pi. It is during the focusing step of IEF that membrane proteins are 

susceptible to precipitation.62 After IEF, the IPG strips with focused proteins are 

equilibrated in an equilibration solution and ready for SDS-PAGE. IEF performed under 

denaturing conditions provides clean results with high resolution. Denaturation is 

achieved with a mixture of urea, a non-ionic detergent and a reductant added to the 

rehydration solution to ensure that each protein is present in only one configuration. This 

minimizes aggregation and intermolecular interactions that would result in streaking of 

the gel.63

1.3.3 Basic Principles of SDS-PAGE

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 64 is 

routinely used for the estimation of protein molecular weights and for purifying of
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protein mixtures into separate components. Polyacrylamide gels are formed by 

copolymerization of acrylamide monomer, CH2=CH-CO-NH2, and a cross-linking 

bifunctional comonomer, N,N’-ethylene-bis-acrylamide (Bis), CH2=CH-CO-NH-CH2- 

NH-CO-CH=CH2 . The mechanism for polymerization is vinyl addition catalyzed by a 

free radical generating system composed of an initiator, ammonium persulfate (APS) and 

an accelerator, tetramethylethylenediamine (TEMED). TEMED causes the formation of 

free radicals from persulfate and these in turn catalyze polymerization. Oxygen is a 

radical scavenger and interferes with polymerization, so that proper degassing to remove 

dissolved oxygen from acrylamide solutions is crucial for reproducible gel formation. 

The sieving properties are established by the pores of a gel. Within limits, holding the 

cross linker concentration (%C) constant, the pore size of a gel decreases as the amount 

of total acrylamide monomer concentration (%T) increases.55

In an electrophoretic separation, charged particles migrate toward the electrode of 

opposite sign under the influence of an externally applied electric field. The movements 

of the particles are retarded by interactions with the surrounding gel matrix, and the 

opposing interactions cause differential migration rates of proteins in a sample mixture. 

The gel serves as a supporting medium that minimizes convection currents and diffusion 

to warrant the separated components remain as highly resolved, sharp zones. Ideally, the 

gel should be chemically inert during the separation process. However, formation of 

protein-acrylamide adducts from the covalent bonding of residual acrylamide monomer 

to cysteine residues on proteins have been observed, complicating succeeding MS 

analysis.66

In general, fractionation by gel electrophoresis is based on the sizes, shapes, and
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net charges of the macromolecules. Uniform hydrodynamic and charge characteristics on 

all the proteins in a sample mixture is imposed by the denaturing treatment of SDS and 

heat. The anionic detergent binds tightly to most proteins at -1.4 mg of SDS to 1 mg of 

protein and imparts a negative charge to the resultant protein-SDS complex. Interaction 

with SDS disrupts all non-covalent protein bonds, causing the macromolecules to unfold. 

Treatment with a disulfide-reducing agent, such as 2-mercaptoethanol or dithiothreitol, 

further denatures proteins by breaking any disulfide bonds. The electrophoretic 

mobilities of the resultant detergent-polypeptide complexes depend largely on their 

molecular weights. Migration of anionic SDS-protein complexes is toward the anode 

(positive electrode) at rates inversely proportional to the logarithms of their molecular 

weights (over a limited range), with low molecular weight complexes migrating faster 

than larger ones. The molecular weight of a protein can be estimated from its relative 

mobility (distance of the protein band) in a calibrated SDS-PAGE gel. The most

f\1common buffer system used is the Tris-glycine system described by Laemmli , which is 

the system used in our experiments.

Once excised, the gel slices are washed with a solution of ammonium bicarbonate 

and acetonitrile, in order to remove excessive Coomassie Blue dye and to bring up to 

proper pH for trypsin digestion.68,69 The cleavage fragments are extracted out of the gel 

slice with acidic and organic solvents by passive diffusion. A basic extraction using 0.1 

M ammonia was reported to be slightly less effective.70 An enzymatic fragmentation 

generates a peptide mixture characteristic of the parent protein; it is called a “peptide 

map”, a “fingerprint” or a “mass map” of a protein. The recovery of peptide fragments 

from a polyacrylamide gel by solvent elution is based on solubility and hydrophobicity of
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peptides. The same is true for separations by RP-HPLC as discussed in the subsequent 

section. The recovery of the resulting peptides is achieved by elution from the gel matrix 

with organic solvents and separation by RP-HPLC or can also be directly analyzed using 

MALDI-MS. The HPLC chromatogram, the gel pattern or a mass spectrum of the 

mixture can be used for comparative studies.

1.3.4 RP HPLC

Separations in reversed-phase liquid chromatography are based on polarity. The 

stationaiy phase interacts strongly with the sample molecules depending on the polarity 

of the sample and elution solvent. The bonded phase is non-polar, (commonly, C8  or 

C l 8  silica columns) and the eluents are usually polar, often a combination of water and 

acetonitrile. On these columns, the non-polar sample molecules prefer the stationary 

phase; the lower the sample polarity, the greater the retention time. To separate a protein 

mixture containing many components of various polarities, eluent polarity is changed 

during the experiment. To bring a non-polar sample through the column faster, a less 

polar eluent is used. Trifluoroacetic acid (TFA) is often used for ion-pairing of peptides 

and proteins, resulting in improved peak shapes and higher resolution.

Reversed-phase liquid chromatography separations can easily be interfaced on

line to electrospray, or off-line to MALDI sources because of compatibility of solvents 

and lack of salts and detergents. The advantages of using liquid chromatography for 

protein separation are high sample loadability, speed, reproducibility and ease of 

automation. The improved spectral quality from the LC separation step reduces ion 

suppression in an LC-MALDI MS experiment. Some proteins ionize more easily than
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others and subsequently suppress the signal from the less ionizable proteins and 

complicate their identification. However, difficulty in membrane protein analysis and in 

resolving proteins from entire cellular systems are inevitable in chromatographic 

methods. 56

1.4. Scope of the Thesis Work

In this work, proteomic analysis was applied to membrane proteins and cancer 

cell lines. The application of gel electrophoresis or liquid chromatography in 

combination with mass spectrometry towards the characterization of these biological 

systems remains a valuable technique in proteome research due to its simplicity and easy 

sample handling. Membrane proteins play a key role in cell adhesion, signal 

transduction, and molecular transportation across the lipid bilayer. Generally, membrane 

proteins are hydrophobic and have an alkaline pH. This makes their analysis difficult 

because they are not soluble in polar solvents, requiring detergents to help stabilize and 

solubilize hydrophobic proteins in solution and prevent aggregation. Their low 

abundance in cells and low copy numbers of individual proteins further complicates 

membrane protein analysis.

In Chapter 2, a sequential CNBr and trypsin in-gel digestion method combined 

with mass spectrometry is presented for membrane protein analysis. To increase the 

amount of peptides detected, it was demonstrated that trypsin can be used to further 

digest the sample in gel after CNBr cleavage. In addition, the use of n-octyl glucoside (n- 

OG) to enhance the digestion efficiency and peptide recovery was also studied. We 

demonstrate that the sensitivity of this membrane protein identification method is in the
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tens of picomole regime which is compatible to Coomassie staining gel-spot visualization 

method, and is more sensitive than other techniques reported in the literature. This 

CNBr/trypsin in-gel digestion method is also found to be very reproducible and has been 

successfully applied for the analysis of complex protein mixtures extracted from 

biological samples. The results are presented from a study of the analysis of 

bacteriorhodopsin (BR), nitrate reductase 1 gamma chain (N A R IE. coli), and a complex 

protein mixture extracted from the endoplasmic recticulum (ER) membrane of mouse 

liver.

The profiling of proteomes provides important information in studies of protein 

expression and diseased tissue. To reduce complexity of whole cell lysates, fractionation 

allows the visualization of low abundance proteins. In Chapter 3, the profiling of 

changes in protein expression of SCC9 cells transfected with cell adhesion proteins, 

plakoglobin (Pg) and E-cadherin (E-cad), since these proteins were lacking in the 

transformed cells, was undertaken. The study is used to obtain a better understanding of 

the cadherin-catenin system in the regulation of cell proliferation, invasion, and 

intracellular signalling during cancer. Three different approaches were performed on the 

squamous carcinoma cells to investigate and compare the differences in the proteins 

observed for SCC9, SCC9-E-cad, and SCC9-Pg cells. In this work, the use of 2D-gel 

electrophoresis generated a proteomic map of the extracted proteins in the 20-100 kDa 

mass range while the methods of direct MALDI MS and RP HPLC offline MALDI MS 

generated proteins in the mass range below 20 kDa. The proteomic profiling of these 

transformed cells has not been previously investigated in the literature.
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Chapter 2

Development and Applications of In-Gel CNBr/Tryptic Digestion Combined with 

Mass Spectrometry for the Analysis of Membrane Proteins*

2.1 Introduction

Material transport and signal transduction among cells occur via integral 

membrane proteins. These membrane proteins can provide key information that is of 

great interest to the researchers studying the functions of a biological system. Many mass 

spectrometric methods have been developed for protein identification, but they often fail 

to identify very hydrophobic membrane proteins. The challenge in the analysis of 

hydrophobic membrane proteins develops from their amphiphilic nature. They are not 

readily soluble in the polar solvents normally used in the digestion buffer and often 

undergo irreversible aggregation. As a result, loss of sample during the analysis is 

inevitable by protein adhesion to the sample handling surfaces. In addition, production 

and recovery of as many fragments as possible becomes more difficult for hydrophobic 

proteins due to poor accessibility for proteolytic attack and difficulties associated with the 

separation and detection of the resulting hydrophobic peptides. 1 Identification of some 

membrane proteins is still possible since a few soluble peptides generated from a 

membrane protein can be observed in the mass spectra. However, high sequence 

coverage is desired for reliable protein identification and good peptide mass mapping.

Both gel-based and solution-based methods have been used to analyze the 

membrane proteome with each having its own strengths.2'5 It appears that the two 

methods are complementary to each other.6 The commonly used in-gel approach of

a A form of this chapter has been published as Thuy Tien T. Quach, Nan Li, Dawn P. 
Richards, Jing Zheng, Bemd O. Keller and Liang Li “Development and Applications of 
In-Gel CNBr/Tryptic Digestion Combined with Mass Spectrometry for the Analysis of 
Membrane Proteins” Journal o f Proteome Research, 2003, 2, 543-552. The preparation 
of the ER sample and the ID gel separation was performed by Dr. Barbara Knoblach.
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protein identification involves the separation of a protein mixture from cell or tissue 

extracts by one- or two-dimensional polyacrylamide gel electrophoresis (PAGE). The 

protein bands or spots are stained and excised for digestion. The resultant peptides are 

extracted from the gel piece and analyzed by MS and/or MS/MS. The masses or 

fragment ion spectra of these peptides are entered in a database search for protein 

identification. 7 This in-gel approach has some attractive features in analyzing membrane 

proteins. Strong surfactants can be used in sample preparation and gel separation, which 

can alleviate the problems of sample loss and irreversible aggregation of hydrophobic 

proteins. In addition, the proteins embedded within the gel matrix after separation 

establish a localized region for enzymatic or chemical cleavage and thus improve the 

chance for digestion. The gel acts as a molecular sieve in which the protein-SDS 

complex is embedded within the pores once electrophoresis is stopped and the protein is 

“fixed”. When a same volume of digestion solution is used for in-gel and in-solution 

digestion, the protein concentration in a localized region of the gel band is higher for in

gel digestion than that of the homogenous protein solution for in-solution digestion. 

Protein unfolding and less interference after gel separation and subsequent washing are 

also the contributing factors which can lead to better results for some proteins by using 

the in-gel method.

Although the in-gel digestion/MS approach for identifying hydrophilic proteins

often uses 2D-PAGE for high-resolution protein separation, the separation of integral

membrane proteins by 2D-PAGE is difficult and challenging. Severe loss of

hydrophobic proteins is believed to be caused by protein precipitation at their isoelectric

points during the focusing step o f  isoelectric focusing (IEF) and thus deters further

migration in the second dimension.8 As reviewed by Santoni et al. (2000), proteomics

studies using 2D-PAGE of yeast, tobacco or Arabidopsis, transmembrane proteins could

not be identified by MS or MS/MS. Only a few membrane proteins from mammalian

cells have been successfully separated by 2D-PAGE and identified.9 SDS-PAGE is
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therefore a better choice for handling very hydrophobic membrane proteins, albeit with 

reduced resolving power compared to 2D-PAGE. However, using organelle separation 

methods such as sucrose gradient technique, complicated membrane proteome can be 

fractionated for subsequent SDS-PAGE separation, thereby reducing the bundle on 

PAGE separation.

The real challenge in the in-gel digestion/MS approach for membrane protein 

identification lies in the process of in-gel digestion and subsequent sample preparation for 

MS analysis. We report herein an in-gel digestion protocol that involves the use of CNBr 

digestion, followed by further trypsin digestion. Due to its availability and 

hydrophobicity, Bacteriorhodopsin (-26.7 kDa), a light-driven proton pump with 7- 

helical-transmembrane regions10, serves as a good model for method development and 

comparison. In the past, work has been performed on bacteriorhodopsin in-solution with 

a CNBr digestion, fractionation by HPLC and analysis by ESI-MS. 11 These authors show 

that complete sequencing of BR can be done with an in-solution CNBr-only digested 

sample of 5-10 nmole BR. However, this method is not adequate for the detection of the 

low abundance proteins, requiring at least nmol amount of pure starting material, due to 

severe sample loss from the many washing steps involved. 1

A search of the literature suggests that CNBr followed by trypsin digestion of

proteins has been performed only in-solution and only on hydrophilic proteins. Stone and

coworkers in 1992 performed internal sequencing of PVDF-blotted proteins after using

the combined chemical/enzyme digestion. 12 CNBr/trypsin digestion along with liquid

chromatography/ESI mass spectrometry was performed to identify the active site serine

of penicillin-binding protein 2a. 13 The CNBr digestion was performed in 0.1 M HC1 for

2 h at 37 °C in the dark, the CNBr fragments were isolated by HPLC and further treated

with trypsin in 0.1 M NH4OAC (pH 8.5) for 30 min at 37 °C. The tryptic peptides were

then analyzed by both microbore liquid chromatography/MS and nano-electrospray

MS/MS. Another application of CNBr/trypsin digestion involved the separation of total
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cell extracts by SDS-PAGE, transfer of the separated proteins onto nitrocellulose 

membrane followed by excision of the protein band of interest for digestion with CNBr in 

70% formic acid. The resulting CNBr-ffagmented peptides were then fractionated by 

C l 8  reversed phase HPLC, followed by trypsin digestion and analysis by MALDI-TOF 

mass spectrometry. 14 In a related work, van Montfort et al. have reported an in-gel 

digestion method using trypsin followed by CNBr digestion. 15 Therefore, our work is the 

first demonstration of using sequential CNBr/trypsin digestion for the analysis of 

hydrophobic membrane proteins in-gel. This method is optimized to detect low amounts 

of membrane proteins that can be visualized in gel by Coomassie staining method. 

Detailed protocols and data interpretation are given in the examples shown herein, in the 

hope that others can readily adapt the method to analyze other membrane proteins of 

interest.

2.2 Experimental

2.2.1 Materials and Reagents

Sodium dodecyl sulfate (SDS) and a-Cyano-4-hydroxycinnamic acid (HCCA) 

were purchased from Sigma-Aldrich Canada (Markham, ON, Canada). HCCA was 

recrystallized from ethanol (95%) at 50 °C prior to use. Analytical grade acetone, 

methanol, acetonitrile, and trifluoroacetic acid (TFA) were from Caledon Laboratories 

(Edmonton, AB). Water used in all experiments was from a NANOpure water system 

(Bamstead/Thermolyne). Bacteriorhodopsin (from Halobacterium Halobium), bovine 

trypsin, cyanogen bromide, glycerol, 2-mercaptoethanol, and n-octyl-P-D- 

glucopyranoside (n-OG) were obtained from Sigma (St. Louis, MO). 

Tris(hydroxymethyl)-aminomethane, acrylamide/bis (electrophoresis purity grade), and
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Coomassie Blue G250 staining solution were obtained from BioRad (Hercules, CA). The 

peptide extracts were desalted using commercial C l8  pZipTips from Millipore (Bedford, 

MA).

2.2.2 Bacteriorhodopsin

Bacteriorhodopsin (BR) was suspended in deionized water and the stock solution 

of 1 pg/pL was stored at -20 °C until use. The BR solution was denatured 1:5 with SDS 

sample buffer containing 2 % (v/v) 2-mercaptoethanol, 1 % SDS, 12% glycerol, 50 mM 

Tris-HCl (pH 8 .8 ) and trace amounts of bromophenol blue and heated to 95 °C for 5 

minutes before loading onto the gel. Gel electrophoresis was performed with SDS-PAGE 

(1 mm thick) mini-gels consisting of a 4% stacking gel and 12% separating gel and 

Coomassie blue stained. The excised gel piece was digested with trypsin, CNBr, 

trypsin/CNBr or CNBr/trypsin, as indicated in the Results and Discussion, and analyzed 

by MALDI MS or MS/MS as described below.

2.2.3 N A R I E. coli

Nitrate reductase 1 gamma chain (NAR I E. coli) was a gift of Professor Joel 

Weiner of the University of Alberta. NAR I was prepared in 50 mM MOPS, 20% 

glycerol, 500 mM NaCl and free histidine. 10 pL aliquots of 4.8 mg/mL stock solutions 

of NAR I was stored at -20 °C prior to use. The solution of NAR I was denatured 1:5 

with SDS sample buffer containing 2-mercaptoethanol and heated to 70 °C for 5 minutes 

before loading onto the gel. Gel electrophoresis was performed with 4%/12% SDS-PAGE 

(1mm thick) mini-gels and Coomassie blue stained. The excised gel piece was digested
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with trypsin and CNBr/trypsin and analysed by MALDI MS as described below.

2.2.4 ER Membrane Proteins

A complex mixture of proteins extracted from the ER of the liver from healthy 

mice was prepared by Dr. Barbara Knoblach of Professor Marek Michalak’s research 

group at the Department of Biochemistry, University of Alberta, Edmonton, Alberta, 

Canada. 16 The minced liver was homogenized at 4,000 rpm in 0.5 M sucrose, 1% 

dextran, 5 mM MgCl2 , 37.5 mM Tris-maleate at pH 6.5. The mixture was centrifuged at

5.000 g for 15 minutes and the supernatant collected. The supernatant was then diluted 

1:4 with 0.5 M sucrose buffer and spun down at 8,500 g for 5 min. The resulting 

supernatant was collected and subjected to sucrose density gradient fractionation. 

Sucrose gradients of 1.3 M, 1.5 M and 2.0 M were added to the supernatant and spun at

90.000 g for 90 minutes. The ER was isolated and washed twice with 10 mM Tris-HCl at 

pH 7.4. This complex mixture of proteins was first extracted with Triton X-l 14 to isolate 

the hydrophobic proteins (fraction T). The remaining extract was solubilized in urea 

buffer and separated on a 2D gel. The remaining urea-insoluble pellet was further 

dissolved with SDS (fraction U). Fractions T and U were both separated on a ID gel and 

stained by Coomassie Blue. The resultant ID gel should contain the membrane proteins 

or hydrophobic proteins of the ER and it is to these bands that we applied the 

CNBr/trypsin digestion method for purposes of hydrophobic protein identification.

The excised gel pieces from the ER sample were digested with trypsin and 

CNBr/trypsin and analysed by MALDI MS as described below. LC-ESI MS was also 

performed. The LC separation was performed on a Waters CapLC, using a
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water/acetonitrile (0.2% formic acid) gradient, on a PicoFrit capillary column (New 

Objectives, Woburn, MA) (BioBasic C l 8 , 5 micron particle size, 10 cm x 75 pm ID, 15 

pm tip). The eluted peptides were then electrosprayed and analyzed on a MicroMass Q- 

TOF 2 using automated data dependent MS to MS/MS switching. The resultant MS/MS 

data was then searched against MASCOT (Matrix Sciences) search engine to perform the 

protein database search and identification.

2.2.5 In-gel Digestion

The proteins of interest were excised and subjected to an in-gel CNBr/trypsin 

digestion. Reduction and alkylation steps were performed prior to CNBr digestion for 

proteins containing cysteine residues. Reduction was performed at 56 °C for at least 30 

min in 10 mM DTT in 100 mM NH4HCO3 . Alkylation was performed in the dark at 

room temperature for 30 min in 55 mM iodoacetamide in 100 mM NH4HCO3 . CNBr 

digestion was performed overnight (—12 hr) with 100 mM CNBr in 50% TFA in the dark 

at room temperature. 17 The CNBr digestion was quenched the next day by washing the 

gel piece with 1 mL of water and evaporating off the CNBr and TFA by speed vacufuge. 

Note that the washing solution was not discarded; it was dried along with the gel piece. 

In one study, the spectra of BR digest with and without discarding of the wash solution 

were obtained and compared. It was found that the resulting mass spectra were identical. 

However, drying the gel piece containing the wash solution did not affect the subsequent 

experiments. Therefore, to avoid potential peptide loss during washing, we did not 

discard the wash solution. The washing step is necessary to rid the gel of excess CNBr 

and to evaporate the TFA from the gel piece. The wash ensures that the protein/peptides 

will be in a basic environment for trypsin digestion. To speed up this process, 

concentrated ammonium bicarbonate was used to neutralize TFA and the resulting
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byproducts of carbon dioxide and ammonia gases simply evaporate off. A typical in-gel 

trypsin digestion protocol18 was then applied. A solution of 12.5 ng/pL trypsin in 50mM 

NH4HCO3 was added just enough to cover the gel piece. The gel piece was then smashed 

into small pieces to increase the surface area of proteins/peptides in the solution for 

improved trypsin accessibility. CNBr is a small chemical reagent and can readily diffuse 

into the gel piece. Smashing the gel piece at the CNBr digestion stage would make it 

difficult in subsequent sample handling steps. Trypsin is a large molecule and in our 

case, smashing the gel piece seems to give better mass spectrometric results in terms of 

detection sensitivity, sequence coverage, and reproducibility. In the literature there are 

many reports that do not smash the gel piece for trypsin digestion and the sensitivity and 

peptide coverage seem to be comparable to those obtained with gel smashing. There is 

really no “theory” to explain these observations.

To enhance peptide solubility and digestion efficiency, a 0.005% of n-octyl 

glucoside was added to the trypsin digestion buffer. Trypsin digestion was performed for 

3 hr at 37 °C. Sequential extraction of peptides from the gel was done twice with 0.25% 

TFA/20% ACN, twice with 0.25% TFA/50% ACN and once with 0.25% TFA/80% 

ACN. The extracts were pooled together and the organic solvent dried off by speed 

vacufuge.

2.2.6 Sample Preparation for MALDI MS Analysis

The dried peptide extract was diluted with 5 pL 0.1% TFA and desalted with p-

C18 ZipTips. The peptides bound to the ZipTip were eluted out sequentially in 5 pL

each of 20%, 50% and 80% ACN in 0.1% HAc (acetic acid) solution or just 50%

ACN/0.1%HAc. The sequentially eluted peptide solution was dried to reduce its volume

to about 5 pL and a matrix solution was added (see below). The purpose of using the

ZipTip is to remove salts from the samples prior to MS detection, but it does not

completely remove the n-OG, a non-ionic detergent. The two-layer sample deposition
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method19 with 4-HCCA as matrix was used in the MALDI MS analysis. The first layer 

was prepared as a 20 mg/mL 4-HCCA solution in 20% methanol/acetone HCCA and the 

second layer with a saturating solution of matrix in 30% (v/v) methanol/water. The 

second layer was added to the Zip-Tipped peptide mixture to a ratio of matrix to analyte 

of 4:1 and the mixture vortexed. After 0.5 pL of the first layer was deposited on the 

sample probe and air-dried, 0.5 pL of the second layer was deposited on top of the first 

layer, allowed to air dry and washed twice with 1 pL water.

2.2.7 MALDI Mass Spectrometry

MALDI MS was performed on a Bruker Reflex III Matrix-Assisted Laser 

Desorption Ionization time-of-flight mass spectrometer (Bremen/Leipzig, Germany) 

equipped with a SCOUT 384 multiprobe inlet and a 337 nm nitrogen laser operated with 

a 3 ns pulse in positive ion mode with delayed extraction using reflectron mode. The 

sample spot was scanned with the laser beam under video observation and spectra were 

acquired by averaging 300-500 individual laser shots and processed with the Bruker 

supporting software. The spectra were internally calibrated with trypsin autolysis peptide 

peaks and matrix peaks. The data were then reprocessed using the Igor Pro software 

package (WaveMetrics, Lake Oswego, Oregon, USA). Each spectrum was normalized to 

the most intense signal in the mass range displayed.

2.2.8 MALDI Tandem Mass Spectrometry (MS/MS)

Selected peptides were fragmented on an Applied Biosystems/MDS-Sciex 

QSTAR Pulsar QqTOF instrument equipped with an orthogonal MALDI source 

employing a 337 nm nitrogen laser (Concord, ON, Canada). The instrument was 

operated in positive ion mode and collision-induced dissociation (CID) of peptides was 

achieved with argon as collision gas. Spectra were acquired and processed using Sciex 

supporting software and re-processed with Igor Pro software.
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2.2.9 Mass Spectra Interpretation and Database Searching

Known contaminant peak masses were eliminated for each spectrum. The sample 

peaks were determined by comparing the peaks from a sample to the peaks resulting from 

a blank piece of gel. Only sample peaks were considered for database searching. The 

artifactual modifications of peptides by electrophoresis, such as acrylamide adducts to 

cysteine and oxidation of methionine, were also considered for the database searching. 

Both peptide mapping and the peptide sequencing results were searched for protein 

identification using the Mascot search program (http ://www.matrixscience.com) and the 

UCSF Protein Prospector Database (http://prospector.ucsf.eduT The obtained partial 

sequence information for each peptide was used to confirm, discard, or correct the 

previously obtained results from the peptide map search.

2.3 Results and Discussion

2.3.1 Development of CNBr/Trypsin Digestion Method using Bacteriorhodopsin

Trypsin is a common choice of enzyme used in the digestion of hydrophilic 

proteins. It cleaves at the C-terminus of lysine (K) and arginine (R) residues except when 

the next residue is proline. However, these hydrophilic amino acid residues, K and R, are 

rarely found in the transmembrane region of membrane proteins. Cyanogen bromide 

(CNBr) cleavage at methionine (M) residues, which is more abundant in the 

transmembrane regions than R or K residues, is often required for samples that are water- 

insoluble or for membrane proteins where enzymes have poor accessibility for proteolytic 

attack. CNBr electrophilically reacts with sulfur from methionine residues except when 

the methionine residue is oxidized. Following the hydrolysis reaction, a peptide is 

cleaved with a new amino terminus and homoserine and/or homoserine lactone (h) results 

in the C-terminal position of the remaining peptide. Due to the low number of M found
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in proteins, CNBr cleavage produces a small number of large peptide fragments with 

MW typically > 2000 which are difficult to extract from gel pieces. To produce a larger 

number of smaller peptides than that obtained by using CNBr alone, trypsin can be used 

to further digest the sample.

In this work, bacteriorhodopsin (BR) was used as a model to develop and 

optimize the CNBr/trypsin digestion protocol for the analysis of hydrophobic membrane 

proteins. BR is a very hydrophobic protein with seven transmembrane (TM) domains 

(see Figure 2.1). BR contains seven R, seven K and nine M residues. A typical BR in

gel tryptic digestion generated only one possible BR specific peptide peak in the MALDI 

mass spectrum based on peptide mass matching, as indicated in Figure 2.2A. Other 

peaks are from trypsin and keratin peptides as well as background peaks from the gel or 

matrix clusters. MALDI MS/MS of the peptide ion at m/z 2162.0 did not yield any 

fragment ions, likely due to the low intensity as well as the high mass of this peptide ion. 

Even if this m/z 2162.0 peak were from BR with a sequence of 

(R)SRAIFGEAEAPEPSAGDGAAATS(-), it would only give a sequence coverage of 

9%. The solid underlined sequence in Figure 2.1 indicates the location of this probable 

trypsin-cleaved peptide in the amino acid sequence of BR. This pictorial representation 

of the sequence coverage shows the recovered peptide is not found in the transmembrane 

regions of BR. This may be attributed to the low digestion efficiency of trypsin in these 

regions to generate a sufficient amount of peptides to be detected and poor extraction of 

large hydrophobic peptides generated from trypsin digestion. Evidence of the latter has 

been reported by van Montfort et al. for another membrane protein. 15
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Figure 2.1 Bacteriorhodopsin sequence showing the seven transmembrane 
regions (indicated by a retangular box). The solid underlined sequence o f BR 
shows the cleaved peptide o f an in-gel trypsin digestion of 1 pg BR The dashed 
underlined sequence o f BR shows the cleaved peptide o f an in-gel CNBr digestion 
of 5 pg BR The dotted underlined sequence o f BR shows the cleaved peptides o f 
an in-gel CNBr/trypsin digestion o f 5 pg BR
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Figure 2.2 MALDI mass spectra o f  BR using various digestion protocols: (A) In
gel trypsin digest o f 1 pgBR, (B) In-solution CNBr digest o f 20 p L o f l  pg/pLBR, 
(C) In-gel CNBr digest o f  5 pg BR and (D) In-gel CNBr/trypsin digest o f 5 pg BR. 
The peaks labeled with the corresponding m/z value are from the peptides of
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bacteriorhodopsin. The masses of the peaks shown in the inset in (B) were determined by 
external calibration. The peak labeled with ‘T’ is the trypsin peptide 
(LGEDNINVVEGNEQFIS ASK) at m/z 2163.05.

To obtain peptides in the transmembrane regions not accessible to trypsin, CNBr 

was used to selectively cleave at M residues. The in-solution CNBr digestion of 20 pL of 

1 pg/pL BR (see Figure 2.2B) resulted in detection of specific CNBr-digested peptides 

(labeled with the corresponding m/z value) with a total sequence coverage of 100%. By 

comparison, in-solution trypsin digestion of the same amount of BR resulted in only one 

confirmed peptide at m/z 1452.4 which corresponds to BR peptide 160-172 (spectrum not 

shown). No other BR peptides were found. It should be noted that the extent of 

sequence coverage generated by a given digestion method is dependent on the amount of 

the sample used. For a low efficiency digestion, such as trypsin digestion of BR, 

increasing the sample amount can generate more peptides that have sufficiently high 

concentrations to be detected by MS, resulting in better sequence coverage.21 Compared 

to trypsin digestion of the same amount, the complete recovery of BR peptides by CNBr 

in-solution demonstrates the advantage of CNBr to cleave peptides within the 

transmembrane regions for successful peptide recovery and detection by MS. It should 

be noted that, in our experiments of dealing with picomoles of protein, it is not clear 

whether CNBr cleavage is complete or not. Failure to detect the expected CNBr-cleaved 

peptides does not mean that the CNBr cleavage is not complete. When the working 

amount of sample is small, not every peptide generated from the digestion process can be 

detected, many peptides may be produced in such a small amount that MS just cannot 

detect them. Next, the performance of CNBr was tested using the in-gel approach.

In-gel CNBr digestion of 5 pg BR followed by MALDI MS peptide mapping was
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not as successful (see Figure 2.2C). This is likely due to the reduction of in-gel digestion 

efficiency compared to in-solution digestion, and/or difficulty o f extracting digested 

peptides from the gel at this level of sample loading. Shown in Figure 2.2C, only one 

CNBr-cleaved peptide is recovered. The dashed underlined BR peptide sequence 

(M)GLGTLYFLVKGh(G) at m/z 1250.7 shown in Figure 2.1 represents a sequence 

coverage of 5%.

The MALDI mass spectrum obtained from sequential CNBr/trypsin digestion of 5 

pg BR is shown in Figure 2,2D. Figure 2.2D clearly shows that CNBr/trypsin digestion 

is advantageous over single-cleaving reagent digestion methods for in-gel. The peptide 

mass map obtained has a sequence coverage of 35%. The coverage is a result of the 

detection of specific CNBr-trypsin digested peptides with high intensity of some peptides 

while other peptides expected from the known cleavage sites are not detected, likely due 

to many contributing factors including decreased digestion efficiency on these sites, 

reduced peptide recovery from the gel, sample loss during sample workup, and ion 

suppression in MS detection. It is worthy to note that the peptides recovered from the 

CNBr/trypsin digestion are indeed from a tryptic cleavage of CNBr-fragmented peptides. 

In Figure 2.1, the peptides (dotted underlined sequences) arise from almost all seven 

transmembrane regions of BR except for TM #4 and #5, and were cleaved at an arginine 

or lysine residue and/or at a methionine residue. This illustrates the usefulness of CNBr 

to cleave the hydrophobic protein into smaller peptides, allowing trypsin to cleave at the 

R and K residues of these CNBr-derived peptides and subsequently allowing these 

peptides to be effectively recovered and detected by MS.

2.3.2 Effect of n-Octyl Glucoside on MALDI MS Detection

50

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Throughout the entire sample handling process, the aggregation of proteins or of 

the resulting hydrophobic peptides must be minimized. It has been reported that the 

addition of a detergent in the digestion buffer can aid in the recovery of extracted 

peptides.7,22 Katayama et al. have shown that the addition of a non-ionic detergent, n- 

octyl glucoside (m-OG), enhances the digestion efficiency by increasing the solubility of 

proteins/peptides and by preventing the adsorption of peptides on the walls of sample 

vials and pipette tips. 7 van Montfort et al. speculated that n-OG improved peptide 

solubility during the resolubilization and crystallization step. 22 In general, the addition of 

n-OG to the digestion mixture resulted in the preferential detection of the MALDI-MS 

response of larger peptides, whereas it lead to the suppression of the lower masses. 23 In 

the development of an optimized procedure, m-OG was used in the digestion mixture to 

enhance the digestion efficiency and to give optimized peptide recovery of BR peptides.

Since the interest of our work lies in detecting sub-microgram amounts of starting 

hydrophobic protein and the critical micellar concentration of m-OG is 23 mM, the proper 

amount of m-OG must be carefully determined to reduce suppression of the peptide mass 

signals. The addition of 0.02% m-OG to the digestion buffer of 500 ng BR resulted in the 

preferential detection of the higher mass peptides (above m/z 1 0 0 0 ), while suppression 

was observed for the peptides with lower masses (e.g., BR peptides with m/z 687.3 and 

987.6) (data not shown). Overall, under the conditions employed, addition of 0.005% n- 

OG was shown to optimize peptide recovery while exhibiting minimal suppression of 

lower mass peptides. We did not find any improvement in signal strength in using higher 

amounts of n-OG up to 0.1%, but the spectra obtained were less reproducible from one 

experiment to another and from one operator to another, compared to the use of 0.005%. 

Also tested was the effect of m-OG in the digestion buffer, in the extraction buffer and/or 

in the MALDI MS sample spot. However, the results are not conclusive since peptide 

solubility depends on many factors. The role of m-OG remains unclear and a more 

detailed look is beyond the scope of this study.
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2.3.3 Detection Sensitivity of CNBr/Tryptic Digest of BR In-Gel

The usefulness of the CNBr/trypsin in-gel approach is illustrated in its ability to 

detect low abundant and therefore, a low amount of starting proteins. Figure 2.3 

illustrates the detection sensitivity of this in-gel digestion method. It is sensitive enough 

to analyze 200 ng BR with a sequence coverage of 20%, as shown in Figure 2.3A. With 

a sample loading of 500 ng and addition of 0.005% n-OG to the digestion buffer, several 

peptides are detected with high intensity (see Figure 2.3B), which allows the acquisition 

of good quality MS/MS spectra for protein identification. A representative MALDI 

MS/MS spectrum of a peptide digested by CNBr/trypsin, the peptide at m/z 1034.5 with 

sequence (M)RPEVASTFK(V), is shown in Figure 2.3C. The five peaks at m/z 687.3, 

987.6, 1034.5, 1468.6 and 1633.7 shown in Figure 2.3B were confirmed by MS/MS to be 

from BR. The peak at m/z 1110.5 has its mass matching with one of the expected BR 

peptides. Some common peaks from trypsin and keratin peptides are labeled and others 

are likely from background peaks of unknown origins. For comparison, a representative 

spectrum obtained from trypsin digestion of 500 ng BR followed by CNBr, according to 

the protocol of reference 15, is shown in Figure 2.3D. The overall spectral quality in 

terms of the signal-to-noise ratio and the number of BR peaks detected for Figure 2.3B is 

superior. In the case of trypsin/CNBr digestion, MS/MS spectrum can only be obtained 

from the peak at m/z 987.6. Moreover, it is our experience that the CNBr/trypsin 

protocol reported in this work is more reproducible in repeat experiments for different 

operators. Our rationale in choosing this order of digestion was that the chemical 

cleaving reagent such as CNBr is expected to be more readily interacting with a 

membrane protein in gel, compared to a protease which is bulky and must retain its 

optimal conformer for activity. After CNBr digestion, the smaller fragments are expected 

to be more accessible to trypsin for further digestion. Our data appears to support this
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Figure 2.3 MALDI mass spectra o f in-gel CNBr/trypsin digestion o f BR: (A) 200 
ng BR in-gel and (B) 500 ng BR in-gel using 0.005% n-OG in digestion buffer. (C) 
MALDI QqTOF MS/MS spectrum o f in-gel CNBr/trypsin digestion o f 500 ng BR 
peptide (RPEVASTFK) at m/z 1034.5. (D) MALDI mass spectrum o f an in-gel 
trypsin/CNBr digestion o f 500 ng BR. The peaks labeled with M, C, K, and T 
originate from the HCCA matrix, common contaminant peaks o f in-gel 
experiments, keratin and tryptic peptide peaks, respectively.
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hypothesis.

It should be noted that, compared to the analysis of less hydrophobic proteins 

where trypsin in-gel digestion can be used, the CNBr/trypsin digestion is about 5 to 10 

times less sensitive. This sensitivity reduction is likely resulted from the decrease of 

digestion efficiency of membrane proteins, as well as the decrease of extraction 

efficiency, sample recovery and ionization efficiency of the resulting peptides. 

Nevertheless, sub-microgram detection is adequate for many real world proteomics 

applications and is comparable to the detection limit of using Coomassie staining of 

membrane proteins in which a distinct band is visible with the naked eye.

2.3.4 Source of Unrecovered Peptides from a MALDI MS Analysis of an In-Gel 

CNBr/Tryptic Digest

To compare the results shown in Figure 2.2, several reasons may account for 

unrecovered CNBr/tryptic peptides since sample loss is typical for in-gel experiments. 

Some peptides obtained in the CNBr-only in-solution digest (Figure 2.2C) were not 

observed in the sequential CNBr/trypsin in-gel digest because of sample loss during 

successive steps following CNBr digestion, such as during the washing of the gel piece 

with water. Also, some CNBr-cleaved peptides may still be fairly hydrophobic and 

therefore are more difficult to extract from the gel than for the in-solution CNBr digest.

The use of a high amount of acid in the extraction solvent system such as 70% TFA has
• • • 22 been suggested for extracting hydrophobic peptides from a gel. However, for the BR

peptides, we did not see any additional peaks from the gel with the 70% TFA extraction

after it has been extracted by using our protocol described in the Experimental section.

The common modification observed for the BR-specific peptides is oxidation of

methionine to the sulfoxide form; however, this was not observed in the peptide mass

map obtained. Autodigestion products of trypsin and unassignable peaks in the MALDI

mass spectra of peptide maps from gels is common. 18 Some peaks may not correspond to
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predicted peptide masses or from possible post-translational modifications. Human 

keratins which accumulate from chemicals and/or sample handling often become 

ubiquitous at these low levels and may suppress the detection of the less abundant 

peptides specific to the protein of interest. The emergence of keratin peptides in a mass 

spectrum is unpredictable and cannot be subtracted from a control.

2.3.5 Application to a Membrane Protein with Cysteine Groups: NAR IE . Coli

To validate the usefulness of our method, Nitrate reductase 1 gamma chain (NAR

I E. coli), a 25.5 kDa recombinant transmembrane protein, was studied (see Figure 2.4).

The gamma chain is a 5-transmembrane-embedded heme-iron unit. NAR I contains

cysteine groups and reduction and alkylation was necessary before digestion. However

for this particular membrane protein, the CNBr/tryptic peptides (labelled with the

corresponding m/z value) obtained were comparable with those from trypsin-only

digestion except for two peptides at m/z 1240.7 and 1251.5. All other peptides observed

were below m/z 1000, the region where matrix clusters dominate in the spectrum. The

peptides at m/z 1240.7 and 1251.5 are specific to NAR I, which were confirmed by

MS/MS (data not shown). The peptide at m/z 1240.7 has the sequence

(M)TLFLLFPFSR(L) arising from a transmembrane region in which CNBr cleavage at

the M residue generated a large peptide with threonine (T) at the N-terminus. Next,

tryptic cleavage at the R residue (C-terminus of resultant peptide) cuts the large peptide

into a smaller peptide. The smaller peptide can be more easily extracted and recovered

for MS detection. The reason for not observing the peptide at m/z 1251.5 (sequence

(R)YDYGQYTWR(A)) in the trypsin-only digest, even though the peptide is cleaved by

trypsin on both ends, is most likely from the key role of CNBr prior to trypsin cleavage.

CNBr can access the hydrophobic sites and cleave at M residues, generating smaller

peptides for proteolytic attack by trypsin. This example illustrates that, for membrane

proteins that can be digested by trypsin-only, the CNBr/trypsin digestion method can
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with CNBr/trypsin cleaved peptides (solid underline). (B) MALDI mass spectrum of in
gel CNBr/trypsin digestion of 1 mg NAR I. (C) MALDI QqTOF MS/MS spectrum of in
gel CNBr/trypsin digestion of 1 mg NAR I peptide (TLFLLFPFSR) at m/z 1240.8. The 
peaks labeled with the corresponding m/z value is specific to the peptides of NAR I.

provide additional peptides for the purpose of protein identification.

2.3.6 Application to a Complex Biological Extract: ER Membrane Proteins (Mouse)

The application of this method to the characterization of a biological sample is 

illustrated for the analysis of a complex protein mixture extracted from the endoplasmic 

recticulum (ER) membrane of mouse liver. As described in the Experimental, the 

membrane proteins or hydrophobic proteins of the ER were separated by ID gel. The 

bands from the ID gel were excised in two halves; one half of the band was digested with 

trypsin-only, while the other half of the band was digested with CNBr/trypsin. To 

illustrate the usefulness of this CNBr/trypsin digestion method for the analysis of 

complex biological samples as well as the processes involved in data interpretation, we 

present here the results for Band U7, a ~70 kDa band from the urea-insoluble fraction. 

The comprehensive proteome map of ER and their biological functional implications will 

be reported elsewhere. 16

The MALDI peptide mass maps (see Figure 2.5) generated from both trypsin and 

CNBr/trypsin digestions were first entered into the database and searched for protein 

identification. The search results were ambiguous in protein identification of Band U7. 

The complexity of the peptide mass map is likely due to the presence of a mixture of 

proteins residing in the band. Therefore, MS/MS of selected peptides was needed to 

generate sequence information in order for confident identification o f  the parent proteins.

Figure 2.5 shows that the major differences in the MALDI mass spectra generated 

from trypsin digest and CNBr/tryptic digest are the relative intensities of the peptide 

peaks. In particular, the two peptide peaks at m/z 1022.5 and 2080.0 have a significantly
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higher intensity in the CNBr/trypsin digest compared to the trypsin-only digest. As it is 

shown in Figure 2.6A, good quality MALDI MS/MS spectrum from the peptide at m/z 

1022.5 can be obtained from the CNBr/trypsin digest and this fragment ion spectrum 

matches a peptide with a sequence of (R)ALHDQLGLR(Q) from very long chain acyl 

CoA synthetase (ligase), a 70,367 Da peroxisomal integral membrane protein (SwissProt 

accession# 035488 (Mus musculus)) with three transmembrane domains. However, poor 

MS/MS spectra were obtained for the peptide at m/z 2080.0 even from the CNBr/trypsin 

digest. This may be attributed to inefficiency of fragmenting this large peptide ion with 

the current QqTOF mass spectrometer. A number of other peptide ions detected in both 

trypsin and CNBr/trypsin digests were selected for MALDI MS/MS. Unfortunately 

searching these MS/MS spectra against the database did not identify any other proteins 

with high confidence (i.e., each spectrum produced a number of possible candidates with 

similar low scores in MASCOT). Usually, the MALDI-QqTOF instrument can reliably 

identify all of the components in a mixture that contains only a few components whose 

relative abundances differ by a factor of -10. More complex mixtures may be 

investigated by LC/ESI-MS with on-line MS/MS capabilities.24

We then proceeded to obtain LC-ESI QTOF MS/MS data with the hope that 

unique as well as complementary sequence information could be generated from the 

digests of Band U7. With the ESI MS/MS data, another protein, similar to fatty acid 

Coenzyme A ligase (long chain 5) (76,206 Da, SwissProt accession# Q8JZR0 (Mus 

musculus)), was identified from the two peptides at m/z 1052.5 (K)IGFFQGDIR(L) and

2080.0 (K)LAQGEYIAPEKIENVYSR(S). While these two peptides were also detected 

in the MALDI mass spectra (see Figure 2.5), the quality of their MALDI MS/MS spectra
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(KITEDTVEFGS) at m/z 1225.6 in the trypsin digest of Band U7. (C) peptide 
(ITELMQVLK) at m/z 1090.6 in the CNBr/trypsin digest of Band U7.

was not sufficient for protein identification. However the fragment ions observed in the

ESI MS/MS spectra matched with the sequences of these two peptides, thus providing

another dimension of confirmation.

Another protein identified in Band U7 is an ATP-binding protein, a 75,482 Da 

peroxisomal penta transmembrane protein (SwissProt accession# P55096 (Mus 

musculus)). Tentative identification of this protein was from the ESI MS/MS data where 

the MS/MS spectrum from a peak at m/z 1225.6 in the tryptic digest correlated well with 

the peptide sequence, (K)KITEDTVEFGS(-), belonging to the ATP-binding protein 

(Figure 2.6B). This peptide was not observed in the CNBr/tryptic digestion ESI mass 

spectrum. To enhance the confidence in protein identification of database search results, 

it is desirable that the sequence for at least two peptides be characterized. Affirmation 

that the ATP-binding protein is indeed present in this complex protein mixture was 

possible only from the peptide at m/z 1090.6 observed in the CNBr/tryptic digest from 

the ESI MS/MS data (Table 2.1). The peptide at m/z 1090.6 was identified as belonging 

to the ATP-binding protein with sequence (R)ITELMQVLK(D) + 1 Met-Ox (Figure 

2.6C). This peptide at m/z 1090.6 has an oxidized methionine residue, which means that 

the CNBr was blocked from reacting with the sulfur of the methionine residue. The 

sample may be oxidized during various steps in the sample preparation and analysis. 

This oxidation may explain the lack of CNBr-cleaved peptides observed in the digest 

mixture. However, because this peptide was only observed in the ESI mass spectrum of 

the CNBr/trypsin digestion, it is clear that the CNBr/trypsin digestion method is useful 

for providing key peptide information in addition to that obtained from the trypsin-only
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digestion method.

2.3.7 Identification of ER Membrane Proteins

The peak assignments for proteins identified in Band U7 using digestion by 

trypsin and CNBr/trypsin and detection by MALDI- and ESI-MS and MS/MS are 

summarized in Table 2.1. In this case, MS/MS spectra were collected for as many 

peptide ions as possible. Accurate mass measurement of the peptide mass can also 

provide useful information for protein confirmation. As shown in Table 2.1, matched 

peptides have an error mostly below 30 ppm, which is acceptable for the instrumentation 

employed. Although the sequence coverage increased for both ligase and long chain 5 

proteins, no CNBr-cleaved peptides were detected using ESI- and MALDI-MS. 

However, CNBr-cleaved peptides are observed for the ATP-binding protein. Two CNBr- 

cleaved peptides from the ATP-binding protein were observed by ESI-MS at m/z 1144.6 

(h)LLRMSQALGR(I) and m/z 1381.6 (h)LVSRTYCDVWh(I). Of particular interest is 

the peptide at m/z 1381.6 (93-103 AA), which is within the transmembrane region (TM1: 

84-104 AA). The peptide mass map obtained from the ESI MS data of the CNBr/trypsin 

digest had a significantly higher sequence coverage of the ATP-binding protein compared 

to the trypsin-only digest. The total sequence coverage is 8% for the CNBr/trypsin digest 

and 3% for the trypsin digest, with a combined sequence coverage of 11%.

The purity of the ER sample was verified16 and all three proteins identified in 

Band U7 are peroxisomal membrane proteins. Peroxisomes function to rid the body of 

toxic substances and are relatively more abundant in the liver where toxic byproducts of 

metabolic reactions accumulate. Thus, the presence of these peroxisomal membrane 

proteins in Band U7 is consistent with their functions since the proteins were extracted 

from the ER membrane of the liver. There still remain some peptide signals that could 

not be assigned. There may be additional proteins whose identification is not possible 

with this experiment. ESI or MALDI can be used for protein analysis applications, with
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their own benefits and drawbacks. Advantages of MALDI include higher tolerance to 

contamination and simpler sample handling. Alternatively, the complexity of mixtures 

may be reduced by additional off-line separation by other methods, including 

chromatography and electrophoresis, either before or after digestions and the simplified 

fractions can be collected onto MALDI target for further analysis. Nevertheless, the use 

of CNBr/trypsin digestion has allowed us to identify and confirm more proteins than 

otherwise possible. For example, it is possible to identify the ATP-binding protein with 

greater confidence with the aid of CNBr/trypsin cleavage.
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Table 2.1 Identification and Detection of Peptides from Band U7.

Identity Theoretical 
mass (m/z)/ 

Peptide 
sequence

Exp.t’l
mass
(m/z)

Mass
accuracy

(ppm)

Digestion
by

Trypsin

Digestion
b y

CNBr/
Trypsin

Detection
mode

Very long 
chain 

Acyl CoA 
synthetase 
(Ligase)

1022.57
(R)ALHDQ
LGLR(Q)

1022.5 24 V MALDI MS, 
MS/MS 
ESI MS, 
MS/MS

1142.58
(K)DAVSVF

YVSR(T)

1142.6 4 V V MALDI MS, 
MS/MS

1226.64
(R)YFLQLA
NMAR(R)

1226.5 78 V MALDI MS, 
MS/MS

1249.61
(K)YDVEK
DEPVR(D)

1249.7 43 V MALDI MS, 
MS/MS

1270.68
(K)KDAVS
VFYVSR(T)

1270.6 23 V V MALDI MS, 
MS/MS

1310.62
(R)DETLTY
AQVDR(R)

1310.6 10 V ESI MS

1363.57
(K)DTLYF

MDDAEK(T
)

1363.6 2 V ESI MS

1365.73
(R)IQDTIEI
TGTFK(H)

1365.7 5 V V ESI MS

1465.80
(K)ITQLTPF
IGYAGGK(

T)

1465.7 31 < V MALDI MS, 
MS/MS 
ESI MS, 
MS/MS

1466.72
(R)DETLTY
AQVDRR(S

)

1466.7 11 V ■ MALDI MS, 
MS/MS 
ESI MS, 
MS/MS

1505.72
(R)YLCNTP
QKPNDR(D

)

1505.7 31 MALDI MS

1529.72
(K)VDGVS
AEPTPESW

R(S)

1529.7 35 ESI MS, 
MS/MS
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1884.94 
(K)TFVPMT 
ENIYNAIID 
K(T) + Met- 

ox

1884.9 22 V ESI MS

2333.19
(R)SEVTFS
TPALYIYT
SGTTGLPK

(A)

2333.2 8 V MALDI MS 
ESI MS, 
MS/MS

Similar to 
fatty acid 

Coenzyme 
A ligase 

(long 
chain 5)

911.50
(K)FFQTQI

K(S)

911.5 10 ESI MS, 
MS/MS

1014.61
(K)IQGSLG

GKVR(L)

1014.6 36 V ESI MS

1052.55
(K)IGFFQG

DIR(L)

1052.5 22 V V MALDI MS, 
MS/MS 

(CT only) 
ESI MS, 
MS/MS

1058.57
(R)EAILED

LQK(I)

1058.6 13 V ESI MS, 
MS/MS

1070.53
(K)TLYENF

QR(G)

1070.5 35 V ESI MS, 
MS/MS

1131.71
(K)FLLNLA

IISK(F)

1131.7 12 V ESI MS

1301.66
(K)DPEKTQ
EVLDK(D)

1301.6 22 V ESI MS

1723.96
(R)SRPVLQ
VFVHGESL

R(S)

1723.9 24 V. V MALDI MS

1951.07 
(R)LMITGA 
APISTPVLT 
FFR (A) + 1 

Met-ox

1951.0 27 V ESI MS

2059.11
(R)SFLIGV
WPDPDSL
PSFAAK(I)

2059.1 1 V ESI MS

2080.07
(K)LAQGE

YIAPEKIEN
VYSR(S)

2080.1 6 V MALDI MS 
ESI MS, 
MS/MS
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ATP-
Binding
Protein

1090.62
(R)ITELMQ

VLK(D)
+lMet-ox

1090.6 17 ESI MS, 
MS/MS

1144.66
(h)LLRMSQ

ALGR(I)

1144.6 20 V ESI MS

1169.63
(-

)AAFSKYL
TAR(N)

N-terminal
acetylated

1169.7 75 V ESI MS

1225.59
(K)KITEDT
VEFGS(-)

1225.6 12 V ESI MS, 
MS/MS

1302.74
(K)VGITLF
TVSHTK(C)

1302.7 40 V ESI MS

1381.66
(h)LVSRTY
CDVWh(I)

1381.6 20 V ESI MS

1418.81
(K)ERAVV
DKVFLSRf

L)

1418.8 6 V ESI MS

1698.88
(K)EYLDN
VQLGHILE

R(E)

1698.9 7 V MALDI MS

2.4 Conclusions

We have demonstrated that in-gel CNBr cleavage followed by trypsin digestion is 

useful for peptide mapping of hydrophobic proteins. The use of «-octyl-/3-D- 

glucopyranoside in the digestion buffer can aid in the solubilization of hydrophobic 

peptides and improve the peptide signals. Bacteriorhodopsin, a model hydrophobic 

membrane protein, can be identified from as low as 8 pmol starting sample. It was 

demonstrated that the sequence coverage obtained for BR, as well as the recovery of 

peptides within the transmembrane region was significantly improved using the 

CNBr/trypsin digestion method. Application of this sequential digestion method to a
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complex protein mixture extracted from a biological sample, the endoplasmic reticulum, 

verified its vital role in detection and subsequent identification of hydrophobic proteins 

that were not easily characterized from trypsin-only digested peptides.
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Chapter 3

Mass Spectrometric Approach to Protein Profiling of 

Squamous Cell Carcinoma of the Human Tongue 

3.1 Introduction

3.1.1 Cancer Proteomics

Proteomics is the study of the complete protein complement, or the proteome, 

expressed by a particular cell, tissue, or organism at a set time and environmental 

conditions.1 The dynamic nature of the proteome is a consequence of many factors, 

including differential splicing of the respective mRNAs, post-translational modifications, 

and temporal and functional regulation of gene expression.2 At the protein level, the 

healthy cell is transformed into a neoplastic cell via altered expression, differential 

protein modification, changes in specific activity, and irregular localization, all of which 

may affect cellular function. Investigating and identifying these distinct changes is the 

goal in cancer proteomics.3 Cancer proteomics is classified into two categories, 

expression proteomics and functional proteomics.7 Expression proteomics is the study of 

the proteins that are differentially displayed in a given tissue, body fluid, or serum. 

Functional proteomics determines the interaction of the protein in the biological system 

and its role in biological processes.

The development of tools and methods to help in treatment, detection and 

prevention of cancer has become an important area of proteomics research. Proteomic 

technology, such as the commonly employed 2D PAGE and newer techniques of multi

dimensional protein identification technology (MUDPIT) and surface-enhanced laser
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desorption ionization (SELDI) combined with mass spectrometry, allow for identification 

of the protein changes caused by the disease process. 2D gel electrophoresis followed by 

protein identification by mass spectrometry has been the conventional method in 

proteome analysis.4,5 The direct comparisons of protein expression and identification of 

the differentially expressed proteins between normal and tumour tissues for biomarker 

discovery have been reported in various cancers, such as liver, bladder, lung, esophageal, 

prostate and breast.6 The limit of this method lies in the low sensitivity for detection of 

low abundance proteins. Despite the enhanced separation offered with very narrow range 

pH IPG strips, only a small percentage of the proteome can be visualized. A 2D gel spot 

may contain multiple components, and the signals generated, through peptide digests, by 

ions of low abundance are lost in this approach. The detection of post-translationally 

modified species is difficult because they are often present in extremely low amounts. 

Furthermore, not all proteins can be identified through peptide mass mapping alone 

because many proteins remain to be represented full length in sequence databases. Often, 

small proteins do not generate sufficient numbers of digestion products for identification. 

In many cases, additional MS sequencing of peptides is necessary to gain knowledge

T 7about sequence identity. ’ The detection of a different set of proteins through LC 

coupled with tandem MS can be used to resolve this problem to some extent. The 

strength of the tandem mass spectrometer lies in the ability to sequence information for a 

specific peptide in the presence of multiple peptides in the sample. Reversed-phase LC is 

used to concentrate and separate peptides from extremely complex mixtures before 

sequencing by MS.8,9 LC-MS/MS has been demonstrated to enhance separation and 

identification of analytes at the low femtomole level.10
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Yates and coworkers introduced multi-dimensional protein identification 

technology (MUDPIT).11’12 In this method, the digest mixture is first fractionated by a 

strong cation exchanger column, followed by a reversed phase column coupled by a 

nanoelectrospray device to a MS/MS spectrometer. Identification of ~1500 proteins by 

this method was reported12, compared with only a few hundred for 2D gel 

electrophoresis-based methods. However, in contrast to gel-derived proteome, the 

MUDPIT-derived proteome can not be quantified or give relative abundance information, 

but only determine their presence. Although lower abundance proteins in the proteome 

have been detected, the drawback of MUDPIT is that a large amount of starting protein is 

required and has very low throughput, even lower than the 2D gel electrophoresis-based 

approach.6 For a high throughput approach with inherent advantages and disadvantages, 

surface-enhanced laser desorption ionization (SELDI) TOF MS13’14, provides rapid 

identification of cancer biomarkers and proteomic fingerprinting using on-chip protein 

fractionation.

Another vital component critical to detection, diagnosis, treatment, monitoring, 

and prognosis are biomarkers. During the course of a disease process, biomarkers are 

molecules in a biological system that go through changes, these changes are reflected in 

the physiologic state, and allows a factor comparable across populations.3 In a state-of- 

the-art MS laboratory, the current detection limits are in the low subpicomole range 

required for accurate protein identification. The protein sequence must be present in the 

database to be identified, although only a small fraction of known human proteins have 

been sequenced. Therefore, differential protein profiles could serve as biomarkers 

themselves, whereby different cell lines may be compared on a global level to assess

71

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



changes in a disease state or to distinguish specific states during disease progression. In 

this work, expression proteomics is applied to a squamous cell carcinoma of the human 

tongue, which has been shown to have decreased adhesive properties compared to normal 

cells.15’16

3.1.2 Reduced Cell-Cell Adhesiveness in Cancer Ceils

In the 1940s, researchers noticed that cancer cells have reduced cell-cell 

adhesiveness compared to that of the corresponding normal cells.17,18 Disruption of 

normal cell-cell adhesion triggers the release of cancer cells from the primary cancer 

nests, followed by invasion and metastasis of a tumor.19 Other than decreased adhesion, 

major changes in the organization of the cytoskeleton and irregular adhesion-mediated 

signaling are indicative of malignant transformations.20

A simplified diagram of the cell adhesion system at the adherens junction is 

shown in Figure 3.1.20’21 The adhesion of cells to their neighbors is important for 

maintaining tissue architecture and cell polarity and regulating major cellular processes 

that are essential for motility, growth, differentiation, and survival.20 Cell-cell adherens 

junctions (AJs), the most common type of intercellular adhesions, act to connect cells to 

each other and anchor the cytoskeleton to the plasma membrane. The formation of AJs 

involves homophilic interactions between E-cadherin (E-cad) molecules, the major 

cadherin in epithelial cells.21 The extracellular domains of the calcium-dependent 

cadherin receptors on the surface of one cell selectively binds to another from a 

neighboring cell. The cytoplasmic domains of cadherins can bind to two structurally 

similar proteins, P-catenin and plakoglobin (Pg, is identical to y-catenin), which link to
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the actin cytoskeleton via a-catenin. The other type of epithelial adhering junctions are 

desmosomes. In order for desmosome to assembe, Pg is essential to mediate the 

interaction between the desmosomal cadherins and the cytokeratin intermediate

filaments.

Adherens Junction

Ca

E-cadherinactin catenins

Figure 3.1 Diagram of the cell adhesion system at the adherens junction.

3.1.3 Mutations in Cell Adhesion Proteins

The disruption of cell-cell adhesiveness can be achieved by downregulating the 

expression of cadherin or catenin family members or by impedement of AJs assembly by 

activation of signaling pathways.20 Reduced AJ assembly may occur by mutations, 

hypermethylation, and transcriptional repression of E-cad expression and may contribute

90to enhanced motility and invasiveness of cancer cells. Cancer therapies targeting the

regulation of E-cad expression may offer powerful means to tumor-suppressive effects.
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When the cadherin molecules become mutated, they lack the catenin-binding sites and 

fail to interact with a-catenins and therefore cannot link to the actin filaments. Loss of E- 

cad expression is commonly observed in many types of carcinoma, while E-cad 

reintroduction into cancer cells reduces invasion and metastasis.21 When E-cad is 

sufficiently active, epithelial cells, including cancer cells, cannot disrupt their mutual 

connections, but suppression of E-cad activity may trigger the release of cancer cells 

from primary cancer nests.21

The abnormal expression of P-catenin and Pg also disrupt normal cell adhesion. 

Pg is a structural and functional homologue of P-catenin with dual adhesive and signaling 

roles for regulating cellular fate determination, growth and proliferation. Structurally, Pg 

and P-catenin proteins have similar binding sites for various cellular proteins including 

cadherins, the transcription factors of LEF/TCF family, and the tumor suppressor protein

O'Xadenomatous polyposis coli (APC). If not sequestered by APC, excess p-catenin does 

not get degraded and remain in the cytoplasm, p-catenin acquires oncogenic activity 

when it is mutated or when it is up-regulated as a result of inactivation of APC. In vitro 

experiments revealed that the direct fusion of a-catenin to the cytoplasmic tail of 

cadherin molecules produces adhesion-competent cells in the absence of P-catenin.24 The 

role of p-catenin in the cadherin-catenin complex is believed to be regulatory, by 

bringing a-catenin into close association with cadherin.25

3.1.4 Squamous Carcinoma Cells

A squamous cell carcinoma line, SCC9, that lacks both Pg and E-cad and does not

assemble desmosomes was used in this study.15,16 These cells have both a- and P~
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catenins but express a significant amount of N-cadherin, which is not normally expressed 

in epithelial cells. The morphology of SCC9 cells is similar to that of transformed cells, 

consisting of heterogeneous populations of long (fibroblast-like) and rounded cells that 

grew together. Previous research on SCC9 cells were conducted to determine the role of 

cell adhesion proteins in the development of transformed phenotype. In one study, 

transfection of SCC9 cells with a plasmid containing cDNA encoding the functional 

homologue of E-cad, chicken L-CAM, induced a morphologic transformation from 

fibroblastoid to epidermiod.15 The cells became flatter, formed tight epithelial 

monolayers and showed growth and adhesive properties typical of epidermoid 

morphology. The transition of 'transformed' to 'normal' phenotype coincides with 

downregulation of the endogenous N-cadherin and increased synthesis and stability of the 

catenins. In another study, it was shown that the introduction of a low amount of Pg 

cDNA into SCC9 cells enabled desmosome assembly and increased adhesivity and 

similarly, induced a fibroblast to epidermoid transition.16 However, unlike the effects of 

induced E-cad expression, these Pg-induced changes coincide with increased stability and 

steady-state level of N-cadherin and decreased level and stability of p-catenin without 

any significant effects on a-catenin. When expressed at high levels, however, Pg 

induced unregulated growth and foci formation.23 Thus, the amount of Pg and P-catenin 

and their interaction with cellular partners in the cell adhesion system are important and 

must be regulated.

The purpose of this initial work is to look at the changes in protein expression of 

SCC9 cells transfected with Pg or E-cad since these proteins were lacking in the 

transformed cells. The control cell line is referred to as SCC9, while the resulting cell
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line after introduction of E-cad and Pg expression are referred to as SCC9-E-cad and 

SCC9-Pg respectively. In this work, mass spectrometry combined with separation 

techniques was used for profiling of protein expression in SCC9, SCC9-E-cad and SCC9- 

Pg cells. The results of three different analysis methods were compared: 2D gel 

electrophoresis, direct MALDI MS and HPLC fractionation with offline MALDI MS. 

2D gel electrophoresis was used to provide a map of the proteome, and visualize any 

differentially expressed proteins. Under the sample preparation employed, the separation 

of the extracted proteins displayed in the 2D gels is between 20-100 kDa mass range. 

The change in expression of the low mass proteins below 20 kDa were detected using 

direct MALDI MS and HPLC offline MALDI MS. The relatively simple sample 

preparation method employed, generally limited the observation of peaks in MALDI TOF 

MS to water-soluble proteins under 20 kDa, these small proteins may be important 

diagnostic biomarkers. Direct MALDI MS was used to preview the total cell extract in 

the cancer cells. HPLC offline MALDI MS was used to simplify the complex extract by 

reducing ion suppression effects and the low mass proteins were catalogued in a mass 

table. The study is used to obtain a better understanding of the cadherin-catenin system 

in the regulation of cell proliferation, invasion, and intracellular signalling during cancer.

3.2 Experimental

3.2.1 Materials and Reagents

Sodium dodecyl sulfate (SDS), a-Cyano-4-hydroxycinnamic acid (HCCA), 

ethylenediaminetetraacetic acid (EDTA), phenylmethanesulfonyl fluoride (PMSF), and 

horse cytochrome c were purchased from Sigma-Aldrich Canada (Markham, ON,
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Canada). HCCA was recrystallized from ethanol (95%) at 50 °C prior to use. Analytical 

grade acetone, methanol, acetonitrile, formic acid and trifluoroacetic acid (TFA) were 

from Caledon Laboratories (Edmonton, AB). HPLC grade acetonitrile from Fisher 

Scientific Canada (Edmonton, AB, Canada) was used in HPLC experiments. Water used 

in all experiments was from a NANOpure water system (Bamstead/Thermolyne). Bovine 

trypsin, glycerol, and 2-mercaptoethanol were obtained from Sigma (St. Louis, MO). 

Tris(hydroxymethyl)-aminomethane, acrylamide/bis (electrophoresis purity grade), and 

Coomassie Blue G250 staining solution were obtained from BioRad (Hercules, CA). The 

peptide extracts were desalted using commercial C l8 pZipTips from Millipore (Bedford, 

MA). Protein extracts were desalted using 3 kDa cut-off Microcon filter (Bedford, MA).

3.2.2 Sample Preparation

The human squamous carcinoma cells SCC9 are derived from carcinomas of the 

tongue (American Type Culture Collection (ATTC), Rockville, MD) and provided by Dr. 

M. Pasdar (Department of Cell Biology and Anatomy, University of Alberta, Edmonton, 

Alberta, Canada). The cell lines were maintained in minimum essential medium (MEM) 

(Sigma, St. Louis, MO) supplemented with 10% fetal bovine serum (FBS).16 The cells 

were prepared by Dr. Laiji Li of Professor Manijeh Pasdar's research group at the 

Department of Cell Biology and Anatomy, University of Alberta, Edmonton, Alberta, 

Canada. SCC9 cells were grown to about 80% confluency in 150 mm tissue culture 

dishes. The cells were washed three times with 150 mM sorbitol in 10 mM phosphate 

buffer (pH 7.0) prior to scraping with a rubber policeman and the cell pellets were stored 

in aliquots under - 80 °C.
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The Pasdar’s group performed two transformations of the SCC9 cells in this study 

and reported elsewhere. SCC9 cells transfected with E-cad cDNA15 are referred to as 

SCC9-E-cad cell line in this report. The SCC9-E-cad cells show decreased N-cadherin 

and increased catenin expression (compared to the control cell line SCC9). SCC9 cells 

transfected with Pg cDNA16 are referred to as SCC9-Pg cells. The SCC9-Pg cells show 

increased N-cadherin and decreased P-catenin expression, the opposite of that observed 

for SCC9-E-cad cells. Table 3.1 summarizes the transformation performed and the cell 

adhesion proteins expressed in these cells.

The sample preparation of the squamous carcinoma cells for suitability for 2D gel 

electrophoresis, direct MALDI MS, and RP HPLC offline MALDI MS analysis are 

outlined below. Ultracentrifugation of solubilized biological membranes (at 100,000 g, 

for 15-60 min) is an essential step that removes insoluble components that would impede 

further purification steps. EDTA and PMSF must be used with care since the former may 

bind to other chromatography media, while the latter is insoluble in water. Removal of 

these contaminants by ultrafiltration must be performed prior to electrophoresis or 

chromatography. Protease inhibitors, such as EDTA and PMSF, were employed in our 

experiments and no such problems associated with proteolysis were observed in the gel 

or in the chromatographic separations of the extracted proteins.
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Table 3.1 The cell adhesion proteins expressed in SCC9, SCC9-E-cad and SCC9-Pg 
cells of the Human squamous carcinoma of the tongue.

Squamous Carcinoma Cell Lines
Expression SCC9

(control)
SCC9-E-cad SCC9-Pg

Plakoglobin
(Pg)

X X V (transfected with Pg 
cDNA)

E-cadherin
(E-cad)

X V (transfected with E-cad 
cDNA)

N-cadherin V I t
P-catenin

3.2.3 2D-Gel Electrophoresis

For all 2D gel electrophoresis experiments, SCC9, SCC9-E-cad and SCC9-Pg 

cells were treated with DNAse and RNAse to remove nucleic acids that could cause 

background smears in the gel. An overnight acetone precipitation was performed to 

pellet the proteins and get rid of the soluble contaminants, such as detergents, lipids and 

small ionic molecules, present in typical cell extracts. After IEF, equilibration steps with 

DTT and iodoacetamide was performed prior to loading the strips onto the second 

dimension.

3.2.3.1 Reproducibility Study of 2D-PAGE Method

The reproducibility of the 2D gels was tested, two gels for each of the three 

samples were run in parallel mini gel format, with the same running conditions. The IPG 

strips with pH range 3 to 10 and 7cm length were used. The gels were cast as 10% 

separating gels with 1 mm thickness. The determination of protein concentrations 

(protein assay method using BSA standard for 2D gels) extracted from the cells were 2 

mg/mL for SCC9, 2.55 mg/mL for SCC9-E-cad and 2.1 mg/mL for SCC9-Pg. 100 pg of
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protein was loaded for each gel to maximize the amount of sample loaded without 

overloading.

IEF Running Conditions:

Step 1 -100 V for 1.5 hr 

Step 2 - 500 V for 30 min 

Step 3 - 1000 V for 30 min 

Step 4 - 5000 V for 15,000 Vhr 

Step 5 - 500 V, stop

SDS PAGE Running Conditions (for running 6 gels at the same time):

180 V constant for 45 min

3.2 .3 .1  Protein Profiling by 2D-PAGE

The final 2D gels were obtained for SCC9, SCC9-E-cad, and SCC9-Pg using a 

large get format. The IPG strips with pH range 3 to 10 and 13cm length were used. The 

gels (16X20 cm) were cast as 12% separating gels with 1 mm thickness. Concentrations 

were determined as 1.52 mg/mL for SCC9, 1.63 mg/mL for SCC9-E-cad and 1.71 

mg/mL for SCC9-Pg. 400 pg of protein of each sample was loaded onto the 13 cm IPG 

strips.

IEF Running Conditions:

Step 1 - 100 V for 1.5 hr 

Step 2 - 500 V for 1 hr 

Step 3 - 1000 V for 1 hr
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Step 4 - 8000 V for 24,000 Vhr

Step 5 - 500 V, stop

SDS PAGE Running Conditions: 25 mA constant for 4.5 hr

3.2.4 Direct MALDI MS and RP HPLC Offline MALDI MS

Summary of Experimental Procedure:

I. The pelleted cells were suspended in water containing protease inhibitors (ImM 

EDTA and ImM PMSF) and cell disruption was performed with the French Press, 

proteins were extracted with 0.1% TFA, ultracentrifuged at 100,000 g for 30 min 

and the supernatant was collected.

II. The extract mixture was speed-vac concentrated by four times and desalted using 

3 kDa cut-off Microcon filter. Protein concentrations were determined by the 

method of Bradford26 using a Coomassie Plus-200 dye reagent and an IgG 

standard (Pierce Chemical Co.).

III. Direct MALDI MS (1 pg in 10 pL HCCA solution) was used to preview the 

proteins in the total cell extract.

IV. HPLC offline MALDI MS (-50 pg protein loaded) was used to separate proteins 

into 1 min fractions and detect the proteins in the extract mixture by eliminating 

effects from ion suppression.

V. The low mass proteins (<20 kDa) were catalogued in a mass table.
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RP HPLC offline MALDI MS:

I. Solvent delivery and separations were performed on an Agilent (Palo Alto, CA) 

HP 1100 HPLC system. The solvents used for reversed-phase HPLC separation 

were water (A) and acetonitrile (B) with 0.1% (v/v) TFA in both phases. The 

gradient elution profile was optimized for the control cell line, SCC9 extract.

II. For LC offline MALDI MS, ~50 pg of total protein extract was separated on a 

150 x 1.0 mm i.d. C8 column (5 pm particles with 300 °A pore size; Vydac, 

Hesperia, CA) at a flow rate of 40 pL/min. Fractions were collected at 1-min 

intervals using an Advantec SF-2120 super fraction collector.

III. Fractions were concentrated by 8 times to ~5 pL before mixing with matrix for 

analysis. A two-layer method was used for MALDI MS sample preparation. An 

aliquot of the fraction was diluted 1:10 with the second layer matrix for optimal 

ionization for peak detection in MS. HCCA was used as the matrix. About 0.5 

pL of the first layer (16 mg/mL HCCA in 26%MeOH/acetone) was deposited on 

the MALDI probe. About 0.5 pL of the second layer (saturated HCCA in 1:2:3 

(v/v/v) Formic acid:MeOH:water) with the sample solution was deposited and air- 

dried.

IV. On-probe washing of the MALDI sample spot with water was performed twice to 

remove the salts. External mass calibration was done in the mass range of 4-12 

kDa using horse cytochrome c and its multiply charged species and dimer. With 

external calibration, the mass measurement accuracy is normally better than 

0.05%.
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The mass values of singly protonated molecular ions ([M+H]+) are listed in Tables 3.3, 

3.4, 3.5, and 3.6 for the direct MALDI MS and RP HPLC offline MALDI MS 

experiments. Clusters of peaks with a mass difference of 16 Da in the molecular ion 

region of the protein were sometimes observed. These peaks correspond to methionine- 

oxidized (Met-ox) proteins which most likely occurred during protein extraction or 

MALDI sample preparation. For the mass tables listed in this work, only the non

oxidized protein masses were included.

3.3 Results and Discussion

Three different approaches were performed to investigate and compare the 

differences in the proteins observed for SCC9, SCC9-E-cad, and SCC9-Pg cells. Often 

the detection of proteins with molecular masses greater than 100 kDa and those with pi 

values less than 4 or higher than 9 is difficult to detect using 2D gels.7 In this work, the 

use of 2D-gel electrophoresis generated a proteomic map of the extracted proteins 

between 20-100 kDa mass range while the methods of direct MALDI MS and RP HPLC 

offline MALDI MS generated proteins in the mass range below 20 kDa. The proteomic 

profiling of these transformed cells has not been previously investigated in the literature.

3.3.1 Protein Profiling by 2D PAGE

3.3.1.1 Reproducibility of the 2D PAGE Method

The method of 2D gel electrophoresis employed exhibited difficulty in the 

separation of proteins that are in the very low and very high MW range, as observed in 

Figure 3.2 and 3.3. The 10% separating gel used in casting the mini gels instead of the 

typical 12% normally used was to improve the detection of proteins with large MW
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especially since mini gels were used. The proteome map generated by 2D gel 

electrophoresis provides both intra-gel (giving relative abundance data within a cell) and 

inter-gel (giving quantitative variations between different conditions) quantitative data. 

A reproducibility study was conducted in which two 2D mini gels were run per cell type 

to verify that the method employed resulted in reproducible gels and therefore allows for 

a reliable comparison between the SCC9, SCC9-E-cad, and SCC9-Pg cells.

The comparison of the two gels of a particular type of cell, in Figure 3.2, showed 

that there was little if any intra sample variation and therefore a reliable inter-gel 

comparison can be studied. Differences in sample handling, such as from sample loss 

during the purification steps or loading of sample onto the gel can result in the 

differences observed in the two gels produced from each cell type. For SCC9 cells, the 

two gels look different in the relative spot intensity, likely due to sample loss during the 

desalting step in one gel and not the other. Problems in loading of the sample onto the 

second dimension gel caused horizontal streaking in one gel of SCC9-E-cad cells.

There are no significant spot differences between the different cells, in other 

words, no significant inter-sample variations. As shown in Figure 3.2, there are not a lot 

of observable differences between SCC9, SCC9-E-cad, and SCC9-Pg cells in the 

resultant 2D mini gels since the spots are visualized in such a small area of the mini gel. 

The most intense spots are similar in all gels. Many spots are faint due to the low amount 

of protein, typically loaded onto mini gels. In the next experiment, a larger gel format 

was used to increase the protein load, to be able to observe differences in not so abundant 

proteins.
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SCC9 cell line

SCC9-E-cad cell line

SCC9-Pg cell line

Figure 3.2 Reproducibility study of 2D gel electrophoresis of Human squamous 

carcinoma cells of the tongue. 100 jag total protein was loaded.
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3.3.1.2 Proteome Map Generated by 2D PAGE

The resultant large 2D gels of SCC9, SCC9-E-cad, and SCC9-Pg cells are shown 

in Figure 3.3, 3.4, and 3.5 respectively. The 2D gel of the SCC9 cells showed uneven 

polymerization of the second dimension gel. The horizontal streaking may be due to 

overloading of the sample or poor focusing of the spots. Note that the gel for SCC9-Pg 

broke during destaining because the gels are very fragile (only 1mm thick, 16X20 cm 

gels). However, the sample handling variation listed above does not hinder the inter-gel 

comparison. An inter-gel comparison of protein expression in SCC9, SCC9-E-cad, and 

SCC9-Pg cells indicate some differences, in particular, the quantity of a specific spot in 

one cell type is different in the other cells. These spots, numbered as 1, 2, 3, 4 in SCC9 

cells, 5, 6, 7, 8 in SCC9-E-cad cells, and 9, 10, 11, 12 in SCC9-Pg cells, show distinct 

changes between the cell types and were investigated further by performing trypsin 

digestion and subsequent peptide mass mapping by MALDI mass spectrometry and 

identification by MS/MS. Spot 4 in SCC9 cells show separated isoforms, whereas, the 

corresponding spot with similar pi and molecular mass coordinate in the other gels, spot 

8 in SCC9-E-cad cells and spot 12 in SCC9-Pg cells, just show one form. The poor 

MS/MS spectra obtained, likely from the low amount of protein available and difficulty 

in fragmentation of the selected peptides, inhibited the identification of spots 4, 8 and 12. 

The identification results from the spots are summarized in Table 3.2. The biological 

significance of these identified proteins needs to be investigated in the future.
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Figure 3.3 Protein profiling of SCC9 cells of the Human squamous carcinoma of the 

tongue by 2D gel electrophoresis MALDI MS.
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SCC9-E-cad cell line - 400 jag total protein
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Figure 3.4 Protein profiling of SCC9-E-cad cells of the Human squamous carcinoma of 

the tongue by 2D gel electrophoresis MALDI MS.
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Figure 3.5 Protein profiling of SCC9-Pg cells of the Human squamous carcinoma of the 

tongue by 2D gel electrophoresis MALDI MS.
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Table 3.2 Identification of proteins showing distinct changes in SCC9, SCC9-E-cad, and 
SCC9-Pg cells of the Human squamous carcinoma of the tongue by trypsin digestion, 
MALDI TOF MS and MS/MS analysis.

Protein Identity Cell Type
SCC9 SCC9-E-cad SCC9-Pg

Calreticulin precursor, 
pi 4.3, MW 48 kDa

Spot #1 Spot #5 Spot #9

Alpha enolase, pi 7.0, MW 47 
kDa

Spot #2 Spot #6 Spot #10

Peroxiredoxin (proliferation- 
associated gene A), pi 8.3, 
MW 22 kDa

Spot #3 Spot #7 Spot #11

Unidentified Spot#4 Spot #8 Spot#12

The resultant 2D gels of protein extracts of SCC9, SCC9-E-cad, and SCC9-Pg 

cells display the proteome map in a concise manner and allow for a direct comparison of 

the expressed proteins. However, observing differences in protein expression on a 2D gel 

is limited by the close separation of many protein spots having similar pi and MW values 

onto a small area of the gel. Improvement in the procedure is necessary to simplify the 

complex mixture using the 2D gel approach, for example, using narrow pH range IPG 

strips can be used to zoom in and expand the gel image for better separation. With each 

additional step, sample loss can be critical. The preliminary work in profiling of the 

proteins in SCC9, SCC9-E-cad, and SCC9-Pg cells by the method of 2D gel 

electrophoresis visualized proteins between 20 to 100 kDa proved to be quite labour 

intensive.

2D gel electrophoresis followed by protein identification by mass spectrometry
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has been the conventional method in proteome analysis. The direct comparisons of 

protein expression and identification of the differentially expressed proteins between 

normal and tumour tissues have been well suited for biomarker discovery in various 

cancers, such as liver, bladder, lung, esophageal, prostate and breast.6 Limitations of the 

2D gel approach are the large amount of starting protein required, the unreliable detection 

and identification of low abundance proteins and low throughput, requiring days for 

analysis. The development of integrated systems that use robots to automatically pick 

specified spots on a two-dimensional gel, perform enzymatic digestion, and process the 

samples for analysis through MALDI TOF MS offer a more rapid approach, however 

extensive effort of the investigator is still required. The method used for profiling of 

protein expression in the lower mass range, <20 kDa, is similar to previous work by 

Wang et al27 applied towards bacteria differentiation through the detection of unique 

‘biomarkers’ or organism-specific ions. In the following sections, the methods of direct 

MALDI MS analysis of the extract solution and performing HPLC to fractionate the 

complex extract mixture to simplify the MALDI mass spectra were compared.

3.3.2 Protein Profiling by Direct MALDI MS and RP HPLC Offline MALDI MS

The extraction from tissue with 0.1% TFA was used to selectively precipitate 

large proteins while enhancing the solubility of smaller proteins and peptides due to their

• • 78 • « ♦ion-pairing properties. TFA is volatile and compatible with subsequent fractionation by 

reversed phase HPLC. Acid cleavage of proteins containing Asp-Pro sequences may 

contribute to the population of lower MW peptides in the extracts.29 It is possible that 

we observed fragments of a larger protein due to acid cleavage, which complicates the
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extract mixture. The one-dimensional gel (not shown) of the TFA extract of the 

squamous carcinoma cells of the tongue show that the proteins present in the extract also 

include proteins of high MW range, above 20 kDa. However, the reliable detection of 

proteins in the MW range below 20 kDa in the extract is observed with the technique of 

MALDI MS. The potential biomarker proteins detected in the MW range below 20 kDa 

could also be a fragment peptide of a larger protein.

3.3.2.I Direct MALDI MS

While the direct MALDI MS (1 pg in 10 pL HCCA solution) is used to preview 

the proteins in the total cell extract, the HPLC offline MALDI MS (~50 pg protein 

loaded) is used to separate proteins into 1 min fractions and detect the proteins in the 

extract mixture by minimizing effects from ion suppression. In this comparative study, 

the water-soluble low mass proteins (<20 kDa) are detected in the mass spectra, labelled 

and then catalogued in mass tables, with the potential identified protein in the extract 

being represented by their m/z value. The multiply charged species were not included in 

the mass tables, but only peaks corresponding to singly charged species having higher 

than signal-to-noise (S/N) ratio of 3 were labelled. As mentioned in the experimental, an 

external mass calibration was done in the mass range of 4-12 kDa using horse 

cytochrome c and its multiply charged species and dimer. With external calibration, the 

mass measurement accuracy is normally better than 0.05%. The mass specta of the direct 

MALDI MS experiment is shown in Figure 3.6 and the data is summarized in Table 3.3, 

which can be compared with that obtained using the HPLC offline MS in Table 3.6. In 

the mass tables, the matched masses are placed along the same row for each cell line to 

indicate that they may have potentially the same identity. However, the same m/z value
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detected in several extracts and/or fractions may not have the same identity. In this 

preliminary work, peaks having similar m/z values are recognized as potentially 

representing the same identity.

The total number of proteins observed using direct MALDI MS, summarized in 

Table 3.3, are 8 proteins for SCC9, 6 proteins for SCC9-E-cad, and 12 proteins for 

SCC9-Pg cell lines. LC fractionation used to simplify the complex extract mixture prior 

to MS analysis is clearly an advantageous step in protein profiling. The resulting mass 

spectra are much improved in the S/N ratio, resolution and mass accuracy and also more 

peaks are detected in the extract using HPLC offline MALDI MS. The fractionation 

reduces the number of proteins present in the resulting MALDI sample spot, minimizes 

effects of ion suppression from more ionisable proteins and allows for a higher 

probability for each protein to be detected. In the direct MALDI MS experiment, the 

variation in concentration of the proteins means that the signal from the less abundant 

proteins will be insignificant compared to the high abundant proteins in the total cell 

extract (a dynamic range issue), which have led to the higher number of detected species 

when HPLC offline MALDI MS was used. The HPLC chromatograms of the squamous 

carcinoma cells are shown in Figure 3.7.

Although direct MALDI MS analysis is a straightforward method, it clearly 

suffers from the inability to detect a large number of components present in the cell 

extracts. In contrast, LC/offline MALDI MS analysis can detect 5-10 components in one 

particular fraction. For example, compare the mass spectra of the direct MALDI MS in 

Figure 3.6 to one fraction, the fraction at time 24 min, of the HPLC offline MALDI MS 

experiment, shown in Figure 3.8. The fractionation helped to detect many more
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components in the cell extract in the MALDI MS by reducing ion suppression effects. 

Using one-dimensional HPLC separation, each fraction consists of many protein 

components. Thus, ion suppression still remains an obstacle, although not to the same 

extent as with direct MALDI MS. Another reason for a protein not to be detected by 

HPLC offline MALDI MS is that some proteins could have eluted into several adjacent 

HPLC fractions and become too dilute to be detected after HPLC fractionation. The 

potential for protein loss during sample workup, such as protein concentration by solvent 

evaporation in individual fractions, can also contribute to the differences observed.

Table 3.3 Protein profiling of SCC9, SCC9-E-cad and SCC9-Pg cells of the Human 
squamous carcinoma of the tongue by direct MALDI MS. ([M+H]+) refer to the singly 
protonated molecular ions detected and are listed by their m/z values. *This is the 
oxidized component of ~6513.

SCC9 SCC9-E-cad SCC9-Pg
[M+H]+ [M+H]+ [M+H]+

2979
3456 3456

3889
4631

4938 4937 4937
4965

5357
6277 6276
6513 6512 6527ox*
6649 6647 6647

8450
9262
11301 11303 11308
13770 13769 13770
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Figure 3.6 Mass spectra of direct MALDI MS of Human squamous 
carcinoma cells.
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Figure 3.7 HPLC chromatograms o f Human squamous carcinoma cells.
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3.3.2.2 Reproducibility Study of the HPLC Offline MALDI MS Method

The HPLC MALDI MS data collected three times for the same extract of SCC9 

cells (Table 3.4) was overall reproducible indicating that the separation and 

collection/detection of the proteins using this method was successful for this complex 

extract mixture. The data represented is more reproducible in the lower mass range, < 

10,000 Da. Although, less reproducibility is observed in the high mass range, the data 

can still be credited as reproducible since problems in the detection of high mass proteins 

is inevitable in MS. The peaks in the mass spectra in this range are generally broader and 

give rise to poorer mass accuracy. The problem in mass accuracy also makes it difficult 

to judge whether the peak is the oxidized peak since the acceptable range of 15-17 Da 

and 31-33 Da can be increased when the error is large. Oxidation will limit the detection 

of real peaks and complicate the analysis. More rigorous sample preparations to prevent 

oxidations during sample work up should be investigated.

The decrease in reproducibility at the high mass range may be due to the difficulty 

of detecting larger proteins and the associated problem with mass accuracy when the 

peak is broad with low S/N. This is also in agreement that detection sensitivity is worse 

when MW increases. Therefore, the reproducibility of the extraction method of the cells 

is dependent on the mass range of the proteins. However, the reasons for decreased 

reproducibility in the high mass end of the mass spectra can also be attributed to the 

difficulty of extracting larger proteins due to precipitation problems and sample loss. In 

this experiment, the same extract is run three times using HPLC offline MALDI MS, all 

proteins in the extract should be detected in all of the repeated runs. This was not the 

case and therefore, the error lies in the difficulty in the detection of high masses in MS
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and/or differences in sample recovery after HPLC and differences in ionization during 

MS.

Table 3.4 Reproducibility study of RP HPLC offline MALDI MS of the Human 
squamous carcinoma cells of the tongue, three repeated runs of the same extract mixture 
of SCC9 cells. The component with potential oxidation is labeled with ox.

Trial #1 Trial #2 Trial #3
TM+Hf [M +Hf [M +Hf

2735
2979 2979 2979

3832
3889 3890 3889

3947
3991 3992

4052
4140 4139 4139
4792 4767 4788
4824 4808 4806
4938 4937 4937
4964 4964 4964
5023 5021
5355 5354 5354
5549 5549 5549

5752
5992

6154
6219 6224 6221
6276 6273 6274
6295
6327 6329 6327
6363 6361 6364
6386 6388

6403 6400
6447
6513 6514 6514
6649 6647 6648
6722 6720 6722
6763 6762
6920
6995

7044
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7176 7174
7343 7347
7445
7704 7706 7708

7728
7800 7804

7881 7885 7885
7932

8407 8405
8449 8450 8452
8563 8566
8603

8860
8959 8957
9153 9151 9153
9261 9262 9264

9318
9333 9338

9370
9412 9416 9413
9515 9518 9514
9567 9572
9662 9664 9662
9979
10043 10043 10044
10097 10100 10103
10139 10144 10145

10228 10234
10274 10272
10347 10346 10348
10443 10443
10517 10522
10612 10615
10742 10738 10749

10750
10812

10829 10831 10834
10839
10940

10953 10946
11073 11072 11075
11154 11156 11154
11305 11302 11307

11313
11347 11345 11346
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11387
11406 11406 11407
11649 11645 11653
11731 11732
11752 11758 11769
11832 11839 11830
11899

11952
11983 11983 11987
12067 12066
12112 12111
12168 12166 12173
12322 12332 12321
12445 12454 12452
12646

12657
12882
13157 13161 13163
13432 13431 13434
13532 13536

13640
13786 13770

13776 13787
13819 13816
13848 13848
13973 13974 13971
14002 14002 14007

14024
14044 14038 14045
14160 14163 14168
14300 14299 14302

14354
14332
14422 14420
14494 14492 14498

14762
14707

14922 14938
15050

15059
15186

15205
15308
15337 15344 15348
15380
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15419 15418
15466 15464 15472
15478
15495 15490
15665 15668 15684ox
15722

15694
15748
15835

15924
15934 15938
16144 16148 16147

16316
16348

16796
16813

16824 16826
16836

16955 16947 16962
17072

17097 17097
17105 17105

17144
17185
17257 17263 17262
17398
17629 17631 17636

17642
17774 17784 17781
17875 17873 17882
17926 17924

17989
18020 18029 18032
18060
18330 18346ox
18421 18423
18427

18470
18742
18959 18950 18966ox

19633
19701 19692 19701

19892
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3.3.2.3 Reproducibility Study of Extraction Method

In the reproducibility study of three different extractions of SCC9 cells and the 

analysis by HPLC offline MALDI MS (Table 3.5), a similar set of proteins were detected 

in each extraction. However, more similarities were observed for masses < 10,000 Da (as 

observed in Table 3.4), meaning that the reproducibility of the experiment is better in this 

range. For proteins with higher mass (mainly >10,000 Da), reproducibility is not as 

good, as discussed above.

The times of elution of a particular mass that matched in all three different 

extractions of SCC9 cells is very reproducible. For example, in Figure 3.8, the 

component at m/z 6649 is observed in all three different extractions of SCC9 cells at 

times 24 and 25 minutes. Peaks with similar m/z values appear in several fractions that 

are not adjacent to each other are frequently observed due to retention differences during 

separation by HPLC of the particular protein (this is recorded as the averaged value in 

one trial indicated by bolding the masses). The component at m/z 10,836 is observed in 

several fractions, at times 21, 35, and 36 minutes (refer to Figure 3.9). A small portion of 

the protein with m/z -10836 is first eluted off at 21 minutes compared to other 

components in the fraction. At 36 minutes, the peak with m/z -10836 is the major 

component in the fraction. This is commonly observed in HPLC separations involving 

complex mixtures in which the more highly retained component may elute in several 

fractions before all is eluted off the column. This may also hinder the detection of the 

low abundance proteins if its components are divided in multiple fractions.
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Figure 3.8 (A) Mass spectra o f an HPLC offline MALDI MS 
experiment o f a fraction at time 24 minutes. (B) The component at m/z 
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Figure 3.9 Mass spectra o f HPLC offline MALDI MS o f  SCC9 cells. 
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Table 3.5 Reproducibility study of RP HPLC offline MALDI MS of the Human 
squamous carcinoma cells of the tongue, three runs of three different extract mixture of 
SCC9 cells. The component with potential oxidation is labeled with ox.

Trial #1 Trial #2 Trial #3
[M +Hf [M +Hf [M+H]+

2980 2979
3890 3906ox 3889

3990
4053 4052
4140 4140 4139
4793 4794 4792

4808 4807
4939 4938
4966 4981ox 4964

5023
5357 5357 5355
5550 5550
6070
6222 6222 6220

6232
6275 6276

6298 6300
6330 6329
6347 6349
6365 6363

6400 6400
6448

6459 6457
6512 6513 6514
6581
6649 6650 6649

6690
6722
6779
6824
7647

7704
7802

7883 7882 7883
8181 8181
8239 8238 8239

8293
8404 8409
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8448 8449 8449
8563 8563 8564
8959 8957 8958
9151 9150 9152
9261 9262 9262
9313

9367
9413 9412 9412
9514 9517 9517
9533
9568 9565 9569

10098 10095
10109
10200

10143
10274

10348 10347
10518 10519

10525
10613 10607

10623
10748 10750 10752
10836 10836 10838
10896

11096
11110

11152 11156
11298 11299

11307
11652 11655 11650

11730
11751 11747 11754

11761
11832 11830

11840
11988 11986

11999
12116 12110

12167
12180
12290 12291

12321 12323 12325
12454
12644

13448
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13651
13791ox 13774

13831 13830
13841
14004 14007

14159 14163 14163
14309

14863
15056 15053

15112
15143
15229

15262
15320

15333
15376 15380

15422
15444

15460
15470 15478
15617

15686 15687 15672
15948

16285
16646
16762

16860ox 16843
16952 16959

17097
17107 17114
17266 17260

17652 17650
17672

17817
17898 17903

17929
18334 18343

18457
18470
18928

18962
19701

19722
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3.3.2.4 Profiling of Protein Expression in Squamous Carcinoma Cells by RP HPLC 

offline MALDI MS

The goal in this initial work was to view the changes in protein expression of 

SCC9 cells transfected with Pg and E-cad since these proteins were lacking in the 

transformed cells. The comparison of protein expression of SCC9, SCC9-E-cad, and 

SCC9-Pg cells is portrayed in a mass table in Table 3.6 and in a Venn diagram in Figure 

3.10. With external mass calibration, the mass measurement accuracy is normally better 

than 0.05%. Only those proteins with m/z values within 0.05% error margin were 

deemed as potentially having the same identity in SCC9, SCC9-E-cad, and SCC9-Pg 

cells and are represented along the same row in the mass table. Using HPLC offline 

MALDI MS, 60 proteins for SCC9, 37 proteins for SCC9-E-cad, and 56 proteins for 

SCC9-Pg cells were detected and are listed by their m/z values in Table 3.5. The number 

of proteins detected by HPLC offline MALDI MS that were also detected by direct 

MALDI MS are 7 out of 8 proteins for SCC9, 3 out of 6 proteins for SCC9-E-cad, and 8 

out of 12 proteins for SCC9-Pg cells (compare Table 3.2 and Table 3.5). Therefore, the 

additional proteins detected using HPLC offline MALDI MS compared to the direct 

MALDI MS method are 53 proteins for SCC9, 34 proteins for SCC9-E-cad, and 48 

proteins for SCC9-Pg cells. The total number of proteins detected by both methods are 

68 proteins for SCC9,43 proteins for SCC9-E-cad, and 68 proteins for SCC9-Pg cells.

108

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table 3.6 Protein profiling of SCC9, SCC9-E-cad, and SCC9-Pg cells of the Human 
squamous carcinoma of the tongue by RP HPLC offline MALDI MS.

SCC9 SCC9-E-cad SCC9-Pg
TM+Hf fM+H]+ [M+H]+

2980 2978 2979
3890 3889 3889
4053 4053
4140 4139 4140

4199
4675 4676

4785
4793
4939 4937 4938
4966 4964 4965
5357 5352 5355

5515
5550

5629 5630
6070

6175
6217

6222
6275 6273

6300
6306

6400
6440

6459
6512 6511 6513
6581
6649 6648 6649

6711
6762
6780
6922
7176
7446

7883
8095

8181 8179 8182
8239
8404
8448 8448 8451
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8563 8563 8565
8959
9151 9153
9261 9261 9260
9313

9369
9413
9514
9533 9528 9536
9568
10109 10099 10104
10200

10283 10279
10346

10518
10531 10526

10613 10613
10748

10826
10836

10844
10896

10948
11152
11298

11305
11317

11324
11376

11652
11668
11729 11725

11751
11832 11825 11830

11986 11988
11999

12177 12172
12298

12321
12351
12463

13651
13762

13783
13831
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13849
14004 14000
14016 14013
14027 14023

14159
14293

14863
15112
15143
15229

15336
15347

15376
15460

15686 15693
15834

16646
16762
17097

17185
17215

17652
17883

18334
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SCC9
(control)

SCC9-E-cad 
( t  E-cad)

SCC9-Pg
( tPg)

Figure 3.10 Venn diagram o f protein profiling o f SCC9, SCC9-E-cad 
and SCC9-Pg cells o f the Human squamous carcinoma o f the tongue by 
HPLC offline MALDI MS.
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The proteins that are commonly expressed between SCC9, SCC9-E-cad, and SCC9-Pg 

cells are displayed in the Venn diagram in Figure 3.10. When E-cad expression was 

introduced in SCC9 cells, a drastic decrease in the amount of proteins was observed in 

the SCC9-E-cad cells. In total, 37 proteins in SCC9-E-cad cells are detected by HPLC 

offline MALDI MS compared to 60 proteins in SCC9 cells, and among which 16 proteins 

are mutually observed. While the introduction of Pg expression produced a similar 

amount of proteins detected in the resulting SCC9-Pg cells compared to SCC9 cells, only 

19 proteins are commonly expressed in both cells. The introduction of E-cad and Pg 

expression produced significant changes in the protein expression in SCC9-E-cad and 

SCC9-Pg cells. The variation in the proteins detected as compared to SCC9 cells may 

suggest the presence of biomarkers that are involved in tumor-suppressive effects leading 

to the transition from cancer (fibroblastoid) to normal (epidermoid) morphology observed 

in these cells.15,16 The initial protein profiling in this work holds great promise for the 

identification of the differentially expressed proteins and investigation of potential 

biomarkers in the future work.

The adhesion of cells to their neighbors is important for maintaining tissue 

architecture and cell polarity and regulating major cellular processes that are essential for 

motility, growth, differentiation, and survival. The disruption of normal cell-cell 

adhesion in transformed cells may result from down regulating the expression of cadherin 

or catenin cell adhesion molecules or by activation of signalling pathways that prevent AJ 

assembly.20 The control SCC9 is a Pg and E-cad deficient squamous carcinoma cell line. 

SCC9 cells express a- and (3-catenins and N-cadherin but do not assemble desmosomes 

and display typical fibroblastic morphology of transformed cells.15,16 The transformed
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phenotype of SCC9 cells could result from decreased adhesive properties due to the 

absence of E-cad or Pg.16 As observed in SCC9 cells, loss of E-cad expression eliminates 

AJ formation while re-establishment of AJs in cancer cells by restoration of cadherin 

expression, as observed in SCC9-E-cad cells, exerts tumor-suppressive effects, including 

decreased proliferation and motility. The cells became flatter, formed tight epithelial 

monolayers and showed growth and adhesive properties typical of epidermoid 

morphology. The transition of 'transformed' to 'normal' phenotype coincides with 

downregulation of the endogenous N-cadherin and increased synthesis and stability of the 

catenins. The introduction of Pg expression in SCC9-Pg cells enabled desmosome 

assembly and increased adhesivity and similarly, induced a fibroblast to epidermoid 

transition.16 However, unlike the effects of introduction of E-cad expression, these 

changes from introduction of Pg corresponded with increased level and stability of N- 

cadherin and decreased level and stability of P-catenin without any significant effects on 

a-catenin.

The opposite findings in N-cadherin and P-catenin levels from the introduction of 

E-cad and Pg expression that both led to the transition to normal morphology of the 

transformed cells suggests multiple signalling pathways promoting cell adhesion. The 

introduction of E-cad expression could be acting directly by activating an E-cad-specific 

signalling pathway, or indirectly by disrupting an N-cad-specific signalling pathway. N- 

cadherin has similar properties of other classical cadherins, such as solubility, subcellular 

localization and interactions with a- and P-catenin. The development of the transformed 

phenotype may result from mutations in N-cadherin of SCC9 cells that could hinder its 

binding to other cadherins or its interactions with the catenins for normal AJ assembly,
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whereas, reintroduction of a functional cadherin, E-cad, can restore normal cell 

adhesion.15 Evidence for a possible reason behind the increased adhesivity in the induced 

Pg-expressing cells point towards the reduction of P-catenin levels, which indicates the 

presence of a functional APC pathway in SCC9 cells. The identification of the 

differentially expressed proteins may provide insight into what proteins and mechanisms 

are involved in the cadherin-catenin complexes that function as suppressors of invasion 

by regulating the integrity and organization of epithelial tissues.

The interaction between the cytoplasmic tail of cadherins with the p-catenins and 

subsequent interactions of P-catenins with a-catenins and the a-catenins with the actin 

cytoskeleton is critical for the establishment of stable and functional AJs. Catenin 

mutations that prevent this interaction have been reported in different types of cancer. 

Reduced a-catenin expression correlated significantly with a poor prognosis in patients 

with esophageal squamous cell carcinomas.30 A homozygous deletion of the a-catenin 

gene, CTNNA1, leading to loss of cell-cell adhesion, has been found in a human lung 

cancer cell line.31 The introduction of wild-type a-catenin into these cells restores 

normal adhesion. The regulation of a-catenin is critically important in AJ assembly and 

should be studied in the future work.

3.4 Conclusions

In this initial work, the methods of 2D gel electrophoresis with MALDI MS and 

RP HPLC offline MALDI MS were used to profile proteins extracted from squamous 

carcinoma cells and the results indicate that they are powerful methods for profiling 

expressed proteins in tumor cells. Sequence information of the differentially expressed
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proteins and biomarkers in SCC9, SCC9-E-cad, and SCC9-Pg cells, may be investigated 

further in the future work using tandem mass spectrometry. In order to identify the 

protein, its sequence must be present in the database. Only a small fraction of known 

human proteins have been sequenced and therefore the identity of expressed 

oncoproteins, even if they exist in the extract, may be difficult. Therefore, differential 

protein profiles could serve as biomarkers themselves, whereby different cell lines may 

be compared on a global level to assess changes in a disease state or to distinguish 

specific states during disease progression. With sufficient separation of the complex 

lysate, MALDI MS may prove to be an important analytical tool for detection and 

profiling of oncoproteins in different cell lysates as well as an important diagnostic tool 

for monitoring changes in the proteome.

It is possible that the biomarkers have a higher molecular weight and/or different 

solubility than employed in this study. The extraction method should simplify the 

challenge of profiling the components of such a complex mixture for proteomics studies. 

Usually acid or detergent is used to extract tissue samples to yield a complex mixture of 

proteins of various size and abundance.28 A more extensive solubilization method and 

sample preparation should be investigated in the future work.32 To generate a mass table 

which is a better represention of the protein components in the cell extracts, the results 

from an ESI MS experiment may be combined for complementary information.

One of the most critical components in proteomics is sample preparation. This is 

important because it may affect reproducibility, from the time of sample collection to the 

point when proteins are introduced for analysis, multiple factors come into play. Efforts 

should be made to process all the samples in as similar a manner as possible.
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Improvements in the sample preparation are necessary to reveal more less abundant 

proteins. The challenge in the detection of low abundance proteins arise from the 

required dynamic range of proteins in biological systems, in the ppm range or lower.3 

Preventing sample loss during the various steps, such as during the desalting step, may 

produce a proteome map better representing the total protein in the extract. Membrane 

proteins are diverse and important in many functions such as the uptake of nutrients, 

removal of waste, serve as receptors, and involved in complex degradative and 

biosynthetic reactions essential for cell existence. The aqueous conditions employed in 

LC and ESI limit the detection of peptides from membrane proteins, which are currently 

underrepresented in global proteomic studies. Therefore, a more detail look at the 

potential membrane proteins which may be lost during the sample handling, may provide 

the evidence for potential biomarkers in the extract. Efforts to improve separation and

unambiguous identification of proteins in the future work can be labour intensive.

However, the procedure could be automated to help simplify the investigation, for 

example, by performing an automated 2D HPLC combined with MS/MS experiment.
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Chapter 4 

Conclusions and Future Work

Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry 

combined with separation techniques remains to be a powerful method for proteomic 

analysis. For reliable protein identification, peptide mass mapping using MALDI MS in 

conjunction with MS/MS for sequence information are necessary. The sufficient 

separation of the complex lysate, including methods of digestion, polyacrylamide gel 

electrophoresis and liquid chromatography, is equally important for detection and 

profiling of protein expression.

In Chapter 2, in-gel CNBr cleavage followed by trypsin digestion was 

demonstrated to be useful for peptide mapping of hydrophobic proteins. Multiple 

contributing factors are involved in peptide recovery from an in-gel experiment, 

including digestion efficiency, peptide extraction efficiency, sample loss during sample 

workup, and ion suppression in MS detection, which are especially critical for analysis of 

hydrophobic and low abundance proteins. The rationale behind the order of digestion in 

this sequential digestion method was that the chemical cleaving reagent such as CNBr is 

expected to be more readily interacting with the hydrophobic sites of a membrane protein 

in gel, compared to a protease which is bulky and must retain its optimal conformation 

for activity. After CNBr digestion, the smaller fragments are expected to be more 

accessible to trypsin for further digestion. The data presented appears to support this 

hypothesis. The smaller peptides generated also have enhanced efficiency to be extracted 

from the gel by the passive-elution method.

This method was optimized to detect low amounts of membrane proteins that can
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be visualized in gel by Coomassie staining method. The use of «-octyl-/3-D- 

glucopyranoside in the digestion buffer can aid in the solubilization of hydrophobic 

peptides and improve the peptide signals. Bacteriorhodopsin (BR), a model hydrophobic 

membrane protein, can be identified from as low as 8 pmol starting sample, compared to 

nanomolar amounts often used in method developments toward membrane protein 

analysis by other groups reported in the literature. It was demonstrated that the sequence 

coverage obtained for BR, as well as the recovery of peptides within the transmembrane 

region was significantly improved using the CNBr/trypsin digestion method. The sub

microgram detection is adequate for many proteomics application and is comparable to 

the detection limit of using Coomassie staining of membrane proteins, in which a distinct 

band is visible with the naked eye.

The application of this method towards nitrate reductase 1 gamma chain (NAR I 

E. coli), a recombinant penta-transmembrane protein and a complex protein mixture 

extracted from the endoplasmic recticulum (ER) membrane of mouse liver, verified its 

vital role in detection and subsequent identification of hydrophobic proteins that were not 

easily characterized from trypsin-only digested peptides. The examples illustrate that, for 

membrane proteins that can be digested by trypsin-only, the CNBr/trypsin digestion 

method can provide additional peptides for the purpose of protein identification. The 

processes involved in data interpretation were presented for the results for Band U7, a gel 

separated -70 kDa band from the urea-insoluble fraction of the ER membrane. The use 

of CNBr/trypsin digestion has allowed the identification and confirmation of more 

proteins than otherwise possible. It was possible to identify the ATP-binding protein 

with greater confidence with the aid of CNBr/trypsin cleavage.
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The data presented also illustrates limitations of the MALDI MS and MS/MS 

technique and the importance in obtaining complementary sequence information when a 

complementary technique such as ESI MS was also used for protein identification of a 

complex lysate. A number of peptide ions detected in both trypsin and CNBr/trypsin 

digests of ER membrane proteins were selected for MALDI MS/MS. However, 

searching these MS/MS spectra against the database did not identify the proteins with 

high confidence (i.e., each spectrum produced a number of possible candidates with 

similar low scores in MASCOT). Generally, the MALDI-QqTOF instrument can reliably 

identify all of the components in a mixture that contains only a few components whose 

relative abundances differ by a factor of ~10. More complex mixtures may be 

investigated by LC/ESI-MS with on-line MS/MS capabilities. The complementary set of 

peptides detected and identified by ESI MS/MS enabled improved sequence coverage for 

greater confidence of the identified protein and allowed identification of proteins that was 

not otherwise possible.

In Chapter 3, expression proteomics was applied to the cells of human tongue 

squamous carcinoma cell line, which has been shown to have decreased adhesive 

properties compared to normal cells. The purpose of this initial work is to look at the 

changes in protein expression of SCC9 cells transfected with Pg and E-cad since these 

proteins were lacking in the transformed cells. The proteomic profiling of these 

transformed cells has not been previously investigated in the literature. The study is used 

to obtain a better understanding of the cadherin-catenin system in the regulation of cell 

proliferation, invasion, and intracellular signalling during cancer.

The protein profiling by three analysis methods were compared: 2D gel
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electrophoresis, direct MALDI MS and HPLC fractionation with offline MALDI MS. 

The traditional method of 2D-gel electrophoresis is still a valuable tool for diagnostic 

purposes and monitoring of distinct protein changes in different cell states. Direct 

MALDI MS was used to preview the total cell extract in the cancer cells. HPLC prior to 

MS analysis was used to simplify the complex extract by reducing ion suppression effects 

and the detected low mass proteins were catalogued in a mass table. LC fractionation 

used to simplify the complex extract mixture prior to MS analysis is clearly an 

advantageous step in protein profiling. The resulting mass spectra are much improved in 

the signal-to-noise ratio, resolution and mass accuracy and also more peaks are detected 

in the extract compared to direct MALDI MS. The fractionation reduces the number of 

proteins present in the resulting MALDI sample spot, minimizes effects of ion 

suppression from more ionisable proteins and allows for a higher probability for each 

protein to be detected. The data presented from the method of HPLC offline MALDI MS 

is more reproducible in the lower mass range, < 10,000 Da. Although, less 

reproducibility is observed in the high mass range, the data can still be credited as 

reproducible since problems in the detection of high mass proteins is inevitable in MS. 

The peaks in the mass spectra in this range are generally broader and give rise to poorer 

mass accuracy. Therefore, future works should include improvements towards the 

detection of higher masses.

The initial protein profiling in this work holds great promise for the identification 

of the differentially expressed proteins and investigation of potential biomarkers. 

Sequence information of the differentially expressed proteins and biomarkers in SCC9, 

SCC9-E-cad, and SCC9-Pg cells, may be investigated further using tandem mass
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spectrometry. To be identified, the protein sequence must be present in the database. 

Only a small fraction of known human proteins have been sequenced and therefore the 

identity of expressed oncoproteins, even if they exist in the extract, may be difficult. 

Therefore, differential protein profiles could serve as biomarkers themselves, whereby 

different cell lines may be compared on a global level to assess changes in a disease state 

or to distinguish specific states during disease progression. The direct comparisons of 

protein expression and detection of the differentially expressed proteins by the methods 

employed in this work were demonstrated to be well suited for biomarker discovery.

It is possible that the biomarkers have a higher molecular weight and/or different 

solubility than employed in this study. The choice of extraction method should simplify 

the challenge of profiling the components of such a complex mixture but should also 

facilitate the results to be a true representative of the proteome of the system. A more 

detailed look at the potential membrane proteins and low abundance proteins, which may 

be lost during the sample preparation method employed, may provide the evidence of 

potential biomarkers in the extract. To generate a mass table, which is a better 

represention of the protein components in the cell extracts, the results from an ESI MS 

experiment may be combined for complementary information. Efforts to improve 

separation and unambiguous identification of proteins in the future work can be labour 

intensive. However, the procedure could be automated to help simplify the investigation, 

for example, by performing an automated 2D HPLC combined with MS/MS experiment. 

Finally the LC MALDI work described in Chapter 3 was limited to qualitative 

comparison of protein expression profiles from different cell lines, thus, the development 

of methods for quantitative analysis of proteomes will be required.
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