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Abstract

While membrane proteins play critical roles in many biological functions and are
often the molecular targets for drug discovery, their analysis presents a special challenge
largely due to their highly hydrophobic nature. Recently, the shotgun proteomics
approach has emerged as a powerful technique for proteome identification and
quantitation. It is based on the digestion of proteins from extracts of whole cells,
organelles, or specific fractions of thereof, followed by liquid chromatography tandem
mass spectrometry analysis of the resulting peptides.

In this thesis, the shotgun proteomics approach is further developed to tackle
membrane protein analysis. Because membrane proteins are not easily dissolved in
water, surfactants are employed for membrane protein solubilization. However,
surfactants, especially sodium dodecyl sulfate (SDS), have been found to be detrimental
to mass spectrometric signal by some of the researchers, whereas others have found that
SDS did not deteriorate the mass spectrometric signal. This controversy was resolved
from part of the work described in this thesis. It was found that for SDS-containing
samples, the intensity of the MALDI signals can be affected by the conditions of sample
preparation: on-probe washing, choice of matrix, deposition method, solvent system, and
protein-to-SDS ratio. However, under appropriate conditions, the two-layer method gave
reliable MALDI signals for samples with levels of SDS up to ~1%. The mass resolution
issue was also addressed and a method was developed to improve the resolution.

Furthermore, the surfactants’ effects on protein digestion and mass spectrometric
response were studied and a SDS-aided in-solution digestion for membrane protein

identification method was developed. The developed method was validated by protein
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identification from a membrane protein fraction of a human cell line, with two shotgun
approaches, LC/ESI and LC/MALDI MS/MS techniques. The developed in-solution
method was also compared with the conventional gel electrophoresis approach in terms
of protein identification. It was found that the three techniques are complementary to
cach other and a preferred proteomics studies should include all of them. The in-solution
method was further applied to the analysis of lipid raft proteins and was optimized with

multi-dimensional separation technique to obtain a more comprehensive proteome map.
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Chapter 1

Introduction to Mass Spectrometry for Proteomics

Understanding proteins and their functions is essential to a better and clearer
understanding of biologically important processes and systems. It was hypothesized that
deciphering the genetic codes of organism might enable such an understanding.
However, it was soon realized that the genetic codes alone could not give all the
information needed to understand the complex world of proteins and their functions [1].
This complexity is attributed to the complicated three-dimensional structures of proteins
and the multifold possibilities of post-translational modifications leading to multiple
functions of a single protein in different environments. To get an idea on functional
correlations of proteins in a given tissue it is therefore imperative to identify all of them.
The Global analysis of all expressed proteins in a cell, tissue or organelle is termed
proteomics.

The science of proteomics involves the detection, identification, and
characterization of the protein expression, function, activity, regulation and post-
translational modification in post-genomic state [2, 3]. The technologies engaged in such
analyses integrate separation science for separation/purification of proteins and peptides,
analytical science for identification and quantification of the proteins or peptides of
interest and bioinformatics for data management and analysis. Mass spectrometry (MS)
is the center technology for proteomics studies, especially for the identification and
sequencing of protein, or the characterization of the state of post-translational

modifications and protein-protein or protein-complex interactions.
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The beginning of the mass spectrometry technique dates back to the early days of
the last century. However, in the last decade, mass spectrometry has played an important
role in the identification of biological molecules. Technical breakthroughs in the 1980°s
lead to the development of two “soft” ionization methods, electrospray ionization (ESI)
[4-6] and matrix-assisted laser desorption/ionization (MALDI) [7-9]. These two
ionization methods make it possible to generate ions from large non-volatile analytes
such as proteins and peptides without significant decomposition or fragmentation. And
thus, the analysis of proteins has been changed fundamentally and this makes the analysis
of large intact proteins possible [10]. Indeed, development in mass spectrometry has
been the major driving force for the establishment and advances of the new field,
proteomics [11-13].

The following two sections will be a brief overview of the principles on the mass

spectrometry and protein identification methods.

1.1  Mass Spectrometry

The principle of mass spectrometry is based on the measurement of the mass to
charge ratio of ions in gas phase. Hence, the analytes need to be ionized and converted to
gas phase at the mass spectrometer source region. Those ions from the source region are
brought into and separated by a suitable mass analyzer, and then recorded by a detector as
ion currents and displayed as a mass spectrum. Three different principles may be applied
to achieve the mass separation: separation on the basis of time-of-flight (TOF), separation
by quadrupole electric field, or separation by selective trapping of ions from a three-

dimensional trapping field (ion trap or FTICR). For peptide sequencing analysis, two
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steps of mass spectrometry are performed in tandem (tandem mass spectrometry or
MS/MS), which may be achieved by employing the same principle twice or by
combination of the two different principles. Both MALDI and ESI can in principle be
coupled with any one from these three separation methods. MALDI typically produces
ions in pulsed intervals under vacuum, making it most suitable for coupling with TOF
MS. Electrospray produces ions continuously at atmospheric pressure, making it

amenable to coupling with ion trap or quadrupole MS.

1.1.1 MALDI-TOF MS

MALDI was introduced by two laboratories of Tanaka [9] and Hillenkamp [7, 8]
independently as improvement to laser desorption/ionization in 1987. The MALDI event
involves the analytes of interest, use of matrix, a suitable solvent, the probe surface and a
laser. Figure 1.1 shows a schematic diagram of MALDI. The analyte is dissolved in a
suitable solvent, typically methanol, acetonitrile, water or mixture of these. The matrix is
also dissolved in an appropriate solvent. Once these solutions are prepared, they are
mixed under an appropriate matrix-to-analyte ratio (typically >500:1) and deposited onto
the sample probe surface allowing it to dry. The solvent evaporates and matrix and
analyte co-crystallize on the target probe. The resulting solid is then irradiated by
nanosecond laser pulses, typically a short pulse of ~3 ns duration and power of ~10°
W/em® with wavelength of 337 nm. The large amount of laser energy is absorbed
cfficiently by matrix molecules, which rapidly expand to gas phase. Energy is
subsequently transferred to the analyte that becomes desorbed into the gas phase.

Although the ionization mechanism is not fully understood and is still debated [14], it is
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widely accepted that co-desorption of matrix and analyte enables the proton transfer from
matrix molecules to the analyte molecules in the gas phase (i.e. chemical ionization).

In the MALDI process, the matrix is usually a small organic molecule with
absorbance at the wavelength of the laser. Work involved in proteins and peptides almost
exclusively uses o-cyano-4-hydroxycinnamic acid (HCCA) and 2,5-dihydroxybenzoic
acid (DHB) as matrix. The commonly used matrices for MALDI MS are listed in Figure
1.2. The roles of matrix are: (1) to entrap analyte into the matrix-analyte co-
crystallization, (2) to isolate analyte molecules which prevent the aggregation of the
analyte, (3) to absorb energy from laser beam and easy to be evaporated into gas phase,
and (4) to aid the analyte ionization process by the rapidly expended matrix plume.

Several features make MALDI suitable for biological sample analysis. It
produces mainly singly charged ions, allowing analysis of very heterogeneous biological
protein mixtures, such as protein digests. The devolvement of sample preparation and
deposition methods makes MALDI an ionization technique that can tolerate certain
amount of contaminants, such as salts or detergent [15]. These sample preparation
methods include dried-droplet [8], vacuum drying [16], crushed-crystal [17], slow crystal
growing [18], active film [19, 20], pneumatic spray [21], electrospray [22], fast solvent
evaporation [23, 24], sandwich [25, 26], and two-layer method [27]. Choice of these
methods can enable analyzing special and complex biological samples, such as
hydrophobic proteins, or sample containing surfactants, in term of optimization and

improvement of signal resolution or intensity.
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Because MALDI is a pulsed event, it usually combines with a pulsed mass
analyzer such as TOF MS. The features of TOF analyzer such as theoretically unlimited
detectable mass range, high ion transmission, short duty circle and high spectra recording
speed make it highly desirable for high sensitivity MALDI analysis.

Figure 1.3 shows the basic principle of a MALDI TOF MS. Ions generated from
source region are given a fixed amount of kinetic energy and accelerated by high voltage

(HV) up to 30 kV before pass through a field free region. The energy obtained is:

mv?

zeV =

(1.1)

where z is the charge state of the ion, e is the unit of elementary charge, m is the mass of
the ion, and v is the linear velocity of the ion after acceleration.

Hence the ion crosses the field free region with velocity:

1/2
vz(ZzeVJ (1.2)
m
and flight time:
m 1/2
t= L 1.3
(2zeV) (13)

In a mass spectrometer, mass resolution is defined as m/4Am. In a time-of-flight
mass spectrometer, in which ions are accelerated by a constant energy, the resolution can

be expressed as:

oot (1.4)
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where Am or At is measured as the full width at half maximum (FWHM). Therefore,
mass resolution depends upon the time resolution and upon the laser pulse width, detector
response, initial kinetic energy, and velocity etc.

The most significant limit on the mass resolution in a TOF mass spectrometer is
the broad range of ion initial velocities or energies as they are accelerated. MALDI
produces a wide variation of ion kinetic energy, and the velocity spread produced by this
variation has an effect on the mass resolution because ions with the same m/z acquired
different velocity after acceleration, and therefore have different flight time, which results
in peak broadening. However this effect of initial energy can be reduced with delayed
extraction of the ions into the field free region (time-lag focusing) or an ion reflector.

Figure 1.4 shows the principle of a time-lag focusing in a linear TOF MS. In
time-lag focusing, the ions generated from MALDI are allowed to separate according to
their initial velocity or energy just after they are ionized. This is done in a field free
region where the repeller and the first extraction grid hold the same potential (Figure 1.4
A-B). Ions with the same m/z but different axial velocities will be expanding away from
the repeller, such that those ions with higher velocity or more energy will move further
from the repeller than the initially less energetic ions (Figure 1.4B). After a certain time
delay (hundreds of nanoseconds to several microseconds), an extraction pulse is applied
to the repeller to extract ions into the flight tube. The extraction pulse imparts more
energy to the ions closer to the repeller. The amplitude of the pulse is adjusted so that the
ions with initially less energy will catch up to the initially more energetic ions at the

detector. With time-lag focusing, the mass resolution is significantly improved.
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are first separated by their initial velocity in the source region. (C) After the pulse
voltage, the lower ion will catch up the faster one at detector.
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Another method to improve the resolution is reflectron ion mirror. A schematic
diagram of a TOF MS equipped with a reflectron flight tube is shown in Figure 1.5. In
this type of instrument, ions are not detected by detector 1 at end of the field free region.
Instead, they are reflected back to another field free flight tube by electric field (ion
mirror) and detected by detector 2. Ions with higher initial velocity will penetrate deeper
in the ion mirror than ions with same m/z but less initial velocity and take longer time to
return. By properly arranging the voltage gradient on the reflectron, ions with the same
m/z value can then be focused at the detector 2, and the initial energy spread are largely
compensated and mass resolution is greatly improved up to 30,000 at m/z 3000, and

typically > 5000 up to m/z 6000 [14].

Laser

Detector 1
Deflection

Vr
SUERE

rFFTTFFTFF
ANSSRANN]

Detector 2
Reflectron

Figure 1.5  Schematic diagram of a reflectron TOF mass spectrometer. Vs represents
the voltage applied to repeller, and Vgy represents the voltage grid applied on the
reflectron.
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Besides the improvement of mass resolution, time-lag focusing and reflectron also
provide a significant improvement of mass measurement accuracy and sensitivity because
of peak sharpness. Mass accuracy of 50 ppm can be routinely obtained for ions below
5000 Da by internal calibration (analyte and calibrant located in the same spot). For
complex sample mixture with a broad mass range or external calibration, mass accuracy

of better than 500 ppm or 0.05% can normally be achieved.

1.1.2 ESI Ion Trap Mass Spectrometry

Electrospray is an atmospheric-pressure ionization technique that produces small
charged droplets from a liquid medium under an electric field. The concept was first
introduced by Dole and co-workers in 1968 [28]. Fenn and co-workers successfully
combined ESI with mass spectrometry in late 1980s and first reported electrospray mass
spectra from large biomolecules [4-6]. The ESI processes were described by Kebarle et
al as shown in Figure 1.6 schematically [29]. There are four major processes involved.
(1) Charged droplets were produced at ESI capillary tip by application of a high voltage.
(2) Shrinkage of the charged droplets due to solvent evaporation accomplished by
flowing dry nitrogen gas at moderate temperature. (3) As the droplets shrink, the
coulombic repulsion forces overcome the surface tension forces where fission occurs and
the charged dropiets disintegrate into fine droplets. (4) Electric field at liquid surface
becomes so high that the solute ions “escape” from the liquid phase to gas phase (Ion

evaporation theory). Those ions in gas phase will be introduced to a mass analyzer.
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Figure 1.6  Schematic representation of processes in ESI.

The electrospray ion source has gone through major developments after it was
introduced. One of these is the development of ionspray as an improvement over
electrospray in order to couple MS with HPLC systems. Conventional electrospray
operates best at flow rate at 0.5~5 pl/min, but the coupling of liquid chromatography to
mass spectrometry sometimes demands flow rate of up to 1 ml/min. The electrospray
evaporation is facilitated by a coaxial gas flow (ionspray) [30]. Because electrospray
signal intensity increases linearly with the analyte concentration over a wide range until
its saturation, and almost independent of liquid flow rate, low flow rate electrospray
ionization, nanospray, was developed by Wilm and Mann [31, 32]. This results in a flow

rate of 20-50 nL/min, and hence small sample volumes are consumed.
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A wide range of compounds can be ainalyzed by ESI MS; the only requirement is
that analyte should be sufficiently polar to allow attachment of charges. Electrospray
ionization commonly produces multiply charged ions, which are generally detected in the
mass range below 2500 Da. ESI is less tolerant to salts and other contaminants because
of competition for charge. Analytes must come to the droplet surface to desorb;
contaminants compete with the analyte in this process, and also serve to disrupt the
spray/evaporation processes [15]. Since ESI produces ions continuously, it usually
combined with scanning mass analyzer such as quadrupole, ion trap or FTICR.

Quadrupole mass analyzer (or quadrupole mass filter) contains four cylindrical
rods (Figure 1.7) with two opposite rods connected electrically. Direct current (DC) and
radio frequency (RF) voltages are applied to the two pairs of rods with different
polarities. The DC and RF values are set such that only ions of interest have stable
trajectories through the quadrupole and reach the detector. All other ions will be
deflected and annihilated upon incidence with the rods. As the voltages are scanned by
increasing U and V (U is the DC potential applied between the electrodes, and V is the
amplitude of the RF signal with frequency ®) with U/V constant, ions with different m/z
values are transmitted successively from low to high mass. Quadrupole instruments have
two significant characteristics. First, at a given time, the vast majority of ions are
discarded; thus, quadrupole is described as mass filter. Second, quadrupole can be set to
contain and transmit ions of all m/z by applying RF-only field. This use is significant
because it allows quadrupole to function as a sophisticated lens system in the instrument
where ions transmission and focusing without filtering is needed. This feature makes

quadrupoles useful as collision cells in tandem instruments that will be described later.
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An ion trap instrument is composed of two end-caps and a ring electrode (Figure
1.8). A hyperbolic electric field is created inside the chamber by applying a potential on
the electrodes. After the ions are introduced from the source region, ions are subjected to
the hyperbolic field, which sequentially ejects ions from the trap for detection to produce
a mass spectrum. An important characteristic of ion traps is that ions can be
accumulated, fragmented and analyzed in the same chamber. Thus tandem MS can be
achieved in the volume of one ion trap mass analyzer. For MS/MS experiment, only
desired ions are retained. The remaining ion species are fragmented by collision-induced
dissociation (CID) and its products are analyzed. Several sequential steps of MS/MS in

principle can be performed which allow detailed fragment studies (MS" ability).

1.1.3 MALDI QqTOF Mass Spectrometer

The tandem mass spectrometer MALDI QqTOF MS as shown in Figure 1.9 was
recently developed in Standing’s lab and commercialized in Sciex [33-35]. Ions
generated from the MALDI source first pass through q0, a quadrupole with RF only as
ions focusing device in source region, and enter the quadrupole mass analyzer (Q1). In
the MS mode, the quadrupole q2 is used as an ion transmission device (RF only) which
allows all the ions from Q1 to reach the Modulator after focusing. A pulsed voltage is
applied orthogonally to the Q direction, and forces the ions to enter the reflectron TOF
and analyzed by detector. In the MS/MS mode, ions of certain m/z are first selected by
Q1 (used as mass filter) and enter the collision cell (q2) where collision induced
dissociation occurs with a collision gas (N, or Ar). Product ions from CID are analyzed
by the reflectron TOF. The key advantage of a QqTOF instrument (also called QSTAR

as commercial name) is that both the mass spectra and products spectra are recorded by a
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reflectron TOF mass analyzer with all the advantages of TOF analysis such as high mass
accuracy (10 ppm) and high resolution (typical 25000 at m/z 2500). This allows very
high specificity in database searching and is very suitable for detection of post-
translational modifications.

Compared with conventional MALDI TOF MS instrument, such as Bruker
Reflex, in-source fragmentation and peptide ir vitro modification are usually observed in
the QSTAR for peptides with certain composition, and fragment ions are displayed in MS
spectra [36]. The laser beam for this QSTAR is usually used with higher intensity
compared to the conventional MALDI TOF MS and the higher laser power imparts more
energy onto the desorbed ions, which potentially leads to fragmentation. The QSTAR
has quadrupole plus TOF geometry, whereas conventional MALDI only has TOF. The
ion transmission time in quadrupole (quadrupole scanning speed: one second from 0 to
4000 Da) is much longer than that in TOF analyzer (~ ns), therefore, ions have more time
to fragment after they gain energy. The second generation QSTAR, Sciex introduced a
cone in front of the MALDI plate towards qO — this increases the pressure in the region
where the target plate sits and thus desorbed ions are collisionally cooled down before
they go further down the q0 region — thus the increased pressure, although it leads to
more collisions with gas molecules (nitrogen), does not lead to more fragmentation but
just the opposite to actually reduce the in-source fragmentation. Table 1.1 lists the
commonly observed modifications in the MALDI QqTOF instrument.  These
modifications make the spectra complex which complicates the database search.
However, by understanding the origin of the in-source fragmentation, pseudo-MS? of the

fragment ions displayed in MSmode can be performed which leads to a database search
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Figure 1.9  Schematic diagram of a hybrid quadrupole time-of-flight mass
spectrometer.

Table 1.1 Commonly Observed peaks in MALDI QqTOF Instrument.

Observed Mass Origin Detection
Da mode
-42 Ornithine from Arginine, loss of CN,H, MS/MS
-44 decarboxylation of gamma carboxy Glutamate, loss MS/MS
of CO,
-17 loss of NHj MS or MS/MS
-18 loss of HO MS or MS/MS
N/A Fragmentation between DP or PD in a peptide MS
175.1 & 158  From C-terminal Arginine MS/MS
[MH]"~64  Peptide that has oxidation of methionine to loss of MS/MS

(Dominant)  SOCH,4
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with high confidence [37, 38]. Because of in-source fragmentation, the best way to use
MALDI QqTOF for peptide sequence analysis is to obtain MS mode spectra from both
conventional MALDI TOF (e.g. Bruker Reflex IIT) and MALDI QqTOF, and perform
MS/MS experiment by MALDI QqTOF with ions of known origin (tryptic digest or in-
source fragmentation etc).

It should be mentioned for this instrument is the observation of matrix cluster in
MS/MS spectra, especially in the case where the analyte concentration is low or matrix
cluster has the same mass as the parent ion. Every single amino acid has a mass with
decimal about 0.05. As the number of amino acid in the peptide increase, the mass
decimal has a latter increase manner. Such as peptide LKHMS has a mass of 615.3288
Da, and peptide of LKHMSTYWR has a mass of 1221.6203 Da as well. However,
matrix cluster always has a decimal of 0.09 to 0.1. For example, ion of [3*HCCA + K]*
has m/z of 606.0915 Da and [6*HCCA — 3H + 3K + Na]" has m/z of 1271.1130 Da.
Therefore, for the purpose of spectra interpretation or database searching it is important
to distinguish the matrix cluster from peptide fragment ions co-existed in the MS/MS

spectra and pick out the matrix cluster information from the spectra.

1.2  Protein Identification
1.2.1 Analysis of Intact Proteins

The mass measurement of the intact protein is the first essential step for protein
characterization. Accurate measurement of molecular masses can verify the correctness
of the translated sequences. In addition, accurate molecular weight measurement of
known proteins can provide information about post-translational modifications, such as

phosphorylation or the number of cysteines and disulfide bridge in a protein. Both
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MALDI MS and ESI MS can be used for determination of an intact protein molecular
weight with an accuracy of better than 0.05%, which is much higher compared to the
conventional SDS-PAGE analysis. For proteins separated by gel electrophoresis,
MALDI MS is commonly used for protein molecular weight measurement after protein
extracted out of the gel piece or electroblotted onto a membrane. However, ESI MS
analysis is problematic due to the observation of SDS-protein adducts, and additional

effort must be used to eliminate these adducts [39].

1.2.2 Peptide Mass Mapping

A set of peptide masses obtained by proteolysis or chemical cleavage can be used
as a unique fingerprint, allowing a protein to be identified in a database. The strategy is
outlined in Figure 1.10. First, a protein is digested by a chemical or protease with high
sequence specificity (such as CNBr or trypsin) to produce a set of peptides. The peptide
map is usually determined by MALDI TOF MS or ESI MS. MALDI TOF MS is more
favorable for a peptide mapping experiment because MALDI produces exclusively singly
charged ions for low mass peptides and, in addition, MALDI can tolerate buffers and
salts in the samples. This set of masses is then compared to the mass profile generated
from a theoretical digestion of a protein in the protein database in order to find the protein
generating the most similar pattern.

Five independent laboratories published methods for database searching using
peptide mass mapping [40-44]. In these algorithms, the scoring schemes are either to
order the proteins according to decreasing numbers of the matched peptides [40, 42, 44]
or based on probability to prevent large random scores caused by large proteins [43].

Search engines on the Internet include Mascot (http://www.matrix-science.com)
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Peptldent (http://ca.expasy.org/tools/peptident.html), MOWSE

(http://srs.hgmp.mre.ac.uk/cgi-bin/mowse), MS-FIT

(http://prospector.ucsf.edu/ucsthtml4.0/msfit.htm) and PeptideSearch

(http://www.mann.embl-heidelberg.de/GroupPages/PagelLink/peptidesearchpage.html).

Database Data
Generation/Searching Generation/processing

PROTEIN IN DATABASE DIGEST PROTEIN
THEORETICAL DIGEST PEPTIDES
WITH MODIFICATIONS MALDI-TOF
REPLACE SEQUENCE REMOVE TRYPSIN AND
WITH MASSES COMMON MASSES
SEARCH DATABASE WITH PEPTIDE MASS MAP
PROTEIN FIGNERPRINT

Figure 1.10  An outline of the process of the peptide mass mapping.
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Reliable protein identification is based on several parameters, such as the
accuracy of peptide mass determination, the number of masses submitted for query, the
mass distribution of the query masses in the candidate protein, the number of matched
peptides and the size of the sequence database. In many cases, peptide mass mapping
alone is not sufficient for reliable identification of a protein. This is particularly true with
protein mixtures or when dealing with small amounts of protein in which only a few
peptides can be detected because of the MS detection sensitivity issue. In such cases,
additional information, such as peptide fragment information, is required for a confident

identification.

1.2.3 Peptide Sequence by Tandem MS and Database Searching

Proteins can also be identified by tandem MS analysis of peptides. Because
tandem mass spectra contain sequence information of the peptide, rather than only its
mass, those searches are generally more unambiguous and discriminative than peptide
mass mapping.

Algorithms using uninterpreted tandem spectra for database searching have been

developed, such as SEQUEST (http://ficlds.scripps.edu/sequest/) or Mascot. In the

searching process, experimental fragment information is matched against predicted
fragment information for all the peptides in the databases which have parent ions of the

same m/z. Although this method is highly automated, the sequences need to be manually
examined by comparison of fragment ion masses of interest with theoretical ones of the

candidate (e.g. MS-Product program http://prospector.ucsf.edu/ucsthtml4.0/msprod.htm)

unless the score of candidate is significantly higher than the next possible identity.
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The most widely used method for peptide fragmentation in tandem mass
spectrometry is collision-induced dissociation (CID) [45, 46]. When ions possessing
high translational energy collide with neutral molecules or atoms, a small amount of their
translational energy is converted into internal energy. This can cause decomposition of
the ions. CID can be performed at high or low collision energies. Low energy CID (10-
100 eV) is widely used for most instruments (triple quadrupole, ion trap or QqTOF) in
protein laboratories. Under CID, fragment ions are mostly produced by the dissociation
of peptide backbone. Figure 1.11 describes the nomenclature for peptide fragmentation
pattern [47]. The fragments will only be detected if they carry at least one charge. If the
charge is retained on the C-terminal fragment, the ion is classed as either x, y or z. If the
charge is retained on the N-terminal fragment, the ion type is either a, b or c¢. The
subscript indicates the number of residues in the fragment. For low CID, the most
abundant fragments are neutral loss and y/b ions which are formed by dissociation of the
peptide backbone. a-type ions can be formed by losing of carbonyl group from b ions.
The less frequent fragments are ¢ and z ions.

It is believed that the fragmentation reaction of peptides by low energy CID is
initiated by a mobile proton and directed by a charge-site. In the absence of strongly
basic residue (Arg), the migration of a mobile proton to carbonyl oxygen or amide
nitrogen initiates the cleavage of various peptide bonds via a cyclic intermediate.
Residues that tend to localize mobile protons, for example, His, or donate protons (Asp,
Glu) will have a significant effect on peptide fragmentation. Due to charge localization
or donation, a selective cleavage of the protonated peptide bonds are often observed in

the N-terminal side of Pro, C-terminal side of Asp, Glu [36, 48-50]. Knowledge of the
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Figure 1.11 (A) Nomenclature for peptide fragmentation pattern under low CID. (B)
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Figure 1.12  Structure model of hydrophobic membrane protein Bacteriorhodopsin
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selective cleavage site is very important for predicting the fragment pattern of the
MS/MS spectra of a peptide, and can increase the protein identification confidence where
a manual search is required because most algorithms available today do not consider the
abundance of a particular product ion.

If positive search results cannot be obtained by using peptide mass mapping and
fragment ions searching or if the proteins are not in the database, de novo sequencing can
be pursued. In this approach, the sequence information can be “read’ out manually from
the MS/MS spectrum [33, 51, 52]. After obtaining several short sequences from the
protein of interest, a cross species database search (BLAST) is performed to find similar
proteins from other species. Because the MS/MS spectra are composed of different types
of fragment ions, the ions type assignment can be simplified using isotope-labeling

techniques, such as y ions can be assigned by 10/ labeling technique [33].

1.3 MS for Membrane Protein Analysis

1.3.1 Membrane Protein Separation

Membrane proteins are either extrinsic or intrinsic. Extrinsic membrane proteins
are outside of the biological membrane, but are bound to it by weak molecular attractions.
Intrinsic membrane proteins are embedded in the membrane. Many of them extend from
one side of the membrane to the other and are referred to as transmembrane proteins.
Figure 1.12 represents the structure of bacteriorhodopsin (BRO), a well-known
transmembrane protein commonly used as a model for hydrophobic membrane protein
study. Many transmembrane proteins contain a hydrophobic domain that is anchored to
the non-polar tails of the lipid membrane, (e.g. the seven helices in Figure 1.12).

Transmembrane proteins also have two hydrophilic domains, one at the N-terminal that
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extends out into the extracellular medium and one at C-terminal that protrudes into the
cytoplasm. Membrane proteins are very important in biological systems because they
play a role in cellular processes, such as ion transport, signal transduction, cell adhesion
etc. It is estimated that transmembrane proteins correspond to 30% of the total cell
proteins based on the already completed sequences of several genomes [53, 54].
Therefore, membrane proteins draw much attention and interest for proteomics
researchers.

However, characterization of membrane proteins encounters several difficulties.
Generally speaking, protein characterization by MS involves two major issues —
separation/purification and analysis [55]. Two-dimensional-gel electrophbresis is one of
the most employed techniques for protein separation/purification. After 2D gel
electrophoresis was first described [56], it has become a general method for protein
separation because it provides the highest resolution. Proteins are separated according to
their isoelectric point (PI) by means of isoelectric focusing (IEF) in the first dimension,
and according to molecular weight by sodium dodecyl sulfate polyarylamide
electrophoresis (SDS-PAGE) in the second dimension. Because these two parameters are
distinct, it is very likely that each spot across the 2D gel contains only one protein
conformer. However, the separation of membrane proteins by 2D-gel electrophoresis is
underrepresented mainly because membrane proteins are poorly soluble in the media
used for IEF [57-61]. The membrane proteins are intended to be soluble in lipid bilayers
and not in water, and some of them are difficult to dissolve in a water-based environment
even though chaotropes and mild detergents (such as urea and CHAPS) are employed in

the IEF separation. On the other hand, the surfactant SDS has almost perfect solubilizing
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power, and remains used as one of the most popular method for membrane proteins
solubilization. One-dimensional SDS-PAGE is often used for membrane protein

separation although the method sacrifices separation resolution.

1.3.2 Membrane Protein Analysis by MS

Because membrane protein requires surfactants to be present in the biological
sample work up for extraction, solubilization and separation, surfactants have always co-
existed in the membrane protein samples for mass spectrometrists.  However, the
analysis of membrane proteins solubilized with surfactants by MS is a challenging task
because mass spectrometry requires relatively pure samples to achieve good sensitivity
and accuracy, and surfactants are contaminants to MS. Since the MALDI technique was
first introduced in 1987, researchers have examined the effects of surfactants on MALDI
MS, and many conflicting literature has been presented since then. Some researchers
have found that surfactants, especially SDS, were detrimental to the MS signal and must
be removed from the sample prior to MS analysis, or avoided altogether [60, 62-69].
Therefore, much effort was directed towards the removal of surfactants [70, 71].
However, the removal of surfactants usually results in loss of proteins and adds
undesirable steps to MS analysis [72, 73]. On the other hand, other researchers have
found that surfactants did not deteriorate the MALDI MS signal, and could be used for
sample preparation [74, 75]. The two camps remained separate until the studies in
Chapter 2 were published. It was found that for SDS-containing samples, the intensity of
the MALDI signals can be affected by the conditions of sample preparation: on-probe

washing, choice of matrix, deposition method, solvent system, and protein-to-SDS ratio.
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However, under appropriate conditions, the two-layer method gave reliable MALDI

signals for samples with levels of SDS up to ~1% [76].

1.4 Summary of the Thesis

In this thesis, I first investigated the effect of SDS on MALDI MS analysis of
proteins and peptides. The results showed that sample preparation methods were crucial
for analyzing protein samples containing SDS, and proved that by using two-layer sample
preparation method, MALDI MS could analyze protein samples containing SDS up to
1%. Then [ further explored the cause of SDS’ effect on MALDI MS resolution and
proposed an alternative surfactant to improve MS measurement accuracy. Furthermore,
the effects of commonly used biological surfactants on proteolysis and mass
spectrometric response were studied in detail. And based on this study, a methodology
for membrane protein identification by SDS-aided in-solution digestion HPLC-MALDI
MS/MS was developed and the results obtained from this method were compared to those
obtained from the conventional protein identification method, i.e., gel electrophoresis-
MS. It was shown that this new method could significantly extend the proteome
coverage, resulting in a more comprehensive proteomé map. This method was then
applied to the analysis of a real sample, membrane protein identification in lipid raft
extract. Finally, the in-solution method was further optimized by employment of the
multi-dimensional separation technique. This work illustrated that future method

development in separation would likely further improve the proteome coverage.
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Chapter 2
Two-Layer Sample Preparation Method for MALDI Mass
Spectrometric Analysis of Protein and Peptide Samples Containing

Sodium Dodecyl Sulfate®

2.1 Introduction

Matrix-assisted laser desorption ionization (MALDI) and electrospray ionization
(ESI) mass spectrometry (MS) are widely used for the analysis of biomolecules such as
proteins and peptides. MALDI MS is particularly attractive for the direct analysis of
complex biological samples such as cell extracts. It can tolerate relatively high levels of
contaminants that are often present in a real world sample [1]. Such contaminants are
often difficult to remove, either completely or partially, prior to MS analysis without an
extensive effort on sample cleanup or separation. Detergents are a class of contaminants
that are often added to a sample during workup, with sodium dodecyl sulfate (SDS) being
most commonly employed. SDS is used in protein separation by polyacrylamide gel
electrophoresis (SDS-PAGE). It is also used for improving solubilization of hydrophobic
proteins, reducing protein aggregation and minimizing sample loss due to adsorption to
sample containers [2,3].

Several reports have shown that SDS is detrimental to the MALDI signal of

peptides and proteins and should therefore be removed from the sample prior to MS

* A form of this chapter is published as:

N. Zhang, A. Doucette and L. Li, “Two-Layer Sample Preparation Method for MALDI Mass
Spectrometric Analysis of Protein and peptide Samples Containing Sodium Dodecyl Sulfate” Anal. Chem.,
2001, 73, 2968-2975. Dr. A. Doucette and N. Zhang contributed equally to this work because of the bulk
results of the data collected.

34

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



analysis, or avoided altogether [4-9]. Nonionic detergents such as B-D-octylglucoside
cause less signal degradation than SDS [5-7]. On the other hand, a few recent studies
indicated that SDS could help the MALDI analysis. For example, Amado et al. showed
that if the SDS concentration was increased above 0.23%, the ion signal was seen to
improve [10]. They reported this phenomenon to be correlated with protein molecular
weight, as well as with protein concentration. The partial signal recovery was reported to
consistently occur at higher SDS levels, and the level of SDS at which signal recovery
occurred was very reproducible. Limbach et al. showed that the ion signal of
hydrophobic peptides improved in the presence of SDS at levels above 0.5% [11]. While
it is known that the addition of a detergent to the sample can reduce mass discrimination
of peptide mixtures [9], SDS was recently shown to improve sequence coverage of
proteins from enzymatic digests by improVing the relative ionization of the more
hydrophobic peptides [12,13].

We believe the wide range of results on the effects of SDS on MALDI MS
analysis could be explained by differences in the sample preparation methods used by
various groups. It has been shown that pH and on-probe washing are crucial to the
success of MALDI analysis of samples containing SDS, and that good spectra could be
obtained for solutions containing up to 0.2% SDS [14]. However, it is not known if any
other controllable variables for sample preparation are important when dealing with
samples containing SDS. One of the most influential variables is the technique of
sample/matrix deposition to the MALDI sample plate. There are a number of sample
preparation methods developed for MALDI applications. They include dried-droplet

[15], vacuum drying [16], crushed-crystal [17], slow crystal growing [18], active film
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[19,20], pneumatic spray [21], electrospray [22], fast solvent evaporation [23,24],
sandwich [25,26], and two-layer method [27]. We have recently demonstrated that the
two-layer method can provide much improved performance in analyzing complex protein
and peptide mixtures [28-30], compared to the conventional dried-droplet method and the
fast evaporation method. The two-layer method involves the use of fast solvent
evaporation to form the first layer of small matrix crystals, followed by deposition of a
mixture of matrix and analyte solution on top of the crystal layer. With this method, the
matrix and analyte solution conditions for preparing the second layer can be readily
altered and fine-tuned for specific applications [28].

In this work, we demonstrate that the two-layer sample preparation method is
remarkably robust in handling protein and peptide samples containing SDS for MALDI
analysis. A detailed study of the effects of SDS, under different preparation conditions
involving the use of the two-layer method as well as the dried-droplet method, is
performed. In addition, we present two new applications where the inclusion of SDS in
the sample workup may be beneficial and where successful MALDI analysis was still

possible in the presence of SDS using the two-layer method.

2.2 Experimental

2.2.1 Chemicals and Reagents

Bovine serum albumin (BSA), equine cytochrome ¢, myoglobin, ubiquitin, insulin
chain B oxidized, and bradykinin were from Sigma Aldrich Canada (Oakville, ON).
Sinapinic acid (SA), 2,5-dihydroxybenzoic acid (DHB), 2-(4-hydroxyphenylazo)-benzoic

acid (HABA), a-cyano-4-hydroxycinnamic acid (HCCA), and sodium dodecyl sulfate
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were received from Aldrich Canada. HCCA was purified by recrystallization from
ethanol prior to use. Analytical grade acetone, methanol, acetonitrile, formic acid,
isopropanol, and trifluoroacetic acid (TFA) were purchased from Caledon Laboratories
(Edmonton, AB). Water used in all experiments was from a NANOpure water system

(Barnstead/Thermolyne).

2.2.2 MALDI Sample Preparation

Protein samples were prepared in SDS solutions and were thoroughly vortexed.
The SDS concentrations (w/v) indicated in this work are for the protein samples prior to
mixing with the MALDI matrices.

Two MALDI sample deposition methods were employed in this study, namely the
dried-droplet, and two-layer method. For the dried-droplet method, the samples were

mixed with one of the following four matrices on a stainless steel target: HCCA, HABA,
sinapinic acid and DHB (0.5uL sample + 0.5uL matrix). With HCCA, HABA [31] and

sinapinic acid, the matrix was saturated in 50% (v/v) acetonitrile/water unless otherwise

indicated. With DHB, the matrix was dissolved in 9:1 (v/v) water/ethanol at a
concentration of 20 g/L. For the two-layer method, 1 puL of a 12-mg/mL solution of
HCCA in 80% acetone/methanol was deposited on the target and was allowed to dry, and
form a very thin layer of fine crystals. A 1 pL aliquot of the protein solution was mixed
with 1 pL of HCCA solution (saturated in 40% methanol/ water) and a 0.4 pL portion of

this mixture was deposited on top of the first layer and allowed to dry.

For each method, an on-probe washing step is performed in cases where the

sample spot is not water-soluble. The washing step involves adding 1 puL of water to the
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sample spot and then absorbing the water with a Kimwipe. This procedure was

performed twice on each sample spot.

2.2.3 Bacteria Extraction

The Escherichia coli used in this study (E. coli ATCC 9637) was cultured at the
Edgewood RDE Center (EDREC). A 1 mg sample of E. coli was mixed with 500 pL of
water. The sample was briefly vortexed to suspend the cells, and the suspension was
divided evenly among 5 separate vials. To remove excess salts, the suspensions were
vortexed for a few seconds, and the supernatant was discarded after centrifugation. The
E. coli samples were extracted with 0.1% TFA by vortexing for 3 minutes followed by
centrifugation. The pellet was then further extracted with 0.1% TFA containing various
concentrations of SDS. The supernatant of the extracts was collected for MALDI
analysis after mixing 1:1 with saturated HCCA (in 1:2:3 formic acid: isopropanol: water)

solution. Samples were stored in ice prior to MALDI analysis.

2.2.4 Instrumentation

MALDI experiments were carried out on an Applied Biosystems Voyager Elite
laser desorption/ionization time-of-flight (TOF) mass spectrometer (Framingham, MA)
or a HP Model G2025A MALDI-TOF MS (Hewlett-Packard, Reno, NV). The linear
mode of operation was used for protein detection while the reflectron mode was for
peptide detection. Tonization was performed with a 337-nm pulsed nitrogen laser. The
laser power was adjusted slightly above the threshold of the desorption/ionization process
and was kept constant for a given set of protein samples (i.e., one protein at a given

concentration, with various concentrations of SDS). All spectra resulted from signal
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averaging of 50 to 64 shots. For each sample, the laser was moved throughout the sample
spot in order to generate the best possible spectrum in each case.

All data were processed using the Igor Pro Software package (WaveMetrics, Lake
Oswego, OR). The signal to noise ratio (S/N) was calculated from the peak height and
the standard deviation of the baseline, determined at a region near the peak of interest.
The peak height was determined from the difference between the baseline, calculated as
the average over the region used to calculate S/N, and the highest point of a modified
Gaussian fitted curve of the peak. The error bars in the figures represent the calculated
standard deviation of the signal to noise ratios of the spectra. At least three spectra,
recorded from independent sample spots, were averaged for each data point in the

figures.

2.3 Results and Discussion

2.3.1 Effect of on-Probe Sample Washing

The sample/matrix crystals prepared by the two-layer method can be readily
washed with water. The effect of sample washing on MALDI analysis of proteins
containing different amounts of SDS is illustrated in Figure 2.1. In this experiment,
samples consisting of 500 nM BSA in 0%, 0.05%, or 1% SDS were prepared. The
samples were mixed in a 1:4 ratio with saturated HCCA matrix solution and spotted on a
stainless steel probe coated with a thin layer of matrix crystals. The samples were
initially analyzed by MALDI MS without the on-probe washing step. Following
acquisition of the spectra, the same sample spots were then washed on-target and re-

analyzed by MALDI MS. Figure 2.1 displays some representative MALDI spectra
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Figure 2.1  MALDI spectra obtained from samples of 500 nM BSA prepared in (A)
0% SDS, (B) 0.05% SDS, (C) 1% SDS, without on-probe washing; and in (D) 0% SDS,
(E) 0.05% SDS, (F) 1% SDS, with the addition of on-probe washing. (A) & (D), (B) &
(E), and (C) & (F) were from same sample spot. The calculated signal to noise of the
molecular ion peak is indicated in the figure.
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obtained from 500 nM BSA samples with and without on-probe washing.

As shown in Figure 2.1A, a strong [M+H]" BSA signal was observed for the
sample prepared without SDS, having a signal to noise (S/N) ratio of ~23. However, the
presence of 0.05% SDS in the sample resulted in a weakly detected peak with a
calculated S/N of ~3 (see Figure 2.1B). At levels of SDS higher than 0.1%, the BSA
peak was undetectable (see Figure 2.1C). When the same sample spots were washed, a
remarkable difference was observed. Figure 2.1D shows that on-probe washing reduces
the signal intensity for the sample that does not contain SDS. This is due to the loss of
sample during the process of on-probe washing. Figure 2.1E shows that a weak BSA
peak was again observed at the 0.05% SDS level. However, unlike the sample analyzed
without the washing step (see Figure 2.1C), a strong BSA signal (S/N=12) can now be
detected for the sample containing 1% SDS with on-probe washing (see Figure 2.1F).
Similar results were obtained with various protein samples analyzed by MALDI with
HéCA as matrix. This deterioration in signal at low levels of SDS and signal recovery at
higher SDS levels is in agreement with earlier work [10]. In summary, the washing step
is crucial in order to obtain a signal at high SDS concentrations (>0.1%) with the two-
layer sample preparation method. It should be noted that although the washing step
appears to improve MALDI signals at high SDS concentrations, not all sample
preparation conditions are tolerant to on-probe washing. It was observed that as the SDS
level exceeded 1% in the sample, the sample spots became increasingly soluble. In
addition, the water-soluble matrix DHB would completely dissolve if subjected to such
washing. In general, however, a washing step should be performed on all samples if the

deposited spot can tolerate this procedure.
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2.3.2 Effect of Matrix

Four commonly used matrices, namely HCCA, DHB, HABA, and SA, were
employed in this study. Solutions of 1 uM cytochrome c¢ prepared at various
concentrations of SDS were analyzed using these four matrices. We note the two-layer
method is not applicable to DHB — this matrix does not dissolve in an appropriate organic
solvent such as acetone, which is required to form a thin layer by fast evaporation. To
include DHB in this comparative study, the dried droplet deposition method was used for
all matrices. On-probe washing was performed on the samples, except for those prepared
with DHB or with HABA at SDS levels >1%, as the sample spots were water soluble.
Figure 2.2 summarizes the average signal to noise ratios of the singly charged
cytochrome ¢ peaks obtained from the spectra using each matrix at varying
concentrations of SDS.

Figure 2.2 shows that the type of matrix used plays a significant role in
determining spectral quality at varying concentrations of SDS. Sinapinic acid was least
tolerant towards the presence of SDS in the sample. Figure 2A shows that at most levels
of SDS either very weak signals or no signals were observed. The spectra acquired using
HCCA as matrix also display generally weak signals when SDS was added to the samples
(Figure 2.2B). The matrix HABA seemed to be slightly more tolerant to SDS (Figure
2.2C), with good S/N at all levels of SDS <1%. A decrease in signal intensity was seen
for HABA at high levels of SDS (2 and 5%). Finally, samples prepared using DHB as
matrix yielded much stronger signals in the presence of SDS as compared to the other
matrices (Figure 2.2D). However, DHB tends to form a characteristic ring of crystals at

the edge of the sample spot giving poor spot-to-spot spectral reproducibility. It was
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Figure 2.2  Average signal to noise ratios (S/N) for the molecular ion signals
calculated from the MALDI spectra of 1 pM cytochrome ¢ at various concentrations of
SDS. The matrices used for the analysis are (A) sinapinic acid, (B) HCCA, (C) HABA,
(D) DHB. Error bars represent the standard deviations of S/N from 9 spectra recorded
from 3 independent sample spots (A, C, D) or 3 independent spectra (B).
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necessary to search for “hot” spots in order to obtain any detectable signal.

It was not surprising that the choice of matrix would play a role in obtaining
MALDI spectra for SDS-containing samples. The success of protein ionization and
subsequent detection depends extensively on co-crystallization of sample and matrix
[27]. The addition of SDS to the sample is expected to change the solubility of the
protein and likely affects the extent of analyte incorporation as well as analyte
distribution in the matrix crystals. However, the results presented in Figure 2.2 cannot be
exclusively correlated to the choice of matrix, since other factors are expected to
influence the trends. In particular, the solvent system was not identical for all matrices
used. Sinapinic acid, HABA, and HCCA were prepared as saturated solutions in 50%
acetonitrile/water, while the DHB solution was prepared as a 20-mg/mL solution in 9/1
water/ethanol. Therefore, we investigated the effects of solvent and sample preparation
method on SDS-containing samples using HCCA as matrix. HCCA was chosen since it
provides superior detection sensitivity and higher tolerance to salts for protein samples,

particularly high molecular weight proteins [32], compared to SA and HABA.

2.3.3 Effects of Solvent and Sample Preparation Method

Samples of 1 pM cytochrome ¢ were prepared and analyzed by MALDI MS using
two different sample preparation methods with HCCA as the matrix. In the dried droplet
method, the sample was mixed with HCCA (saturated in either 50% acetonitrile/water or
40% methanol/water) in a 1:1 ratio. For the two-layer method, the sample was mixed in a
1:1 ratio with HCCA (saturated in either 50% acetonitrile/water or 40% methanol/water)
and 0.4 pL of the mixture was deposited on top of a seed layer of matrix crystals. All

samples were washed on-probe and then analyzed by MALDI MS. Figure 3 displays the
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Figure 2.3  Average signal to noise ratios (S/N) for the molecular ion signals
calculated from the MALDI spectra of 1 pM cytochrome ¢ at various concentrations of
SDS using HCCA as matrix with different sample deposition methods and solvent
systems. The dried droplet method was used with HCCA saturated in (A) 50%
acetonitrile/water and (B) 40% methanol/water. The two-layer method was used with the
second layer HCCA saturated in (C) 50% acetonitrile/water and (D) 40% methanol/water.
Error bars represent the standard deviations of S/N from 3 independent spectra.
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averaged signal to noise ratios calculated from the MALDI spectra collected under the
various conditions.

The comparison of the results between Figure 2.3A and 2.3B indicates that, for
the dried-droplet method, the solvent system has a significant effect on the protein signals
at different levels of SDS. Figure 2.3A was obtained by using the sample prepared with
HCCA in 50% acetonitrile/water and it shows that the analyte signals were reduced
drastically for the samples containing different levels of SDS. In contrast, Figure 2.3B
illustrates that when the sample was prepared in the methanol/water solvent system, at all
levels of SDS up to 2%, the S/N ratio was equal to or greater than that of the sample
prepared without SDS. The cause of this strong solvent effect is unknown. It might be
related to the extent of analyte incorporation into matrix crystals prepared under different
solvent conditions.

Although the choice of solvent has a significant effect on signal response for
SDS-containing samples deposited using the dried droplet method, this effect was not
observed when a two-layer sample preparation method was used. This can be seen from
the comparison of panels C and D of Figure 2.3. For either of the two solvent systems,
the addition of 0.01 or 0.02% SDS was seen to reduce the observed S/N ratio of the
cytochrome ¢ peak. The presence of 0.05% SDS in the sample resulted in signal
recovery with each solvent system. When the SDS concentration was further increased,
the S/N ratio of the cytochrome ¢ peak deteriorated.

The results of Figure 2.3 also show that, under identical solvent conditions, the
sample deposition method has an effect on the signal intensity of SDS-containing

samples. This is most clearly seen for the samples prepared using the acetonitrile-water

46

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



solvent system, shown in panels A and C of Figure 2.3. Large differences are noted at
levels of SDS in the range of 0.05% to 0.2%. At these levels of SDS, very weak signals
were obtained with the dried droplet method (Figure 2.3A). However, using the two-
layer method, the addition of 0.05 to 0.2% SDS resulted in signals with intensities that
were comparable to the signal for the sample without SDS (Figure 2.3C). The samples
prepared using the methanol-water solvent system, shown in Figure 2.3B and 2.3D, also
show the dependence of signal intensity on sample deposition method. Significant
differences are noted for the samples prepared in 1 and 2% SDS. While the dried droplet
method still revealed relatively strong signals at these high levels of SDS, the samples
prepared using the two-layer method displayed only weak signals as compared to the
samples prepared without SDS.

It should be noted that, when the dried droplet method was used for the samples
prepared at SDS levels above 1%, it became increasingly difficult to find the hot spots
that produced the signals shown in Figure 2.3A or 2.3B. The fact we observed analyte
signals for the samples containing 2 or 5% SDS can be contributed to the inhomogeneous
analyte distribution in the matrix/analyte crystals prepared by using the dried droplet
method. Some spots, albeit difficult to find, contain the proper crystals that give arise the
MALDI analyte signals. For general applications in analyzing samples containing SDS
up to ~1%, the two-layer sample preparation is preferred. With this method, the analyte

signals can be easily observed without the need of searching for the hot spots.

2.3.4 Effect of Protein Concentration

Another important variable in MALDI sample preparation is the protein
concentration, which determines the analyte to matrix ratio in the co-crystals formed on
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the probe. For SDS-containing samples, protein concentration also governs the relative
amount of SDS to protein for a given concentration of SDS. Figure 2.4 displays the
average signal to noise ratios for the singly charged molecular ion signals obtained from
the MALDI spectra of 500 nM, 1.5 uM, 5 pM, and 15 pM BSA with various
concentrations of SDS. The sample spots were prepared using the two-layer method with
the second layer containing analyte/matrix in a 1:4 ratio.

Figure 2.4 shows different trends for the low and high concentrations of BSA.
For the 500-nM solution (Figure 2.4A), one can see that the MALDI signal intensity
dropped only slightly at low amounts of SDS, and then fully recovered as the SDS
concentration was increased to 0.5%. As the SDS concentration was increased above
0.5%, the signal intensity again dropped. Figure 2.4D shows that, for a 15 pM solution
of BSA, the signal intensity decreased significantly as the concentration of SDS in the
sample increased from 0% to 0.05%. The signal intensity did not return to any
significant extent as the SDS concentration was further increased. At intermediate levels
between these low and high concentrations of BSA, one can observe that for a 1.5 uM
solution of BSA (Figure 2.4B), the trend most resembled that of the 500 nM BSA
solution, with only a slight drop in signal intensity as the SDS was increased to 0.1%.
The 5§ uM BSA samples (Figure 2.4C) displayed a trend that was very similar to the 15
1M BSA solution. These results demonstrate that protein concentration in the sample has

an effect on the observed signal trends at different levels of SDS concentrations.
The differences observed in the trends in Figure 2.4 may result from variations in

one, or a combination of several variables between each set. The most notable variations
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Figure 2.4  Average signal to noise ratios (S/N) for the molecular ion signals obtained
from the MALDI spectra of BSA at various concentrations of SDS. (A) 500 nM, (B) 1.5
uM, (C) 5 uM, or (D) 15 uM BSA was mixed with the second-layer matrix solution in a
ratio of 1:4. The second-layer matrix solution consisted of 40% methanol/water HCCA
matrix. Error bars represent the standard deviations of S/N from 3 independent spectra.
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include the ratios between protein and matrix, as well as protein to SDS. These

variations are further explored in the following section.

2.3.5 Effect of Protein to Matrix Ratio

To address how the protein to matrix ratio in the presence of different amounts of
SDS can affect the protein signal intensity, solutions of 15 pM BSA were prepared with
various concentrations of SDS (0%, 0.5%, 1%, and 5%). The samples were mixed with
matrix solutions at ratios of 1:1, 1:4, 1:10, 1:50, and 1:100. All samples were analyzed
by MALDI-TOF MS using identical laser power. The average signal to noise ratios of
the singly charged BSA peaks were calculated and the results are summarized in Table
2.1.

From Table 2.1, the effect of varying the protein to matrix ratio on the signal
intensity is clearly observed. For the 15-uM BSA sample prepared without SDS (0%),
the strongest signals were observed for the samples that were diluted 1:4 or 1:10 with
matrix. As might be expected, at low dilutions of sample to matrix (1:1), there is
insufficient matrix on the target to effectively ionize the high quantity of BSA deposited
on the probe (3 pmol). At high dilutions of sample to matrix (1:50, 1:100), the decreased
amount of BSA present on the target results in a loss in signal intensity.

For the SDS-containing samples in Table 2.1, we can also observe a dependence
of signal intensity on protein to matrix ratio; however, this dependence is less pronounced
than that of the sample without SDS. By comparing the S/N ratios at a given level of
SDS, only a small difference in S/N is incurred by changing the ratio of protein to matrix.

Table 2.1 shows that the ideal protein to matrix ratio is dependent on the amount of SDS
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Table 2.1  Signal to Noise Ratios (S/N) for 15 pM BSA Samples Prepared with
Various Concentrations of SDS at Different Protein to Matrix Ratios.

Calculated S/N
Protein-to-matrix ratio 0% SDS 0.5% SDS 1% SDS 5% SDS
1:1 20+£11 85+20 68 + 24 21+4
1:4 215 £39 55+28 55+15 44 +5
1:10 240 + 14 32+10 35+9 36 £16
1:50 107 £22 44 + 14 37+8 153
1:100 276 55+15 39+4 75
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in the sample. At 0.5% and 1% SDS, the strongest signals were obtained for the 1:1
dilution of analyte with matrix. At 5% SDS, the strongest signal was at the 1:4 dilution.

Another important observation can be made by comparing the S/N ratios obtained
for a fixed ratio of protein to matrix. From Table 2.1, we can see that for the 1:1 dilution,
the signal to noise ratio was seen to increase from 29 at 0%, to 85 at 0.5% SDS; in other
words, an improvement in signal intensity was achieved by adding SDS to the sample.
When 1% SDS was added to the sample, the S/N ratio still remained high, and at 5%
SDS, the signal decreased to a similar intensity as for the 1:1 dilution without SDS. A
very similar trend was also obtained for the 1:100 dilution of sample with matrix, with
signal improvement being achieved with the addition of 0.5% and 1% SDS to the sample.
However, from the results in Table 2.1, a significantly different trend was obtained for
the 1:4 and 1:10 dilutions of sample with matrix. From these dilutions, the strongest
signal was observed for the sample containing no SDS. When SDS was added to the
sample at the 1:4 and 1:10 dilutions, a marked decrease in signal intensity was observed.
For a given dilution, the S/N ratio obtained at the 0.5%, 1%, and 5% levels of SDS were
essentially identical. A similar trend is also apparent at the 1:50 dilution, where again the
addition of 0.5% SDS or more to the sample significantly decreased the signal intensity.
The type of trend that is obtained by varying the SDS in the sample will therefore depend
on the protein to matrix ratio used for the two-layer method.

It is noted that, the preparations that yield a trend of decreasing signal intensity as
SDS is added to the sample, occurred when the protein-matrix ratio was at or near the
optimal ratio of 1:10. Such a trend is in agreement with the theory that SDS will decrease

signal intensity, due to interference in crystallization and ionization. For the samples that
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were prepared with a 1:1 or a 1:100 dilution of sample to matrix, adding SDS to the
sample results in an improvement in signal over the initial preparations (without SDS).
However, These improved S/N ratios are still significantly lower than the S/N of 240,
which was obtained at the optimization ratio of sample to matrix of 1:10. The trend of
improved signal intensity as SDS is added to the sample was only obtained for the
preparation with poor ratios (too low or too high) of protein to matrix. These results
therefore indicate that the ratio of sample to matrix will affect the type of trend obtained
by adding SDS to the sample.

We note that the reason(s) as to how the presence of different amounts of SDS in
a protein or peptide sample can affect MALDI signals is unknown. SDS can affect
sample preparation and/or ionization. In the two-layer method, the analyte/matrix
crystals are of submicrometer sizes; there are no visible differences (under 50x
magnification) between the morphology of crystals prepared with varying amounts of
SDS. One can speculate that proteins are still associated with SDS in the matrix crystals;
but exactly how the matrix, protein and SDS in the crystals are associated is unknown.
The actual conformer of the protein in the crystal is also unknown. SDS, at a sufficient
amount in a solution, is well known to cause protein denaturing. But once the
SDS/protein sample is mixed with a matrix and the mixture is allowed to dry to form co-
crystals, one really does not know the state of the protein in the crystals. It is thus
difficult to ascertain if protein denaturation by SDS plays any role on MALDI signal
detectability. Nevertheless, based on the above study, it is quite clear that the two-layer
method, using well-controlled sample preparation conditions, can be used to handle

protein samples containing SDS. In the following we demonstrate some applications of
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protein sample preparations involving the use of SDS and study the effect of SDS on

MALDI signals in these applications.

2.3.6 Hydrophobic Protein

Many biologically significant membrane-associated proteins are hydrophobic
[33]. Surfactants are often added to solutions of hydrophobic proteins to facilitate
solubilization, as well as to avoid sample loss due to adsorption to the walls of the
container. In this study, bacteriorhodopsin was used as a model hydrophobic protein. In
Figure 2.5, the MALDI spectra obtained from the analysis of 0.25 pg/pL
bacteriorhodopsin solutions containing various levels of SDS are shown. The two-layer
method was employed, using HCCA as matrix. Figure 2.5A corresponds to the sample
prepared in aqueous solution without SDS. It shows the bacteriorhodopsin peak near m/z
27000, along with a second peak approximately 1200 Da higher than the
bacteriorhodopsin peak, which likely corresponds to an unprocessed precursor of
bacteriorhodopsin [34]. When 0.1% SDS was added to the sample, the resulting
spectrum (Figure 2.5B) gave a stronger signal. At the 1% SDS level, the
bacteriorhodopsin peak is still clearly detected. A small increase in signal intensity
obtained by adding SDS to the sample is perhaps due to the improved solubility of the
protein with the SDS solvent system. This representative example demonstrates that
hydrophobic proteins can be analyzed by the two-layer sample preparation MALDI MS

in the presence of SDS.
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Figure 2.5 MALDI spectra obtained from samples of 0.25 ug/pL bacteriorhodopsin
with (A) 0% SDS, (B) 0.1% SDS and (C) 1% SDS using HCCA matrix and a two-layer
deposition method. The labeled peak I indicates the bacteriorhodopsin molecular ion
signal and the peak labeled as II is likely from an unprocessed precursor of
bacteriorhodopsin.
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2.3.7 Bacterial Protein Extraction

Detergents such as SDS are often incorporated in extraction procedures to
solubilize certain types of proteins from cells, such as the more hydrophobic membrane
proteins [2]. Here we demonstrate that the addition of SDS to E. coli protein extraction
aids in the detection of additional proteins by MALDI. In this case, a 2 mg/ml sample of
E. coli was first extracted with 0.1% aqueous TFA in order to solubilize the more water-
soluble proteins. Figure 2.6A depicts the MALDI spectra obtained from the analysis of
this extract. Several peaks are visible in the spectrum and they are mainly from proteins
[29,30]. The E. coli cell pellet was further extracted using an identical solvent. This
extract was then analyzed by MALDI MS and the spectrum is shown in Figure 2.6B.
Very weak signals were obtained, indicating that most of the water-soluble proteins were
already removed by the first extraction. The pellet was then further extracted using a
solution containing 0.2% SDS and 0.1% aqueous TFA. Figure 2.6C shows the MALDI
spectrum from this extract. A strong peak corresponding to a protein with MW~7000 Da
is visible, along with the doubly charged molecular ion peak. This indicates that SDS can
solubilize some proteins that were not solubilized by the 0.1% aqueous TFA solvent.

It is interesting to note that the peak shown in Figure 2.6C is unusually broad,
suggesting that it is from a mixture of proteins such as those with different modifications.
Tryptic digestion of this sample revealed several peptide ion peaks in the low mass
region, but peptide mass fingerprinting alone was not sufficient to identify the protein(s).
Unfortunately, EST MS/MS could not be performed on this sample because of the
presence of SDS. MALDI MS/MS could potentially be used to sequence the tryptic
peptides and thereforé identify the protein(s), although MALDI instruments capable of
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Figure 2.6  MALDI spectra obtained from sequential extractions of an E. coli sample:

(A) first extract with 0.1% aqueous TFA, (B) second extract with 0.1% aqueous TFA,
and (C) third extract with 0.2% SDS in 0.1% TFA.
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generating routine MS/MS spectra are not widely available at present. But it should be
noted that a MALDI MS/MS based quadrupole/time-of-flight system is now

commercially available.

2.4 Conclusions

We have demonstrated that a two-layer sample preparation method can be very
useful in analyzing protein and peptide samples containing SDS by MALDI MS. This
method involves first the formation of a thin layer of matrix crystals, followed by
depositing a mixture of sample and matrix dissolved in a proper solvent and with an
adjustable sample to matrix ratio. Several variables related to the sample preparation are
shown to affect the intensity of the MALDI signal. With this method, an on-probe
washing step should be performed, if the deposited spot can tolerate this procedure.
Commonly used solvents (i.e., 50% acetonitrile/water or 40% methanol/water) for
handling protein samples in MALDI can be utilized to prepare the second-layer
matrix/analyte mixture. The matrix to SDS ratio is not critical, but the protein to SDS
ratio can have a significant effect on the MALDI signal response. Thus dilution or
concentration of the sample solution may be required when this method is applied to
analyze samples with unknown protein concentration. The level of SDS should be kept
at < ~1%. With the two-layer method, there is no need of searching for hot spots in the
process of acquiring MALDI spectra. If no analyte signals are observed in the first few
shots, it usually indicates that the sample preparation conditions are not optimized and

need to be adjusted.
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The applications of the two-layer method for analyzing SDS-containing protein

and peptide samples are illustrated. We demonstrate that hydrophobic protein samples in

the presence of SDS can be readily detected by MALDI. For direct analysis of cell

extract by MALDI, it is now possible to incorporate solvent extraction involving SDS to

examine more hydrophobic proteins. Since the two-layer sample preparation method is

tolerant towards a certain percentage of SDS in peptide samples, we can readily analyze

protein digests containing SDS (data not shown). We envision that sample preparation

methods, such as the two-layer method shown here, that are capable of handling impure

samples including those containing SDS, will greatly benefit the MALDI MS and

MS/MS approach in proteome identification.
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Chapter 3
Ammonium Dodecyl Sulfate as an Alternative to Sodium Dodecyl
Sulfate for Protein Sample Preparation with Improved Performance in

MALDI Mass Spectrometry *

3.1 Introduction

Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry
(MALDI-TOF MS) is widely used for protein analysis. Compared to other methods such
as electrospray ionization, MALDI can tolerate a relatively high level of contaminants
present in a sample [1]. The MALDI spectrum consists of peaks from mainly singly and
doubly charged protein molecular ions. These attributes make the MALDI technique
particularly useful for direct analysis of complex protein mixtures, such as those obtained
from cell extracts or affinity purification. Samples obtained from these preparation
methods may contain surfactants, which are commonly used reagents in protein sample
workup. Surfactants help to solubilize hydrophobic proteins, reduce protein aggregation
and protein adsorption on the container walls [2, 3]. Because of the possible adverse
effect on MALDI performance caused by various types of surfactants, special care must
be exercised in dealing with protein samples containing surfactants.

Sodium dodecyl sulfate (SDS) is a strong solubilization reagent that is commonly
used for extracting proteins remaining in cells or tissues after they have been subjected to

sequential extractions by non-ionic detergents [4-6]. SDS is also used as a denaturing

* A portion of this chapter is published as: N. Zhang, and L. Li, “Ammonium Dodecyl Sulfate as an
Alternative to Sodium Dodecyl Sulfate for Protein Sample Preparation with Improved Performance in
MALDI Mass Spectrometry” Anal. Chem., 2002, 74, 1729-1736. The cell lysis was done in Dr. Shaw’s lab.
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reagent for SDS-polyacrylamide gel electrophoresis (PAGE). Early reports showed that
SDS was detrimental to MALDI signals and should be avoided or removed from the
samples prior to MS analysis [7-10]. Electroelution or electroblotting of proteins, solvent
extraction, and protein precipitation are several techniques that have been developed to
remove the SDS interference [11-15]. These techniques obviously add an undesirable
step for MALDI analysis. The sample-cleaning step can result in protein loss, especially
for hydrophobic or membrane proteins [16, 17]. An alternative approach is to develop
new surfactants that have the similar properties as SDS, but will be MS-compatible. For
example, an acid-labile surfactant was developed to replace SDS that was found to be
compatible with MS analysis [18, 19]. However, this surfactant at present has only found
limited use and its overall performance as a viable alternative to SDS in protein chemistry
remains to be determined.

The effect of SDS on MALDI MS has been recently studied in more details.
Recent studies have indicated that the negative effect by SDS on protein analysis was
strongly dependent on sample preparation conditions [20-25]. For example, Roeptorff
and coworkers reported that useful MALDI signals could be obtained for protein samples
containing 0.2% SDS when the pH of the sample solution was kept under 2 [20]. They
also indicated that SDS affected the mass resolution with unknown reason. Limbach and
coworkers recently illustrated that SDS could assist in analyzing membrane proteins and
improve ionization of hydrophobic peptides [21-23]. Amado and coworkers showed that
the MALDI signal was improved if the SDS concentration was above 0.23% [24]. In our
recent study, we presented a practical and robust technique based on a two-layer

matrix/sample deposition method for the analysis of protein and peptide samples
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containing SDS by MALDI MS [25]. The two-layer method involves the deposition of a
mixture of sample and matrix on top of a thin layer of matrix crystals. We found that for
SDS-containing samples, the intensity of the MALDI signals could be affected by the
conditions of sample preparation, such as on-probe washing, choice of matrix, deposition
method, solvent system and protein to SDS ratio. However, we found that under
appropriate conditions, the two-layer method gave consistent MALDI signals for samples
with levels of SDS up to ~1%.

While the two-layer method can readily produce MALDI signals from protein
samples containing SDS, the protein peaks observed are generally broad and the peak
centroids are shifted to higher masses. In this work, we address these issues and present a
method using ammonium dodecyl sulfate as a viable alternative to SDS for protein

sample preparation with much improved MALDI MS performance.

3.2 Experimental

3.2.1 Chemicals and Reagents

Bovine insulin, equine cytochrome ¢, equine myoglobin, bovine trypsinogen,
bovine carbonic anhydrase II, bovine serum albumin (BSA), lactoferrin, a-cyano-4-
hydroxycinnamic acid (HCCA), diammonium hydrogen citrate (DAHC), sulfuric acid
and sodium dodecyl sulfate (SDS) were purchased from Sigma Aldrich Canada
(Oakville, ON). Ammonium dodecyl sulfate (ADS) and dodecyl sulfate tris
(hydroxymethyl) aminomethane salt (TDS) were purchased from Fluka, Canada
(Oakville, ON). Tris (hydroxymethyl) aminomethane (Tris) base was purchased from

Bio-Rad (Mississauga, ON). Dodecyl sulfuric acid (HDS) was generated in our
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laboratory by exchanging Na" of SDS for H' cations using AG 50W-X8 ion-exchange
resin purchased from Bio-Rad. Approximately 450 grams of resin was packed into a
column. The hydrogen form of the resin was generated by washing the column with 300
mL of water, followed by 400 mL of 3 M HCI and flushed with water until the effluent
from the column was neutral [26]. About 50 mL of 1% SDS (i.e., ~35 mM) was then
loaded onto the column and the effluent was monitored for acidity. The first 20 mL of
acidic effluent was discarded and the following 10 mL was collected for MALDI sample
preparation. The molar concentration of HDS collected was approximately 35 mM.
HCCA was purified by recrystallization from ethanol prior to use. Analytical grade
acetone and methanol were purchased from Caledon Laboratories (Edmonton, AB).
Water used in all experiments was from a Nanopure water system

(Barnstead/Thermolyne).

3.2.2 Sample Preparation

Standard protein samples containing different types of dodecyl sulfate (DS)
compound were prepared by mixing the protein solution with the dodecyl sulfate
solution, followed by vortexing. The concentration of the DS compound (w/v) indicated
in this work is for the protein samples prior to mixing with the MALDI matrix.

The two-layer method was employed for MALDI sample deposition [27, 28].
Briefly, 1 pL of a 12-mg/mL solution of HCCA in 80% acetone/methanol was deposited
onto the target and was allowed to dry, forming a very thin layer of fine crystals. A 1-uL
aliquot of the protein sample was mixed with HCCA second-layer solution (saturated in
40% methanol/ water) and a 0.5 uL aliquot of this mixture was deposited on top of the

first layer and allowed to air dry. On-probe washing is always performed. The washing
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step involves adding 2 pL of water to the sample spot and then blowing away the water

with air. This procedure was performed twice on each sample spot.

3.2.3 SDS-PAGE

SDS-PAGE was carried out in a Bio-Rad mini-Protein III system using 12%
polyacrylamide mini-gels. The SDS sample buffer contains 2% mercaptoethanol (v/v),
1% SDS, 12% glycerol, 50 mM Tris-HCI pH 6.8 and trace amount of bromophenol blue.
Prior to electrophoresis, the protein sample was mixed in the sample buffer and heated at
~95°C for 4 min. Visualization of protein bands was done by using Bio-Rad’s Biosafe

Coomassie blue stain reagent or silver stain-kit.

3.2.4 Cell Lysis

Lymphoblastoid cell lines were grown in RPMI-1640 culture, buffered with 25
mM N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid (HEPES) and supplemented
with 10% fatal bovine serum (FBS), 2 mM L-glutamine, 100 units penicillin and 100

ng/mL streptomycin. Cell concentration was kept in logarithmic growth phase at 2 ~ 5 x

10° cells/mL medium. Approximately 3.5 x 10® cells were spun down in a Beckman CS-
6KR swing-bucket centrifuge, rinsed twice in ice-cold PBS, and lysed in 5 mL ice-cold
lysing buffer (1% Triton X-100 RipA buffer). The composition of the RipA buffer is: 50
mM Tris-HCl, pH 7.4, 1% Triton X-100, 0.25% sodium deoxycholate, 150 mM NaCl, 1
mM EGTA plus Aprotinin, leupeptin and pepstatin at 10 pg/ml and 1 mM phenylmethyl
sulfonyl fluoride (PMSF). The detergent insoluble fraction (DIF) is the detergent
insoluble material after the cell lysates were extracted with RipA buffer. The pelleted
DIF was finally rinsed in distilled water to reduce the salt concentration.
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3.2.5 Instrumentation

MALDI experiments were carried out on a Bruker Reflex III time-of-flight mass
spectrometer (Bremen/Leipzig, German) using the linear mode of operation. Ionization
was performed with a 337-nm pulsed nitrogen laser. The laser power was adjusted
slightly above the threshold of the desorption/ionization process and was kept constant
for a given set of protein samples (i.e., one protein at a given concentration with different
DS salts). All data were processed using the Igor Pro Software package (WaveMetrics,

Lake Oswego, OR).

3.3 Results and Discussion

3.3.1 Effect of SDS on Mass Resolution

In our previous work, we described the two-layer sample preparation method and
discussed how SDS affected the MALDI signal intensity [25]. With this method, good
signal-to-noise ratios in MALDI spectra can be obtained from low micromolar
concentrations of protein samples containing SDS up to 1%. However, the molecular ion
peak is usually quite broad, compared to that obtained from a sample containing no SDS.
Analysis of low mass proteins by this MALDI method reveals that peak broadening is
mainly due to the formation of multiple sodium adduct ions with the proteins during the
MALDI process. Figure 3.1 shows the MALDI mass spectrum obtained from a 2-uM
bovine insulin solution containing 2% of SDS. Several partially resolved peaks are
observed in the molecular ion region of the protein. They are from the protonated
molecular ions, [M+H]" and sodium adduct ions, [M-(n-1)H+nNa]" wheren=1, 2, 3. In

this case, the instrument resolving power is sufficiently high to resolve these adduct
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Figure 3.1  MALDI spectrum of 2 uM bovine insulin with 2% SDS. Analyte to
matrix, HCCA (saturated in 40% MeOH/H,0), ratio is 1:1.
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peaks, even though after n=3, the peaks are partially resolved because the multi-
attachment of the potassium and sodium mixture. The protonated molecular ion can be
readily identified, even though the peaks are not fully baseline-resolved. However, for
higher mass proteins, sodium adduct peaks are not well resolved and can become the
dominant peaks in the molecular ion region, resulting in poor mass resolution and a mass
shift of the peak centroid to a higher mass. Since the extent of adduct formation cannot
be predicted in the protein MALDI spectrum, the degree of mass shift is unknown. As a

consequence, the protein mass cannot be accurately defined.

3.3.2 Effects of ADS, TDS and HDS on Resolution

SDS is commonly used to extract hydrophobic or membrane proteins from cells
[5, 6]. Most biopolymer samples such as cell lysates contain a lot of salts that can be the
potential source of sodium ions in subsequent MALDI analysis. However, prior to the
use of SDS for protein extraction, the water-soluble proteins are commonly first extracted
by using a buffer system that may or may not contain a mild surfactant or detergent such
as Triton. The detergent insoluble component can be washed by using an aqueous
solution to remove the salts. But, when SDS is used as a strong surfactant to solubilize
any hydrophobic proteins remaining in the detergent insoluble component, a large
quantity of sodium ions from SDS are also introduced to the sample. Thus the major
source of sodium ions in the SDS-containing sample is from the SDS reagent. Since the
surfactant property of SDS is mainly related to the dodecyl sulfate structure, other type of
dodecyl sulfate salts still function like SDS for protein solubilization [29]. We have
chosen two dodecyl sulfate salts, ammonium dodecyl sulfate (ADS) and tris
(hydroxymethyl) aminomethane (Tris) dodecyl sulfate (TDS), for this study. Ammonium
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and Tris were expected to interact less strongly with proteins in the gas phase, and to
form fewer adducts compared to the sodium ion. In addition, these two compounds are
commercially available and relatively inexpensive — an important consideration for the
wide use of these reagents in protein biochemistry and in mass spectrometry laboratories.
For comparison, we have also examined the effect of hydrogen dodecyl sulfate (HDS) in
MALDI analysis.

Figure 3.2, from the left panel to the right, shows the MALDI spectra obtained
from 2 uM of insulin, cytochrome ¢, myoglobin and trypsinogen, respectively, without
the addition of any surfactant and with the addition of 0.5% various dodecyl sulfate
surfactants. The molecular peaks for these four proteins are labeled in Figure 3.2A. In
the MALDI spectra obtained from the samples containing 0.5% SDS (Figure 3.2B), the
sodium adduct ion peaks are resolved from the protonated molecular ion peak for insulin
and cytochrome c. For insulin the sodium adduct ion peaks are much less intense than
the protonated molecular ion peak, whereas, in Figure 3.1, the sodium adduct ion peaks
are comparable to the protonated one (2 uM insulin containing 2% SDS). It is generally
the case that, as the concentration of SDS in a protein solution increases, the sodium
adduct peaks in the MALDI spectrum become more intense. In the spectrum of
cytochrome ¢ with 0.5% SDS, the sodium adduct peaks become dominant. Even though
the peaks are only partially resolved, the nominal molecular mass of cytochrome c still
can be accurately determined. However, as the protein molecular mass further increases,
the protonated and sodium adduct ion peaks are no longer well resolved, as illustrated in
the spectra of myoglobin and trypsinogen containing 0.5% SDS. The peak centroids for

these two proteins shift to higher masses than the molecular masses.
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It is worthwhile to comment on the differences in running protein samples
containing common salts such as NaCl and those containing an equivalent amount of
SDS by MALDI. In the case of protein samples containing NaCl, most salts will likely
be excluded from the incorporation into the co-crystals of proteins and matrix molecules
during the sample/matrix preparation process. A significant fraction of salts present in
the sample/matrix layer can be washed away by the on-probe washing procedure in the
two-layer sample preparation method. As a result, the protonated protein molecular ions
are dominant in the MALDI spectrum of protein samples containing NaCl. However, in
the case of protein samples containing SDS, dodecyl sulfate interacts strongly with the
protein molecule. Three species, namely the protein, a protein-dodecyl sulfate complex,
and dodecyl sulfate, can be incorporated into the matrix crystals. The presence of the
latter two species in the matrix crystals would require counter ions that would mainly be
the sodium ions in a SDS-containing protein sample. Thus, matrix/analyte co-
crystallization and on-probe washing can only reduce a certain amount of sodium ions.
Many remaining sodium ions residing in the co-crystals will be ionized in MALDI, which
increases the possibility of forming adduct ions with the proteins in the gas phase.

The Ziptip sample cleaning technique is commonly used to reduce salt
contaminants. We find it particularly effective for cleaning in-gel digests of proteins
prior to MS analysis. However, we find that desalting the SDS-containing protein sample
by using either ion exchange or C18 Ziptip does not result in any improvement in
MALDI analysis. This is likely due to the difficulty of removing a large amount of

sodium ions present in the SDS-protein sample with the Ziptip.
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When SDS is replaced with HDS, better mass resolution is obtained. This can be
seen from Figure 3.2C. Protonated peaks are the dominant signals in the molecular ion
region for all four proteins. However, for cytochrome ¢ and myoglobin, HDS suppresses
the MALDI signals to some extent. The reason for signal reduction is likely related to
the strong acidity of HDS that may affect the protein incorporation and co-crystallization
with the HCCA molecules. For example, the addition of 9 mM sulfuric acid to the
cytochrome ¢ sample, which results in the same acidity as that of 0.5% HDS, gave the
similar signal reduction effect as HDS did (spectra not shown). It should be noted that
on-probe washing did improve signals for protein samples containing 0.5% dodecyl
sulfate salts. However, washing must be limited for several seconds because a prolonged
washing step would dissolve the matrix/analyte layer, resulting in poor signals.
However, for samples containing sulfuric acid, a long washing period can be applied
without dissolving the sample layer. In the case of cytochrome ¢ containing sulfuric acid,
if the sample spot was washed over 20 sec, the protein signal can be recovered to the
same level as that obtained from a sample with no strong acid added. But, for
myoglobin, the additional washing step did not result in signal recovery. These results
suggest that strong acids such as HDS and sulfuric acid can affect the MALDI sensitivity
with the two-layer sample preparation method and on-probe washing may not always be
effective to reduce this interference.

Figure 3.2D shows the MALDI spectra of the four protein samples containing
0.5% ADS. The spectral quality is comparable to that obtained from the protein sample
with no surfactant added. Each spectrum displays a strong protonated molecular ion

peak, from which accurate protein molecular mass can be determined. In the case of
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cytochrome ¢, ammonium adduct peaks are observed. The improvement of the MALDI
spectral quality from the use of ADS over SDS is quite dramatic for the analysis of
trypsinogen. With the presence of 0.5% SDS in the sample, the MALDI spectrum
(Figure 3.2B) displays a broad peak which is clearly shifted to a higher mass. But, for the
ADS containing sample, a sharp protonated molecular ion peak is obtained.

The improved MALDI results from the use of ADS in place of SDS are not totally
surprising. The use of ammonium to suppress the sodium adduct ions in MALDI has
been practiced by many researchers in the area of oligonucleotide analysis [26, 30]. In
electrospray ionization MS, the addition of ammonium salts to the protein or peptide
solution can also enhance the protonated peaks over the sodiated peaks. During the
ionization and ion transport processes, the protein-ammonium adduct ions can be
dissociated to form the protonated ions with the loss of ammonia. Note that merely
adding a large amount of ammonium salts such as NH4Cl to a protein sample containing
0.5% SDS does not result in the reduction of sodium adduct ions. Sodium ions appear to
interact with the protein more strongly than the ammonium ions do. This observation is
similar to that found in oligonucleotide analysis by MALDI where desalting of the DNA
sample prior to mixing it with the matrix and ammonium salts is critical to generate a
high resolution mass spectrum [26, 30].

The results from the analysis of TDS-containing protein samples as shown in
Figure 3.2E are somewhat surprising. In planning our experiments, we thought that the
bulky structure of Tris would not readily form adduct ions with proteins. With the two-
layer sample preparation method, MALDI signal intensity, mass resolution and mass

measurement accuracy of proteins are unaffected by the presence of neutralized Tris base
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at levels up to 1% (spectra not shown). In analyzing protein samples containing Tris
base, an acid was added to the second-layer solution to neutralize the Tris base.
Otherwise, the first crystal layer would be dissolved by the basic second-layer solution.
In the cases of analyzing TDS-containing samples, for insulin and cytochrome c, the
protonated peak is dominant, as shown in Figure 3.2E. But extensive adduct ions are
observed for myoglobin and trypsinogen. Interestingly, the patterns of the adduct ion
peaks are similar to those from the SDS-containing protein samples. It is possible that
the adduct ion peaks shown in Figure 3.2E are also from the sodiated species. The source
of the sodium ions may come from the sample, the TDS reagent, and containers used.
During the matrix/analyte co-crystallization process, the bulky structure of Tris that
should act as the counter ion for dodecyl sulfate and the protein-dodecyl sulfate complex
has to compete with other smaller positive ions such as sodium to be incorporated into
the co-crystals. In addition, the affinity of protein with sodium may be higher than the
one of protein with Tris. Even though the amount of sodium ions in the solution is small
compared to Tris, its readiness to be incorporated in the co-crystals can result in an
accumulation of a large quantity of sodium ions in the crystals. Once the sodium ions are
trapped inside the crystals, they are not readily washed away by the on-probe washing
process.

Comparative analysis is also carried out for relatively high mass proteins. Figure
3.3 shows the MALDI mass spectra obtained from 5 pM carbonic anhydrase II
(molecular mass 29025 Da), BSA (molecular mass 66430 Da), and lactoferrin (~ 82 kDa,
a glycoprotein) with and without the dodecyl sulfate surfactants added. The spectrum

shown in Figure 3.3A is from the protein samples with no surfactant added. With the
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presence of 0.5% SDS in the sample (Figure 3.3B), the molecular ion peaks become very
broad. With HDS (Figure 3.3C), the peaks are still broad with their centroid masses
shifted to high masses. When TDS is present in the samples (Figure 3.3E), the resulting
spectra are similar to those obtained from samples containing SDS. However, when ADS
1s used (Figure 3.3D), good resolution is obtained. For example, in the carbonic
anhydrase spectrum, a reasonably sharp peak is observed at m/z 29042, which seems to
correspond to the ammonium-protein adduct ion, [M+NH,]". Peak tailing to a higher
mass suggests that some other adduct ions likely from the attachment of two and three
ammonium ions are also formed.

The observation of the ammonium-protein adduct ion as the dominant peak in the
protein mass spectrum shown in Figure 3.3D can be explained by considering the
readiness of adduct ion formation and the energetics of adduct ion dissociation. As the
protein mass increases, the increase in protein chain length provides more possible
binding sites for ammonium ion attachment. During the MALDI process, protein
molecules are gaining internal energies through collisions, reactions and possibly direct
absorption of the laser energy. However, the internal energy gained may not be sufficient
to dissociate the ammonium adduct ions formed with a larger protein. As a consequence,
protonated molecular ions are not extensively produced, as is the case for smaller
proteins. A relatively sharp peak observed in the mass spectrum of the ADS-containing
sample indicates that ions from the proteins with more than two ammonium ions attached
are much less abundant than the adduct ion with one ammonium ion attached. Proteins
with multiple ammonium ions attached likely dissociate into the [M + NH,]" ions during

the MALDI process. In the case of sodium adduct ions (see Figure 3.3B), since the
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Figure 3.3  MALDI spectra of 5 pM carbonic anhydrase, BSA and lactoferrin: (A)
without surfactant, (B) with 0.5% SDS, (C) with 0.5% HDS, (D) with 0.5% ADS, and (E)
with 0.5% TDS. Analyte to matrix ratio varies from 1:1 to 1:2.
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binding between the sodium ion and the protein molecule is stronger, more energy is
required to dissociate the multiple sodium adduct ions. An insufficient amount of
internal energy placed on the protein-sodium adduct ions during MALDI would prevent
them from dissociation, resulting in the observation of similar intensities of protein

adduct ions with several sodium ions attached.

3.3.3 Negative lon Mode Operation

The same protein samples were run in negative mode, to see if these four dodecyl
sulfate compounds have similar effects on mass resolution as in positive mode.
However, the sensitivity of negative ion detection of proteins is found to be much lower
than that of positive ion detection. For example, for the 2 uM cytochrome c¢ solution, the
molecular ion peak is barely detectable in the MALDI spectrum. For the 2 uM insulin
samples with and without the presence of any dodecyl sulfate surfactants (at the 0.5%
level), similar mass resolution is observed (data not shown). However, for cytochrome ¢
and other higher mass proteins, the signal intensity is weak even for a 5 uM protein
solution. Considering that the positive ion detection gives much better detection
sensitivity and that good sensitivity is critical for biomolecular analysis, we did not
attempt to make any further investigation on the effects of surfactants on mass resolution

for the large proteins detected under the negative ion mode operation.

3.3.4 Effect of ADS on Gel Electrophoresis

ADS is a surfactant that possesses similar properties as SDS [31]. Thus it can be
used to replace SDS for cell extraction and protein dissolution. However, for gel

electrophoresis, the use of the ammonium ion instead of the sodium ion may cause
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interference. The effect of ADS on the performance of gel electrophoresis is
investigated.

We have examined the use of ADS in place of all SDS for gel casting and running
procedure, and also including the SDS in sample buffer (i.e., ADS-PAGE). Figure 3.4
shows a series of gel images of separation of protein mixture in 1% ADS obtained from
different condition. The protein mixture contains cytochrome ¢, myoglobin, trypsinogen,
carbonic anhydrase and BSA. Image A was obtained from a 12% ADS-PAGE, while
image B was obtained from a normal 12% SDS-PAGE. Lane 1 and 2 show protein bands
from protein mixture in 1% ADS separated in ADS-PAGE, by mixing sample with ADS-
sample buffer. Lane 3 and 4 were obtained from the same sample mixed with normal
SDS-sample buffer separated in SDS-PAGE. As a control, protein mixture in 1% SDS
and mixed with normal SDS-sample buffer was also separated by the same gel in lane 5
and 6. The odd number lanes have loading of 0.5ug and even number lanes have 1pg.
Since the ammonium ion has the potential to dissociate to form ammonia and a proton
during the electrophoretic process, the gels are run under a constant current. The voltage
needed for running the ADS gel is found to be slightly lower than that used for running
the SDS gel. The separation pattern of the ADS-PAGE and SDS-PAGE is different, and
it seems that one protein is missing in ADS-PAGE, probably because the degree of
polymerization of ADS-PAGE is different from the SDS-PAGE. But this problem could
be solved by changing the percentage of the gel. However, the major problem for
running the ADS gel is associated with the staining process. When the ADS gel is
stained by the Coomassie blue staining reagent, the background can be quite high,

reducing the contrast between the protein bands and the gel background. Thus, the
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Figure 3.4  Gel image of cytochrome ¢, myoglobin, trypsinogen, carbonic anhydrase
and BSA on 12% (A) ADS-PAGE and (B) SDS-PAGE. Lane arrangement: proteins in
(1-4) 1% ADS and (5,6) 1% SDS. Gel loading: (1,3,5) 0.5ug and (2,4,6) 1ug for each
protein.
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protein display sensitivity with Coomassie stain is lower in running ADS-PAGE. High
background or reduced sensitivity is also observed to be true for silver stained ADS gels.
Therefore, in terms of detection sensitivity, SDS-PAGE is preferred to ADS-PAGE.

From the image B in Figure 3.4 which shows the separation of the proteins
solubilized by ADS in SDS-PAGE, we can see that no difference was observed among
the bands displayed from proteins dissolved in ADS or SDS (lane 3-6). This indicated

that proteins solubilized by ADS could be separated by SDS-PAGE.

3.3.5 Application to Hydrophobic Protein Analysis

The detergent insoluble fraction (DIF) pellet from lymphoblastoid cells or
Raji/CD9 B-cells was dissolved in 1% ADS or 1% SDS. This pellet should mainly
consist of very hydrophobic membrane proteins. Without the addition of ADS or SDS,
no MALDI signals could be obtained by simply mixing the DIF sample with the HCCA
second-layer solution in the two-layer sample preparation. Figure 3.5 shows the MALDI
spectra of DIF obtained with (A) SDS or (B) ADS. These spectra can be readily
reproduced. Thus the spectral differences observed in Panels A and B of Figure 3.5
reflect the different effects of SDS and ADS on MALDI signals. From the spectra shown
in Figure 3.5, we can see that low mass proteins with masses up to about 20 kDa are
detected in both cases. However, the spectrum obtained from ADS (Figure 3.5B) gives
more peak information because the peaks are better resolved. For example, the broad
peak labeled at m/z 7879 in Figure 3.5A actually consists of two major peaks as shown in
Figure 3.5B at m/z 7816 and 7902. The peak shown in Figure 3.5B labeled as 12799 is
not observed in Figure 3.5A. In addition, with ADS in the sample, a protein with
molecular mass about 33 kDa was detected while this protein was barely seen in the case
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of SDS (Figure 3.5A). As a control experiment, a portion of the DIF sample was
dissolved in 1% SDS, mixed with gel loading sample buffer and separated on a 17%
SDS-PAGE gel (Figure 3.6). The spectrum obtained from ADS is in agreement with the
gel control experiment (Figure 3.6), which indicates that there is a large amount of
protein in the low mass range and another dark band in the mass range 30-35 kDa.

It should be noted that both spectra in Figure 3.5 were obtained by adding a small
amount [about 10% (v/v)] of 0.2 M diammonium hydrogen citrate (DAHC) to the
mixture of analyte and matrix (HCCA saturated in 40 % MeOH/H,0) [26, 30, 32].
DAHC is a reagent that is sometimes used to assist analyte ionization by enhancing
protonated molecular ion signals and suppressing the sodium adduct ions in DNA and
protein samples. In the analysis of DIF, without the addition of DAHC, the signals were
low and only some of the low mass proteins in the mass range up to 12 kDa could be
obtained.

Although the gel image shown in Figure 3.6 detects a number of high mass
proteins, many of them are not detected in MALDIL This observation is similar to that
obtained in analyzing water-soluble proteins [33]. It appears that for both hydrophilic
and hydrophobic proteins the low mass proteins are more readily ionized and the high
mass protein signals are suppressed. However, MALDI analysis of very hydrophobic
proteins is not as sensitive as for less hydrophobic proteins. For the analysis of DIF,
which consists mainly of very hydrophobic proteins, the laser power required to produce
protein signals was higher than that used for less hydrophobic proteins. The ionization
efficiency for a hydrophobic protein via protonation is expected to be low because of the

lack of many protonation sites.
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Figure 3.5  MALDI spectra of the CD9 cell lysate Detergent Insoluble Fraction pellet.
The pellet was mixed with (A) 1% SDS and (B) 1% ADS.
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Figure 3.6  Gel image of the CD9 cell lysate Detergent Insoluble Fraction pellet.
Lane A is from molecular weight markers and Lane B is from the DIF pellet.
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It is clear that the MALDI technique is compatible with the strong dodecyl sulfate
surfactant, which should provide a new tool to tackle hydrophobic proteome analysis
problem. For example, we are currently in the process of developing a protein digestion
protocol to generate peptides directly from the DIF pellet of the lymphoblastoid cells.
MALDI MS/MS will be used to generate peptide sequence information to identify the
proteins present in the mixture. With the knowledge of accurate molecular masses
obtained by MALDI-TOF, we are hoping to determine the origins of these low-mass
proteins. These proteins could be the fragments of large membrane proteins or small
gene products with or without post-translational modifications. Our future work will also
be directed to the improvement of ionization efficiency of MALDI for the analysis of
very hydrophobic proteins that can only be soluble in dodecyl sulfate surfactant. To this
end, the use of a transition metal ion such as silver salt will be attempted to examine
whether cationization can be a better means of ionization for the very hydrophobic
proteins, as one would expect from the polymer MALDI work. In that case, the analysis
of less polar species such as polybutadiene is usually done by using cationization with a

transition metal ion [34].

3.4 Conclusions

While protein samples containing sodium dodecyl sulfate (SDS) up to ~1% can be
analyzed by the two-layer sample/matrix preparation method, the MALDI signal quality
was found to be degraded because of the formation of protein sodium adduct ions in the
MALDI process. If the instrument resolving power is inadequate to resolve these

adducts, peak broadening is observed and the broaden peak centroid is shifted to higher
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mass. Ammonium dodecyl sulfate (ADS), hydrogen dodecyl sulfate (HDS), and tris
(hydroxymethyl) aminomethane dodecyl sulfate (TDS), were explored as alternatives to
SDS. We found that the ADS was least detrimental to MALDI performance. The
presence of ADS in the protein samples did not significantly degrade the signal resolution
and accuracy, as was the case with SDS. With ADS in protein samples, the protonated
peak was dominant in MALDI analysis from moderate protein mass up to ~25kDa. As
the protein molecular weight increases, the ammonium adducts become dominant in the
MALDI spectrum; but ADS still yields the best results of the four surfactants. The
performance of ADS-solubilized proteins for gel electrophoresis was also examined. We
demonstrated that ADS solubilized cell extracts could be separated by SDS-
polyacrylamide gel electrophoresis by mixing the samples with normal SDS buffer. The
improved MALDI performance of an ADS-solubilized detergent insoluble fraction from
Raji/CD9 B-cell extract was also demonstrated in this work. It can be concluded that
ADS is a viable alternative to SDS in protein extraction and purification and should be

used in MALDI analysis of very hydrophobic proteins.
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Chapter 4
Effects of Surfactants on Protein Digestion and Peptide Mass

Spectrometric Analysis

4.1 Introduction

Surfactants play a significant role in protein chemistry with applications from
protein solubilization and stabilization to protein dis-aggregation, and protein
denaturation [1-3]. Surfactants are usually employed in gel and capillary electrophoresis
for protein separation and purification. In sample preparation steps, membrane proteins
and membrane-bound proteins, in particular, require the presence of surfactants for
solubilization.

MALDI provides a fast and accurate means of protein characterization and has
become a much-valued tool for proteomics studies. However, earlier studies on proteins
showed that surfactants, such as SDS, Triton-X or CHAPS, interfered with the mass
spectrometric analysis, e.g., deteriorating ion formation during measurement of intact
protein and reducing the resolution of mass measurement. [4-7]. Because of these
interferences, surfactants should be avoided whenever possible and should be removed
prior to mass spectrometric analysis [7-11]. However, it is also believed that biochemical
problems cannot be totally solved without the involvement of surfactants, even in the
mass spectrometric step.

More recent studies showed that surfactants might hold some benefit for
hydrophobic protein and peptide analysis. Some non-ionic surfactants such as n-octyl

glucoside (OG) have been employed for mass spectrometric analysis without severe
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interference [6, 12]. However, non-ionic surfactants usually have mild solubility power,
only solubilizing a small portion of proteins. Strong surfactants, e.g. SDS, must be used
for protein solubilization in most of cases. Limbach and coworkers successfully used
SDS to eliminate the discrimination on ionization of the hydrophobic peptides in a
mixture containing both hydrophilic and hydrophobic peptide [13]. Furthermore, an
alternative to SDS, an acid-labile surfactant (ALS) used in gel electrophoresis has been
reported by Waters Corp. [14, 15], though this surfactant’s performance needs to be
examined further.

Fast protein identification accomplished by peptide mass mapping usually
involves protein digestion and measurement of the resultant peptides by a mass
spectrometer, usually MALDI MS. Positive identification requires measurement of a
large number of peptides and high sequence coverage for a confident match to the
sequence information in protein or genome databases [16]. In other words, an effective
enzymatic digestion is essential for obtaining a definitive database match. In addition, a
high sequence coverage is important for mapping the posttranslational modifications of
proteins. Because surfactants are often involved in protein solubilization, it is necessary
to understand how the surfactants affect the enzyme activity and subsequent MS analysis.

In this chapter, frequently used surfactants for biological membrane protein
sample preparation are examined to study their effects on enzyme activity, protein
sequence coverage, and their compatibility to MALDI MS analysis. The goal of this
work is to explore the possibility of using a suitable surfactant for future membrane

protein identification.

4.2 Experimental
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4.2.1 Chemicals and Reagents

Triton X100, n-octyl glucoside (OG), sodium dodecyl sulfate (SDS), 3-[(3-
Cholamidopropyl)dimethylammonio]-1-propanesulfonate =~ (CHAPS),  dithiothreitol
(DTT), a-Cyano-4-hydroxycinnamic acid (HCCA), iodoacetamide, trifluoroacetic acid
(TFA), bovine trypsin, bovine serum album (BSA), Bacteriorhodopsin (BRO), and other
protein standards were from Aldrich-Sigma Canada (Markham, ON, Canada). C;s and
HPL ZipTip were purchased from Millipore Corporation (Bedford, MA, USA). Water
was obtained from a Milli-Q Plus purification system (Millipore, Bedford, MA, USA).

HCCA was recrystallized from ethanol (95%) before use.

4.2.2 Protein Standards In-solution Digest

Samples were prepared in 0%, 0.1% or 1% surfactant solutions (v/v for Triton X
100, and w/v for CHAPS, OG and SDS). Fourteen-microliter aliquots of the 1 pg/uL
protein solutions were mixed with 1.5 puL of 1.0 mM NH4HCOs and 1.4 pL of 1 pg/pl
trypsin in siliconized vials. The samples were incubated at 37°C for 2 h. Following
incubation, a 1-pL portion of the digested sample was mixed with 9 pL of saturated
HCCA solution for MALDI detection. A control experiment was also performed by
digesting protein samples prepared in water, and then adding surfactant to the digests to

produce samples containing 0.1% or 1% surfactant as indicated.

4.2.3 Bacteriorhodopsin (BRO) Tryptic Digest

About 190 pg of BRO was weighted and added to 3.8 pL of 5% SDS (making S0

ug/pl). As well, about 170 pg BRO was added to 3.4 pL of water (also 50 pg/pL).
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Samples were vortexed for 20 minutes, and heated to 95°C for 5 min, then cooled to

room temperature. Tryptic digest were performed in 100 mM NH4HCOj; buffer, with a
trypsin to protein ratio of 1 to 10 (by weight), and a final concentration of 2 mM CaCl,

was added to the protein solution to prevent trypsin autolysis. The final protein
concentration was diluted to 1 pg/pL, with SDS consequently diluted to 0.1%. The
digestion was performed overnight at 37°C. To complete the digestion, a ten-microgram
aliquot of trypsin was added to each sample, and the samples were left in the incubator

for another two hours at 37°C.

4.2.4 Sample Preparation

The two-layer method was employed for MALDI sample deposition {18, 19].
Briefly, 1 uL of a 12-mg/mL solution of HCCA in 80% acetone/methanol was deposited
onto the target and allowed to dry, forming a very thin layer of fine crystals. A 1-puL
aliquot of the protein sample was mixed with 10 pL HCCA second-layer solution
(saturated in 40% methanol/water) and a 0.5 pL aliquot of this mixture was deposited on
top of the first layer and allowed to air dry. On-probe washing is always performed. The
washing step involves adding 2 pL of water to the sample spot and then blowing away

the water with air. This procedure was performed twice on each sample spot.

4,2.,5 Instrumentation

MALDI MS experiments were carried out on a Bruker Reflex III time-of-flight
mass spectrometer (Bremen/Leipzig, German) using the reflectron mode of operation.
Ionization was performed with a 337-nm pulsed nitrogen laser. All data were processed

using the Igor Pro Software package (WaveMetrics, Lake Oswego, OR).
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4.3 Results and Discussion

4.3.1 Effects of Mild Surfactants on Digestion and MS

In biological sample preparation, surfactants are commonly employed for protein
extraction and solubilization of relatively hydrophobic proteins. For example, Triton
X100 or n-octyl glucoside (OG) is usually employed to fractionate the membrane
proteins from the cytosolic plasma [20-22], and CHAPS is commonly used for increasing
protein solubilization in the isoelectric focusing (IEF) experiment. SDS is the most
commonly used surfactant that is almost the perfect match for membrane protein and
hydrophobic protein treatment. Table 4.1 lists the structure and critical micelle
concentration (CMC) of the surfactants used in this study.

The first surfactant examined was CHAPS. Figure 4.1 shows the MALDI MS
spectra of 0.5 pg/pl BSA digested without and with CHAPS. The peptide masses from a
standard tryptic BSA digestion were labelled in Figure 4.1A. Examining all the four
spectra (CHAPS concentrations are 0.1%, 1% and 2%), the typical BSA tryptic peptides
1479.85 and 1567.77 Da can be observed in the spectra even with 2% CHAPS present
during the digestion process. Diluting the peptide mixture by 10 times, peptide signals
were higher than the ones showed in Figure 4.1B, which was obtained in 0.1% CHAPS.
This indicates that tryptic digestion at a typical protein concentration used in proteomics
applications is still possible in the presence of CHAPS up to 2%.

However, the peptide peak intensities in the MALDI spectra are decreased with
an increase in CHAPS concentration. In order to confirm that the intensity decrease is
from an unsuccessful digestion or mass spectrometric response alone, a control

experiment adding 0.1% CHAPS after the digestion process was performed and the
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corresponding MALDI MS spectrum is shown as Figure 4.2B, while Figure 4.2A is from
a standard BSA digestion. The significant difference in these two spectra is that a strong
peak was observed at m/z 1229.76 Da in Figure 4.2B corresponding to the dimer of the
surfactant CHAPS molecular peak (CHAPS mono-isotopic molecular weight is 614.4
Da). Comparing these two spectra, most of the tryptic peptide peaks observed in Figure
4.2A are also observed in Figure 4.2B. However, the relative intensities of these peptide
peaks are changed. For example, the peak intensity of 1163.41 Da was dramatically
decreased in the spectrum obtained from the sample with CHAPS added compared to the
standard one. Comparing Figure 4.1B which obtained from digestion with CHAPS
present and Figure 4.2B obtained from adding CHAPS after digestion, peptides detected
in Figure 4.2B are also detected in Figure 4.1B, indicating the digestion itself was
successful. Because the digestion was successful in both of these cases, these peak
intensity variations were mainly caused by the effect of CHAPS to MALDI MS response.
As CHAPS is a zwitterionic surfactant, it can easily pick up a proton and be ionized, and
in the sample mixture of peptide and CHAPS, the competition of obtaining proton is
favourable to CHAPS. Therefore, the presence of CHAPS will hinder the peptide
ionization and as a result, decrease the MS response.

Similar experiments were also performed with surfactants TX100 and OG.
TX100 has a similar effect as CHAPS on MALDI MS. Triton surfactants are modified
polyethylene glycol, an easily ionized polymer, and have a molecular weight distribution
range from 400 to 1200 Da, where peptides are normally observed. Therefore, the
presence of Triton severely suppresses the peptide ionization and will obscure the

observation of peptides (Figure 4.3A). On the other hand, OG is a “MS friendly”
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Table 4.1 Critical Micelle Concentration (CMC) of Some Surfactant in Aqueous

Solvent.
Surfactants MW (isotope) Structure CMC concentration
CHAPS 614.40 4 mM 0.25%
(v/v)
1 —~ —~ 0
Triton X 100 576.62 o Omcmcugnoa 0.23 mM 0/.013 Yo
(average) viv)
n~10
oG 292.19 HOCH, 25 mM 0.73%
o}
HOw DOCHZ(CHZ)GCHE‘ (W/ V)
HO ‘?bH
SDS 288.13 o 8 mM 0.23%
CHG(CHQ)mCHQO—Ils:——ONa (whv)
o
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surfactant [25], and no significant effect was observed for digestion and peptide detection
with OG concentrations up 1% (Figure 4.4).

If CHAPS and TX100 havé to be present for tryptic digestion in some proteomic
situations, e.g., membrane protein solubilization, they definitely must be removed prior to
MS analysis in order to obtain good peptide MS spectra for protein identification. A Cig
ZipTip contains the same material as a C;g reversed-phase column, and is widely used for
the removal of salts and surfactants in protein and peptide samples. Experiments show
that CHAPS could be easily removed by HPLC C,;3 columns [26], and therefore it can
also be removed by C;s ZipTip (data not shown). However, the removal of Triton X-100
with Cg ZipTip turns out to be problematic. Figure 4.3A shows MALDI MS spectrum of
BSA tryptic digest with 1% TX-100 present during digestion process. A C;s ZipTip was
employed to clean the surfactant TX-100 and the peptides were eluted with 50%
ACN/H;0 in 0.1% TFA (Figure 4.3B). However, a significant portion of TX-100 still
exists in the peptide samples. This result is also in agreement with Fenselau’s results
where they used reversed phase Cg column to purify protein isomers and observed strong
and broad TX-100 UV absorbance peaks during the separation process [27].
Alternatively, HPL ZipTip, a hydrophilic interaction micro-column, is newly designated
to cleanup hydrophilic contaminants. The effect of HPL ZipTip for the removal of TX-
100 is very significant, as shown in Figure 4.3C, where BSA tryptic peptides can be
recovered and clearly observed in the MS spectrum. From the above results we can
conclude that if peptide samples contain TX-100, they are not suitable for separation by a
reversed phase C;s or Cg column, because the Triton isomer can be observed over a broad

range elutes.
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4.3.2 Protein Digestion in the Presence of SDS

SDS is the most commonly used surfactant for biological sample preparation. As
it was shown in Chapter 2, two-layer sample preparation method can be employed for the
analysis of protein samples containing SDS. From Chapter 3, the resolution degradation
from protein samples containing SDS is mainly because the sodium adducts to the
samples. In the mass range for peptide analysis, most mass spectrometers have the ability
to resolve these adducts; therefore, resolution would not be a problem for peptide
detection. However, it is necessary to explore whether SDS has any interference peaks if
SDS is used during enzymatic digestion and peptide analysis.

In the blank experiment, SDS and HCCA second-layer solutions were mixed in a
1:1 (v/v) ratio, with SDS concentrations of 0.01% 0.02%, 0.1%, 0.2%, 1% and 2%. No
peaks was observed in the low mass range for SDS solutions up to 0.2%, and cluster
peaks were observed starting in a 1% SDS even with on-probe washing step. Figure
4.5A displays these clusters observed from 1% SDS solution. In this figure, not only are
SDS clusters observed, but strong matrix clusters and matrix-SDS clusters are also
observed because of the presence of sodium, a cation that aids the ionization process.
These peak assignments are further confirmed by MALDI MS/MS experiments. Figure
4.5B shows a MS/MS spectrum of a cluster at 810.2 Da clearly showing the peak interval
of 288, corresponding to the loss of SDS. Therefore, for samples containing greater than
1% SDS, SDS-matrix cluster can be observed in the mass range below 900 Da.

Furthermore, the effect of SDS on the digestion itself was examined. This work is
motivated by the fact that detection of a greater number of peptides and/or different types
(hydrophobic or hydrophilic) of peptides from a single protein enhances the confidence
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of protein identification by using either peptide mass fingerprinting or MS/MS in
proteomics.

To study the effects of SDS on the digestion of proteins by trypsin, 7 different
proteins (ubiquitin, cytochrome ¢, myoglobin, BSA, actin, ovalbumin, and lactoferrin)
were prepared in either 0.1% or 1% SDS and digested with trypsin (see Experimental
section for details). As a control, the same protein samples were digested in the absence
of SDS, and then SDS was added to the sample at concentration of 0.1% or 1%. The
digests were then analyzed by MALDI MS.

The MALDI spectra obtained from the digestion of 1 pg/uL ubiquitin are shown
in Figures 4.6 and 4.7. Figure 4.6 corresponds to the control in which SDS was added to
the sample after the digestion was complete. At all levels of SDS, a MALDI spectrum
could be obtained with detectable ubiquitin peptide fragments. However, there are some
notable differences between the spectra. The addition of SDS to the sample following
digestion had an effect on the relative intensities of the peaks. This is particularly
noticeable for the peaks corresponding to sequence coverage 34-42, 64-72, and 55-63.
However, the addition of SDS resulted in few changes to the overall number of detected
peaks in each spectrum. From Figure 4.6A, it can be seen that 10 peaks were identified
as peptide fragments of ubiquitin. When 0.1% SDS was added to the sample following
digestion, the same 10 peaks were detected (Figure 4.6B) with an addition of a new
peptide fragment corresponding to sequence 7-27. The addition of SDS to the digested
sample also produced several peaks resulting from sodium attachment. The spectrum
obtained from the sample containing 1% SDS is shown in Figure 4.6C. Eight of the 10

peaks originally detected in the sample without SDS were still visible, with no additional

105

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



peptide fragments being observed. However, several low mass ions corresponding to
SDS-matrix ion clusters were also observed in addition to sodium attachment peaks, thus
deteriorating the overall quality of the MALDI spectrum.

Ubiquitin was then digested in the presence of SDS, and the resulting spectra are
shown in Figure 4.7. With 0.1% SDS added to the sample prior to digestion (Figure
4.7B), seven additional peptide fragments were observed in the MALDI spectrum that
were not detected in the sample digested without SDS or in the sample with 0.1% SDS
added after digestion. This result indicates that the presence of SDS in the sample has an
effect on the digestion process itself, rather than exclusively on MS detection. Although
additional peaks were detected, no new cleavage sites of ubiquitin were observed. The
additional peaks all contained missed cleavage sites, indicating that the addition of SDS
perhaps altered the trypsin specificity. This is not surprising considering that SDS is a
strong denaturing reagent and can cause the change of trypsin conformations. At the 1%
level of SDS (Figure 4.7C), we see that no peptide fragments of ubiquitin were observed
in the low mass region of the spectrum. However, the strong intact molecular ion was
still observed, indicating that the sample remained undigested and this is in agreement
with the conventional brief trypsin protocol “that trypsin remains active in 0.1% SDS”.
Since peptides were observed in the control spectrum with 1% SDS added following the
digestion, the results indicate that 1% SDS completely disrupts the activity of the trypsin,
thereby preventing digestion. This is likely due to denaturation of the enzyme in the SDS

containing solution.
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Figure 4.6  MALDI spectra obtained from digestion of 1 pg/pL ubiquitin (A) without
adding SDS, (B) with 0.1% SDS added after digestion and (C) with 1% SDS added after
digestion. The peptide fragments are labelled according to the amino acid sequence
coverage of ubiquitin.

107

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



1.0 7

_R
& A
o 0s- @)
()]
o
o T §
> 04— @ | 3
it 1 P o« M~
3 |33 S
¥y 0.2- \ & b [ N
T 2 [ :
_J ‘ | ‘ Vil ¢ Il llt:l N Ll L T‘L l 4 mll i
00 | ] | 1 1 I T T T 1 | 1 i 1 1 I T 1 1 i | 1 T T 1 I i f T 1
1000 2000 3000
L AN 3 S
3 = &
> 08— ! (B)
= < < o~
n © 0 __ <
S Ts g Q $
c T h Q8
] 3
o &
5 T .3
0] R
14 NI L
o]
<t
Y n .}L.L lh P ll:
1 | T T | ] I T ¥ 1 1
3000
>‘ 08 = +
B me2t> (C) M
C -
D 06
i=
o)
.2 04 = L " Y
i Sl "
..(E [ T [ T T T
£ 024 4000 6000 8000
\ m/z
_J L " lL L , —
00 | T H ] 1 I T I 1 T | 1 ] 1 L) I T ] 1 1 l ) ] ] i I T T 1 1
1000 2000 3000

Figure 4.7  MALDI spectra obtained from digestion of 1 pg/uL ubiquitin (A) without
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108

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



Table 4.2 lists peptide sequence coverage of tryptic digests from 7 proteins with
SDS added before or after digestion. When the digests of ubiquitin, cytochrome ¢, and
ovalbumin were analyzed, more peaks were observed from the samples digested in the
presence of SDS than from the control digests, and the peptide sequence coverage
increased with SDS in digestion. However, when the digests of myoglobin, actin and
BSA were analyzed, only minor differences were observed between the control digests
and the samples from digestion of proteins in the presence of SDS. When the digests of
cytochrome c, actin and ovalbumin were analyzed, peptides with new cleavage sites were
observed in the digestion of proteins in the presence of SDS. By combination of adding
SDS in and after digestion, 6 out 7 protein samples give increased peptide mass mapping
coverage. Therefore it can be concluded that although the presence of SDS in the sample
will change the digestion process, the extent of this change and the observed effect on the
MALDI spectrum is dependent on the type of protein. Nevertheless, the resuits shown
here demonstrate that proteins can be digested in the presence of low amounts of SDS,
and that the resulting digests can be analyzed by MALDI MS. The additional peptides
produced are useful for protein identification by peptide mass mapping in proteome
analysis. The additional peptides may also increase the chances of generating useful
sequence information for a protein based on MS/MS.

Table 4.3 lists the summary of the effects of these four surfactants for protein
tryptic digestion and mass spectrometric analysis. OG is a MS compatible surfactant and
has little effect on enzyme activity, even though it has limited solubility power; CHAPS

and Triton surfactants do not affect enzyme activity but severely interfere with MS
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Table 4.2 Summary of Peptide Sequence Coverage of Tryptic Protein Digestion
with (A) No SDS, (B) 0.1% SDS in presence, (C) 0.1% SDS Added after Digestion
and (D) Combination of Results from A, B and C.

Protein name (A)0%SDS (B)0.1% SDS (C)0.1% SDS (D) Combination
in digestion after digestion of A,B& C

Ubiquitin 65/76aa 76/76aa 70/76aa 76/76aa (100)%
(86%) (100%) (92%)

Cytochrome ¢ 53/104aa 92/104aa 90/104aa 93/104aa (89%)
(51%) (88%) (86%)

Ovalbumin 134/386aa 239/386aa 273/386aa 305/3862a(79%)
(34%) (61%) (70%)

Myoglobin 147/153aa 109/153aa 145/153aa 147/153aa (96%)
(96%) (71%) (95%)

BSA 265/607aa 227/607aa 249/607aa 363/607aa (59%)
(43%) (37%) (41%)

Actin 230/237aa 211/377aa 233/377aa 253/377aa (67%)
(61%) (55%) (59%)

Lactoferrin 297/708aa 163/708aa 407/708aa 431/708aa (60%)
(41%) (23%) (57%)

Table 4.3 Summary of Some Surfactants’ Effects on Protein Tryptic Digestion.

Surfactant name Concentration  Effect on enzyme activity Effect on MS
CHAPS 0.1% - ++

1% - ++
oG 0.1% - -

1% - -
TX 100 0.1% - ++

1% - ++
SDS 0.1% - -

1% + +

Note: In effect on MS, “++” represents surfactants that have interference peaks and significantly
suppress the peptide signals. “+” represents surfactants that have interference peaks.
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analysis; trypsin remains active in 0.1% SDS, however, SDS generates matrix-SDS
cluster in mass range of 500-900 Da with concentration of 1%, and as the laser beam

energy is increased, the cluster may be extended to higher mass.

4.3.3 Application to Hydrophobic Membrane Protein

Integral membrane proteins usually have a hydrophobic region in the membrane,
and hydrophilic peptides extending to extracellular or cytoplasmic regions. This structure
is also called bilayer structure as described in Figure 1.12. Bacteriorhodopsin (BRO) is
commonly employed as a model for membrane protein studies. Because of its
hydrophobicity, BRO cannot dissolve in aqueous solvent without the addition of
surfactant. SDS is employed as one of the surfactants for the purpose of solubilization
and denaturation during the tryptic digestion (see Experimental section). Figure 4.8
displays MALDI MS spectra obtained from tryptic digestion with or without SDS.
Without SDS, the strong peaks in the MALDI MS spectrum (Figure 4.8A) are all from
trypsin autolysis or commonly observed peaks during tryptic digestion, labelled as “T/C”.
Only two low intensity peaks labelled with stars (*) are BRO peptides corresponding to
sequence coverage of 217-225 and 160-172. However, with 0.1% SDS added after
digestion, the signal intensities of BRO peptides and trypsin autolysis peaks changed
(Figure 4.8B). This is because SDS is an ionization reagent eliminating the
discrimination between hydrophobic peptides from BRO and hydrophilic peptides from
trypsin autolysis by increasing the ionization efficiency of the hydrophobic peptides [13].
However, the peptide pattern looks significantly different when SDS is present during the
digestion (Figure 4.8C). The peptide signal intensity from sequence 160-172
significantly increases compared to trypsin autolysis peaks, and peptide 41-82 is detected
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Figure 4.8  MALDI MS spectra of BRO tryptic digestion with (A) no SDS, (B) 0.1%
SDS added after digestion and (C) 0.1% SDS present during digestion. (T/C indicates
trypsin autolysis or commonly observed peaks in gel analysis.)
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as well. Unlike the peptides 160-172 and 217-225 which arise from the cytoplasmic
segment of BRO, the peptide 41-82 is cleaved from the middle of the BRO, which
includes one entire a-helix. This result is not surprising because BRO has a bilayer
structure, which likely makes it difficult for trypsin to access the cleavage site effectively
if the protein is not fully denatured. The observation of stronger BRO peptides in the
digestion with SDS present is likely because the denaturation effect of SDS to the protein
helps to unfold the protein bilayer structure and make enzyme access to the cleavage site
easier, and therefore the digestion is more complete than the one without SDS.

It is clear that 0.1% SDS can be employed in protein identification from the
enzyme digestion step to MALDI MS analysis without much interference. In other
words, water-insoluble proteins in cells or organelles can be extracted and solubilized by
SDS first and then directly subjected to proteolytic digestion, and analyzed via peptide
mass mapping or tandem mass spectrometry (MS/MS). For membrane protein digestion,
the denaturation of the protein holds some benefit for enzyme to access the cleavage
sites, and therefore facilitate the digestion process moving forwards. A better protein
sequence coverage can be achieved by dual enzyme digestion, such as CNBr/trypsin [28],
because the chemical digestion is not disrupted by SDS and enzymatic digestion is
workable under low amount of SDS. For a mixture of hydrophobic and hydrophilic
peptides, an additional separation step (such as LC) could be employed to avoid the
possible ionization suppression between hydrophobic and hydrophilic peptides [26].
Future work, to be described in the following chapters, will be directed towards the

analysis of cell extracts, where surfactants are required to extract proteins out of the cells,
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and protein identification is carried out by enzymatic digestion and tandem mass

spectrometry.

4.4 Conclusions

The effects of four frequently used surfactants for biological sample preparation
on enzymatic digestion and peptide MS analysis are examined in detail. Non-ionic
surfactants have no effect on the enzymatic digestion, but CHAPS and Triton surfactants
severely affect the MALDI MS analysis and therefore should be removed before MALDI
MS analysis. If the protein can be dissolved by OG, enzymatic digestion and MS
analysis can be performed with OG up to 1% without any interference. SDS can be used
in tryptic digestion with concentration up to 0.1% without any interference in the MALDI
MS analysis. The performance of SDS-solubilized hydrophobic membrane protein
tryptic digestion was demonstrated in presence of 0.1% SDS, and it leads to an
improvement in the sequence coverage. We envision that SDS extracted protein mixture
can be directly analyzed without purification or SDS removal steps by direct enzyme

digestion and identification with tandem mass spectrometry.
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Chapter 5
Analysis of In-Solution Digest of SDS-Solubilized Proteins for
Membrane Protein Identification by MS/MS Approach I: Method

Development *

5.1 Introduction

In the field of proteomics, people strive to globally analyze the complete protein
complement of a given organelle, cell or tissue. Up to now, 2D gel electrophoresis
separation of proteins coupled with trypsin digestion and peptide mass mapping is still
the method of choice to achieve this goal. More recently, with the development of 2D
HPLC [1-3], ICAT technology [4] and high throughput automation, solution-based
protein identifications have gained wider attention. Generally, in this solution-based
approach, an aqueous protein mixture is enzymatically digested and the resultant peptide
mixture is separated by LC and sequenced by ESI-MS/MS. Because LC-ESI is easily
automated, this approach has been applied to many systems with great success and has
already raised excitement of whether it will replace gel-based techniques soon. However,
it should be noted that the solution-based method is more for “regular” proteins that are
easily extracted/dissolved into aqueous solution, or in other words, hydrophilic. In the
case of hydrophobic membrane protein systems, application of solution-based approach
might become complicated and problematic. On the other hand, although the analysis of

membrane protein by 2D gel electrophoresis is also difficult, it can be simply

“ Mr. P. Semchuk of the Institute for Biomolecular Design of the University of Alberta generated part of the
ESI data.
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accomplished by 1D gel electrophoresis where a strong surfactant sodium dodecyl sulfate
(SDS) is added to denature the membrane proteins [5-7].

It is difficult to believe that biochemical problems involved solution-based
techniques could be solved without the use of surfactant. The idea of using surfactants to
aid protein solubﬂization has been introduced to solution-based approaches. However,
SDS, a strong ionic surfactant, is known to suppress analyte ionization in ESI MS unless
extensive clean up procedures are applied prior to detection [8-10]. MALDI MS, on the
other hand, can tolerant contaminants including SDS to a much higher extent compared
to ESI [11]. Our previous studies have shown that the effect of SDS on protein analysis
by MALDI MS can be minimized by choosing the correct matrix, solvent, and deposition
method [12]. The effect of SDS on peptide analysis by MALDI is much less than that for
protein samples. In fact, Limbach and co-workers have shown that the presence of SDS
in a sample can change the relative intensity ratio of peptides with varied hydrophobicity
and even increase the number of detectable peaks without interference with MALDI MS
[13].

Here we demonstrate a solution-based digestion, separation and detection method
for membrane protein identification. In this technique, 1% SDS was first added to
solubilize membrane hydrophobic proteins. Trypsin digestion was then carried out in the
presence of 0.1% SDS. ‘A home built offline HPLC-MALDI instrument was used for MS
and MS/MS peptide detection and sequencing. All steps, including digestion, separation
and peptide sequencing, were successful and efficient without the use of any purification
steps to eliminate SDS. This method was validated with a membrane protein-enriched

sample from a cultured human cancer cell line HT29 and was proven very useful for the
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identification of membrane proteins. For the purpose of identification and method
comparison, the same sample system was also analyzed by an ESI approach and
conventional in-gel digestion/peptide mass mapping approach. Comparison of the three
results reveals that each method has its own merits and should be combined to yield a

better and more complete proteome map.

5.2 Experimental

5.2.1 Chemicals and Reagents

o-Cyano-4-hydroxycinnamic acid (HCCA), bovine serum albumin (BSA), bovine
trypsin, dithiothreitol (DTT), iodoacetamide, Triton X-100, trifluoroacetic acid (TFA)
and sodium dodecyl sulfate (SDS) were purchased from Sigma-Aldrich Canada
(Markham, ON, Canada). HPLC-grade acetonitrile and acetone were from Fisher
Scientific Canada (Edmonton, Canada). Water was obtained from a Milli-Q Plus
purification system (Millipore, Bedford, MA, USA). HCCA was recrystallized from

ethanol (95%) before use.

5.2.2 Subcellular Fractionation of Adherent Cells

Adherent human HT 29 cells were used as a model system in this experiment.
The HT29 cells were fractionated into cytosolic and membrane fractions by subsequent
extractions with saponin and Triton X-100 [14]. Briefly, the cytosolic proteins were first

released by 0.2% saponin lysis buffer containing 50 mM Tris-Cl pH 7.5 and 1 mM
phenylmethyl sulfonyl fluoride (PMSF) at 4 °C. Membrane proteins were then extracted

by buffer containing 1% TX100, 50 mM Tris-Cl pH 7.5 and 1 mM PMSF at 4 °C.
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5.2.3 Acetone Precipitation and Protein in Solution Digestion

Triton X-100 can be removed from the membrane subcellular fraction with
acetone precipitation [15]. Acetone was pre-cooled at —80°C and added to the protein
extracts to a final concentration of 80% (v/v). After vortexing for 2 min, the mixture was
kept cool at -20 °C for 4 hours and then centrifuged for 10 min at 4°C at 16,000 g to
obtain the precipitate. The process was repeated with a small volume of acetone before
the final pellet was collected and lyophilized for further experiments.

For the in solution digestion, one milligram lyophilized protein powder was
dissolved in 17 pL 1% SDS (w/v) in 20 mM Tris. After the standard reduction and
alkylation procedures [16], the mixture was diluted to a final SDS concentration of 0.1%
and pH was adjusted with 100 mM NH,HCO; to ~8.5. Finally, 50 puL of 1 pg/uL bovine
trypsin and 7 pL of 20 mM CaCl, were added to the mixture, and the digestion was
performed overnight at 30°C. Additional SDS was added if precipitation was observed

during any dilution steps.

5.2.4 HPLC-MALDI Analysis

Peptide separation was performed on an Agilent (Palo Alto, CA, USA) 1100
series capillary HPLC equipped with an auto sampler. Chromatographic analysis was
performed with a reversed-phase 1.0 x 150 mm Vydac Cg column equipped with a 1.0 x
10 mm Nest Group SDS guard cartridge (Southborough, MA, USA). A flow-rate of 40

puL/min was used for separation. Gradient elution was performed with solvent A (0.1%,
v/v, aqueous TFA) and B (0.1%, v/v, TFA in acetonitrile). About 30 pg (equivalent to 8

x 10° cells) of peptide mixture was injected and UV wavelength was set at 210 nm.
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HPLC fractions were directly collected onto a 100-well MALDI target by our home built
device (semi-offline HPLC-MALDI device, patent pending) [17]. After the separation
was completed, 1 pL of 50% acetonitrile/water (v/v) saturated by HCCA was added on

top of each spot on the sample plate, and allowed to air dry. The sample spots were ready

for both MALDI MS and MALDI MS/MS analysis.

5.2.5 LC-ESI MS/MS Analysis

1D LC-ESI MS/MS was carried out on a ThermoFinnigan LCQ Deca ion trap
instrument equipped with a Surveyer LC/MS system (San Jose, CA, USA) and sample
was loaded onto a 300 um x 150 mm C,;3 capillary column with the same 1.0 x 10 mm
SDS guard cartridge used in HPLC-MALDI experiment. For offline 2D LC-ESI MS/MS
analysis, the sample was first separated by a 1.0 x 250 mm cation exchange column (8
um particle size, 900A pore size) (solvent A: 20% Acetonitrile 0.1% TFA (v/v), solvent
B: the same as A with 0.5 M NaCl) and then the individual fractions (1 fraction/minute)
were injected on a 75 pm x 150 mm C;5 column followed by analysis by a LCQ Deca XP

MS/MS (San Jose, CA, USA).

5.2.6 SDS-PAGE and In-Gel Digestion

SDS-PAGE was carried out in a Bio-Rad mini-Protein III system using 4%/12%
stacking/separating polyacrylamide mini-gels. The SDS sample buffer contained 2%
mercaptoethanol (v/v), 1% SDS, 12% glycerol, 50 mM Tris-HCI and trace amount of
bromophenol blue. Prior to electrophoresis, the protein sample was mixed in the sample
buffer and heated at 95°C for 4 min. Visualization of protein bands was done using Bio-

Rad’s Biosafe Coomassie blue stain reagent.
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Protein bands of interest were excised from the gel and digested with trypsin
according Mann’s procedure [16]. Briefly, the gel pieces were cut into small segments
and washed with fresh water for 20 min. After reduction and alkylation, gel pieces were
dehydrated and covered with 10 ng/uL trypsin in 0.1 mM NH4HCO; and 2 mM CaCl, for
overnight digestion at 30 °C. Peptides were extracted 3 times in 60% acetonitrile in
0.25% TFA (volume: enough to cover the gel pieces) and once in 100% acetonitrile by a

20 min shaking each time. The pooled extracts were evaporated to ~ 1 pL.

5.2.7 Analysis of Tryptic Peptides from In-Gel Digestion

The two-layer sample preparation method was used for MALDI MS and MS/MS
analysis of gel samples [18, 19]. Peptide mass mapping was performed using the Mascot
search engine. The proteins identified from peptide mass mapping were confirmed by
MALDI MS/MS. CID experiments were performed on the unmatched peaks after
peptide mass mapping, starting from the high signal/noise peak to the lower ones, as with
the HPLC-MALDI MS/MS experiment, until the sample is consumed. Usually about 20

MS/MS spectra could be collect from one sample spot.

5.2.8 Protein Identification from CID Data

Fragmentation information from CID spectra was first submitted to the sequence
query program in Matrix Science (http://www.matrixscience.com) for possible identities
with a precision tolerance of 0.3 Da for both the parent peptide and MS/MS fragments.
These potential protein matches were then put into the MS-product

(http://prospector.ucsf.edu) program and the theoretical fragments were compared with
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experimental results, which may lead to definite identification of proteins. All the

peptide identities were manually analyzed after database search.

5.2.9 Instrumentation

MALDI MS experiments were carried out on a Bruker Reflex III time-of-flight
mass spectrometer (Bremen/Leipzig, German) using the reflectron mode of operation.
Tonization was performed with a 337-nm pulsed nitrogen laser. MALDI MS/MS
experiments were carried out on a MDS Sciex QSTAR Pulsar QqTOF mass spectrometer
equipped with an orthogonal UV-MALDI source (Concord, ON, Canada). All data were

processed using the Igor Pro Software package (WaveMetrics, Lake Oswego, OR, USA).

5.3 Results and Discussion

It is known that some surfactants will deteriorate the MALDI signals for protein
and peptide analysis [20-22]. Because Triton X-100 is commonly used to extract the
membrane proteins out of cells, the effect of Triton X-100 on protein digestion and
peptide detection by MALDI MS was examined (Chapter 4). It was concluded that
Triton X-100 had no effect on the digestion process itself, since it is a polyethylene
glycol (PEG) derivative and thus a mild surfactant. However, as a PEG, Triton X-100 is
easily ionized in mass spectrometry. In addition, Triton X-100 has a wide molecular
weight distribution ranging from 400 to 1200 Da, a mass range where tryptic peptides are
commonly observed. Therefore, Triton X-100 severely suppresses and obscures the
peptide signals in MALDI. The effect of HPLC clean-up was also examined and
although Triton X-100 does not interfere with HPLC separation, its monomers are

present in a long HPLC fraction [23], making it difficult to obtain pure peptide fractions,
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which in turn will affect the mass spectrometric detection. Therefore, Triton X-100 must
be removed by acetone precipitation before digestion.

After the removal of the surfactant Triton X-100, another surfactant, which has
similar or stronger solubilization properties, is required to solubilize those proteins. n-
Octylglucoside is one possible choice as the alternative surfactant. It is a commonly used
MS-friendly surfactant and has similar solubilization properties to Triton X-100.
However, most of the 1 mg acetone-precipitated proteins would not dissolve in 250 pL of
2% n-octylglucoside after several hours of vortexing. Although more n-octylglucoside
might help the solubilization process, the final protein solutions would be too diluted for
digestion. Conversely, when the strong surfactant SDS was used, the same amount of
lyophilized protein powder was easily dissolved with 17 uL 1% SDS. In addition, SDS is
widely used for biological system for membrane or hydrophobic protein solubilization
and thus would be a better choice. Therefore SDS was chosen in the experiments to

solubilize the precipitated protein powder.

5.3.1 Protein Digestion in the Presence of SDS

Because of the interference of SDS on mass spectrometry, more effort has been
devoted to the removal of SDS. However, removal of SDS often results in the loss of
hydrophobic or low abundant protein samples [24, 25]. It would therefore be preferred
and more practical to develop a MS method with SDS present. In Chapter 4, it was
demonstrated that tryptic digestion was still successful in the presence of 0.1% SDS and
the presence of SDS does not interfere with MALDI MS analysis of peptides. For several
proteins, the addition of SDS enabled the observation of larger peptides and higher

sequence coverage. For membrane proteins, the presence of SDS aided the digestion
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process as surfactants aid the solubilization and denaturation process of those
hydrophobic proteins [26-28].

The SDS-dissolved HT29 membrane protein mixture was tryptically digested
with 0.1% SDS. Figure 5.1 shows the MALDI MS spectrum of the digested protein
mixture. From the MS spectrum, we can quickly conclude that the tryptic digestion was
effective. Because there may be tens of relatively high abundance proteins in the protein
mixture and therefore hundreds of peptides presence in this mixture, it is not surprising to
see a spectrum like this where peptide signal suppression was very severe. A separation
of the complex peptides digest mixture is required and essential prior to MS detection to

obtain signals for further MS and MS/MS experiments.

5.3.2 HPLC Separation

HPLC separation of the SDS-containing tryptic digest can be carried out with the
use of a SDS guard column. The performance of this guard column was pre-examined
with BSA standard tryptic digest with 0.1% SDS (data not shown) and the use of a SDS
guard column showed positive performance improvements on the HPLC separation.
Figure 5.2 shows a portion of the HPLC chromatogram of the SDS-containing tryptic
peptide mixture, and Figure 5.3 shows MALDI MS spectra of three HPLC fractions at
elution times 23 min, 42 min and 54 min (from the fractions labeled with asterisks). In
contrast to the whole digest spectrum showed in Figure 5.1, Figures 5.3A, B and C
clearly proved the improvements of quality on the MALDI MS detection. This in turn
also demonstrates the efficiency of the HPLC separation. In addition, as the HPLC
fractions are directly concentrated and spotted onto the MALDI target in a semi-

automated fashion and no vials or further drying steps are needed, sample loss is
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Figure 5.1  MALDI MS spectrum of tryptic digest of membrane protein mixture with
0.1% SDS present.
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Figure 5.2  Reversed-phase HPLC chromatogram of tryptic digest of SDS-solubilized
membrane protein mixture. (The MALDI MS spectra of the fractions labeled with * are
shown in Figure 5.3)
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minimized. This is very helpful in the analysis of hydrophobic peptides where adsorption

on the vials during dying step is very severe.

5.3.3 MALDI MS and MS/MS

After the HPLC experiment, saturated HCCA in 50% acetonitrile/water was
added directly to the fractions on the MALDI target and allowed to air dry. These sample
spots were ready for peptide analysis by MALDI MS and MS/MS. Because trypsin
digestion of proteins and HPLC fractionation were performed and the resultant peptides
are separated according to their hydrophobicity, peptides generated from one protein are
impossible to collect in a single fraction. This means peptides in one HPLC fraction
could belong to several different proteins. As a result, protein identification through
peptide mass mapping is not achievable. Peptide sequence tags obtained from MALDI
MS/MS data have to be used for protein identification in this technique {29-31]. This has
become more routine with the development of the MALDI QqTOF instrument. (Our
group has been using Sciex MALDI QqTOF extensively for peptide sequencing with
good success.) However, MALDI MS experiments with a conventional MALDI TOF
instrument (Bruker Reflex IIT) must be carried out to obtain the correct tryptic peptide
mass information. This is because in-source fragmentation is often observed in the
MALDI QqTOF instrument in MS mode when HCCA is used as the matrix [32-34].
These fragmented peptides are not tryptic peptides and will fail a database search if
treated as such.

In the HPLC-MALDI MS/MS experiment, peptide sequencing was performed

sequentially from the most to least intense peaks and from high to low mass until the
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Figure 5.4  MALDI MS spectrum of HPLC 50 min fraction (A), and MALDI MS/MS

spectra of peptides 1446.6 Da (B) and 1361.7 Da (C).
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sample spot was consumed or no further peptides could be selected. Figure 5.4 shows a
MALDI MS spectrum obtained from one HPLC fraction (A) and MS/MS spectra
obtained from two peptides in that fraction, one with high intensity (B) and one with low
intensity (C). Two peptide sequences AQFEGIVTDLIR and YFPTQALNFAFK were
identified based on these two MS/MS spectra and led to the identification of stress 70
protein (P38646) and ADP, ATP carrier protein, either from P05141 or P12235, which
was further identified as P05141 by other peptides. Generally speaking, an average of 3-
5 peptides were identified in each fraction, and a total of 157 peptides from 73 proteins
were identified, as shown in protein Table 5.1. This demonstrates that the developed
technique of solubilizing membrane proteins with SDS, digesting tryptically in SDS
followed by semi-automated HPLC-MALDI MS and MS/MS is efficient and successful.
Fifty-three of the seventy-three identified proteins were membrane or membrane
associated proteins, indicating this approach is very useful in membrane protein

identifications.

5.3.4 LC-ESI MS/MS

In ESI-MS, the nonvolatile surfactant SDS severely destroys the analyte signals
[10, 35-38]. Hydrophobic proteins or peptides are usually solubilized in organic solvents
for ESI analysis [39-42]. Ogorzalek Loo and coworkers examined the effect of SDS on
ESI by flow injection and showed that with 0.01% and 0.1% SDS in 6 pmol/pL
myoglobin, 10% of the original myoglobin signal was retrieved [9, 38]. Kirby and
coworkers obtained ESI signals from 150 mM peptides with 1.25 mM (0.04%) SDS
using 1.25 mM Genapol C-100 to shield the surfactant’s effect [8]. Vissers, Salzmann,

and coworkers stated that they successfully obtained LC-MS/MS data from 8 pmol
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cytochrome c tryptic digest in the presence of 0.1% SDS using a SDS removal cartridge
coupled with a LC column using a triple quadruple ESI instrument [43]. More recently,
Hixson and coworker analyzed bacteriorhodopsin peptides by LC-ESI-MS and MS/MS
after digestion in 0.015% SDS and overnight dialysis [44]. Han in the Aebersold group
successfully analyzed a tryptically digested protein mixture containing less than 0.05%
SDS by a 2D LC-ESI MS/MS method [45].

However, when the Thermo Finnigan LCQ Deca with Surveyer LC system was
used to analyze our SDS-containing digest and the same SDS removal guard column as
that used for HPLC-MALDI was used, only 10 peptides were detected by this LC ESI
method. This is because the SDS-removal guard column is not 100% efficient and the
remaining SDS still severely ruins the electrospray signal [8, 10]. Alternatively, we also
tried using Millipore HPL hydrophobic or Cis ZipTip to remove the SDS, or using
polyethylene glycol lauryl ether to reduce the SDS suppression in ESI [8], or loading
various sample amounts into the capillary column. However, all attempts failed to give
as good a result as the one obtained from HPLC-MALDI experiment.

To determine the reason for the low number of proteins identified by ESI MS,
another control experiment was performed. Figure 5.5 shows the ESI analysis on 8 and
0.8 pmol cytochrome c tryptic peptides with or without SDS. In the case of the analysis
of 8-pmol cytochrome c tryptic peptide containing no SDS, twelve peptides were
identified and the base peak chromatogram is shown in Figure 5.5A. With 0.1% SDS
added into the digested sample and SDS removal guard cartridge coupled onto the LC
column, the intensity of base peak chromatogram, as shown in Figure 5.5B, decreased,

especially for the hydrophobic peptides which were eluted at high acetonitrile
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sample, (B) 8-pmol sample in 0.1% SDS with SDS removal guard column, (C) 800-fmol
sample and (D) 800-fmol sample in 0.1% SDS with SDS removal guard column.
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composition and only five peptides were identified. The constant elution time delays in
SDS-containing samples are caused by the addition of the guard cartridge. In the case
where only 0.8-pmol of the digest is used, in the absence of SDS only 3 peptides are
identified (Figure 5.5C); with 0.1% SDS in presence, the SDS suppression effect
becomes even more dominant and severe and no peptide is identifiable (Figure 5.5D). In
other words, as the protein (or peptide) concentration decreases, the suppression effect
from SDS becomes dominant and deteriorates ESI MS and MS/MS analysis. For a HT
29 cell extract which may contain hundreds of proteins, even though the total protein
concentration is high, the individual protein concentration in the mixture can be very low.
As a result, the presence of SDS may have a strong negative effect on ESI analysis and
only a few peptides from the high quantity protein were identified by 1D ESI MS and
MS/MS approach.

To further study this sample by ESI, a 2D LC separation method coupled with
ESI MS and MS/MS was also applied [45]. The same amount of sample as in the HPLC-
MALDI experiment was used for 2D LC-ESI experiment. The 2D separation was
achieved by a cation exchange separation followed by reversed-phase fractionation. In
cation exchange, cations are adsorbed onto the resin until eluted by a salt gradient. Most
peptides are eluted with a salt strength of 0.1 — 0.2 M NaCl. Therefore, for a peptide
mixture containing 0.1% SDS (3 mM), the sodium amount in this sample itself (3 mM)
can be ignored compared to the sodium concentration in the mobile phase. Figure 5.6A
shows the UV chromatogram of the cation exchange (IE) separation of 30 pg of the
tryptic digest from the membrane protein mixture. Eighteen fractions (2 to 20 min) were

collected based on 1 min interval, and each fraction was individually injected onto a
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Figure 5.6  (A) UV chromatogram of the cation exchange separation of the tryptic

digest from the membrane protein mixture. (B) LC-ESI base peaks and (C) selected
peptide MS/MS spectra from fractions 6 min and 11 min respectively.
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reversed-phase column followed by ESI MS/MS analysis. The reversed-phase separation
base peaks of IE fractions at 6 min and 11 min were shown in Figure 5.6B. The
corresponding MS/MS spectra were recorded and searched for protein identities with the
Mascot search engine (Figure 5.6C). In this approach, a total of 51 peptides were
analyzed from 37 unique proteins. Among the proteins identified, 20 had already been
identified by the HPLC-MALDI MS and MS/MS analysis and 17 were newly identified
with this 2D LC-ESI approach. The proteins identified by the 2D LC-ESI MS/MS
approach were also listed in Table 5.1.

Generally speaking, less proteins are identified by the ESI method. This is not
surprising as offline 2D LC involves several steps, such as fraction collection, sample
solvent evaporation and re-injection onto a reversed-phase separation column.
Conversely, semi-offline HPLC-MALDI separation was achieved as a one-step process
— the eluate from LC separation was directly deposited onto a MALDI target, which
significantly reduces the sample loss during any offline sample handling processes.
Furthermore, several researchers have reported that complementary peptides can be
identified from the same protein sample by ESI and MALDI MS [46-48].

In general, combining the proteins identified by the MALDI and ESI approaches,
a total of 90 proteins were identified from the HT 29 membrane fraction. This indicates
that the developed solution-based SDS-aided solubilization and digestion of membrane

protein method is effective and practical.

5.3.5 Protein Identification by SDS-PAGE, In-Gel Digestion, Peptide Mass

Mapping and Sequencing
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To further validate the use of the developed in-solution membrane protein
identification approach, a comparison experiment using the same membrane-enriched
protein sample was performed using the in-gel approach. In this experiment, one-
dimensional SDS-PAGE is employed to separate the membrane protein sample to avoid
the possible solubilization problems often encountered in the rehydration step in 2D gel
separation [5-7]. About 30 pg of protein extracts, the same amount injected for the
HPLC-MALDI and LC-ESI experiments, was mixed with SDS sample buffer and loaded
onto a 1D gel. The commassie blue stained gel is shown in Figure 5.7. All visible gel
bands were excised, in-gel tryptically digested, and identified with MALDI MS and
MALDI MS/MS (see experimental section). For example, Figure 5.8 shows the MALDI
MS spectrum of the tryptic peptides digested from the gel band indicated with the arrow
in Figure 5.7. All strong peptide peaks were loaded into the database for protein
identification by peptide mass mapping. The unmatched peptide peaks from peptide
mass mapping were sequenced for potential protein identification. This is possible as
several proteins with similar molecular weight can co-migrate into the same band
position. In this particular gel band, protein ATP synthase B chain, P24539, was first
tentatively identified by peptide mass mapping and all peptides that may belong to this
protein were marked as “1” in Figure 5.8A. This identification was confirmed by the
MALDI MS/MS spectrum of a peptide HYLFDVQR (m/z 1077.52) specific to protein
ATP synthase B chain as depicted in Figure 5.8B. For the unmatched peaks, MS
sequence query was used for protein identification and the same criteria as HPLC-
MALDI MS/MS experiment were also used here. Figure 5.8C is a MALDI MS/MS

spectrum from an unmatched peptide from peptide mass mapping results, which led to
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Figure 5.7  SDS-PAGE Gel image of separated membrane proteins. Arrow indicated
band was analyzed in Figure 5.8.
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the identification of the protein “membrane associated progesterone receptor component
1 (mPR)”, 000264. A theoretical trypsin digest was performed on this newly identified
protein and one of the unmatched peptides that matches the newly identified protein
(from peptide 1644.8 Da) was subjected to MALDI MS/MS sequencing and
identification, followed by labelling all peptides that belong to the second protein as “2”.
By this method, fewer samples are consumed to identify more proteins present in this
band. This process was repeated several times until sample is consumed or no more
protein can be identified.

By this gel approach, 45 proteins are identified and among them 37 proteins are

membrane or membrane-associated proteins and eight are cytoplasmic proteins.

5.3.6 Discussion

Table 5.1 lists all the proteins identified from this membrane protein fraction of
HT29 cells using in-gel separation/peptide mass mapping/MALDI MS/MS, in-solution
based 1D HPLC-MALDI MS/MS and in-solution based 2D LC-ESI MS/MS. Figure 5.9
summarizes the results obtained from the three methods. As Figure 5.9A shows, a total
of 112 proteins were identified. LC-MALDI identified 73 proteins, compared to 37 from
2D LC-ESI and 45 from the gel-based method. There were proteins identified by more
than one method, as well as a number of proteins identified by a single method. This
finding is not surprising considering the significant differences in experimental
conditions used among the three methods. It is clear that for comprehensive proteome

profiling, these methods complement each other.
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Figure 5.9  Schematic graph shows the overlap of proteins identified by solution-
based HPLC-MALDI MS/MS method, solution-based LC-ESI MS/MS and gel-peptide
mass mapping-MALDI MS/MS. (A) A total of 112 proteins were identified. Among
them, (B) 76 are membrane and membrane-associated proteins, which include (C) 28
integral membrane proteins.
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One significant observation is that with 1D LC-MALDI, a greater number of
proteins were identified compared to the other methods. This difference is even more
striking when only the membrane proteins are considered. Among the 112 proteins
identified, 76 proteins are membrane and membrane-associated proteins including 28
integral membrane proteins. Figure 5.9B illustrates that 50 of the 76 membrane proteins
were identified by LC-MALDI (66%) vs. 24 (32%) from 2D LC-ESI and 33 (43%) from
the gel method. For the 28 integral membrane proteins (Figure 5.9C), 22 were identified
by LC/MALDI (79%), 7 were found by 2D LC-ESI (25%), and 7 were detected by the
gel method (25%). The challenge of detecting membrane proteins, particularly integral
membrane proteins, is well documented [6, 49] and thus the identification results from
the gel method are not unexpected. But it is surprising to discover that there is a great
difference in membrane protein detection ability between the ESI and MALDI proteomic
methods. This difference may be attributed to several factors including the possibility of
higher efficiency of MALDI in ionizing more hydrophobic peptides and the
concentration effect during LC fractionation in LC-MALDI that enriches the peptides
cleaved from low abundance membrane proteins and thus increases the probability of
their detection.

Ninety proteins were identified with in-solution approach while only 45 proteins
identified with in-gel approach. For the 28 integral membrane proteins, 26 were covered
in the in-solution approach. The discussion below lists several possible reasons behind
this observation.

Proteins only identified by the in-gel approach might be a result of digestion bias

by in-solution digest. Proteins in solution can have very different concentrations and
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some may be much easier to digest than others. Those relatively low abundance proteins
or difficult-to-digest proteins may not be able to compete for trypsin effectively with
those proteins with high concentrations or easier-to-digest ones. As a result, digestion is
not efficient and complete and some proteins will be missing from the identification lists.
On the contrary, in the in-gel approach, proteins are first separated and localized in
different positions of the gel. Each protein, to a certain degree, is “enriched” in its own
molecular weight region for effective digestion.

Several reasons can be proposed to explain why so many more proteins were
identified by the in-solution digest approach. First of all, hydrophobic proteins might not
be fully denatured by gel sample buffer or the conformation might be restored during the
sample loading process. As a result, these proteins may not migrate into the gel or only a
small portion of the total amount of these proteins is actually being separated. This might
be the reason why a dark band was observed at the top of the separating gel in the sample
lane, while there is nothing in the same region in the protein standard marker lane (Figure
5.7). If the proteins are not present in the gel bands, they will not be identifiable by the
in-gel approach. Second, in the in-solution identification approach, proteins are not only
solubilized by SDS but also digested in the presence of SDS. SDS will maintain proteins
in the denatured condition during the entire digestion process which in turn aids the
enzyme to work on the proteins, especially hydrophobic proteins. This is opposite to the
in—gel digestion process where extensive washes are applied to remove SDS and other
contaminants. Third, extraction of peptides from gel pieces after in-gel digestion,
especially those hydrophobic peptides, may not be very efficient and adsorption on vial

walls of these peptides can also be a severe problem, while these factors are not present
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in this developed in-solution technique. Last but not least, co-migrated hydrophilic
proteins in a gel band can suppress the digestion, extraction and detection of hydrophobic
peptides [13, 50], leading to the failure to identify these hydrophobic proteins, even
though additional LC-MS/MS experiment after in-gel digestion can solve the detection
bias problem.

One protein identified in this in-solution method, ADP, ATP carrier protein
(SwissProt P05141) will be used as an example for the above discussion. This protein is
an integral membrane protein, has a molecular weight of 32.9 kDa, and contains 6 trans-
membrane regions. Six peptides including three in the transmembrane regions were
detected by the in-solution method which conclusively identified this protein. Although
this protein was not identified in the gel experiment, we found two small peptide peaks
that match the masses of ADP, ATP carrier protein’s theoretic tryptic digest after careful
examination of the MALDI MS spectra from the band with molecular weight around 33
kDa. These two peptides may belong to this membrane protein, but they were too weak
to obtain good MS/MS spectra for a positive identification. Again, as a hydrophobic
membrane protein, it might partially migrate into the gel and the amount is not enough
for a successful digestion. Trypsin may not successfully target this membrane protein
and the extraction and detection of hydrophobic peptides are problematic as well. More
interestingly, the band at the 33 kDa region which gave the two small peaks that may
belong to this membrane protein was identified to be Prohibitin (Swiss Prot P35232), a
very hydrophilic protein. This strongly supports the above hypotheses.

It is clear that the developed method of in-solution digestion in SDS and MS/MS

identification of membrane proteins is successful and very useful in membrane proteomic
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research. However, neither this method nor the routine lin-gel approach is perfect. They
each have their own advantages and merits and supply complementary information to
each other.

The developed in-solution approach could be further improved. It is not difficult
to imagine that a rough separation of protein samples to reduce the sample complexity
will increase the coverage range of the proteome. More efficient peptide separation with,
for example, 2D-HPLC can also decrease the suppression effect and thus increase the
total number of detectable peptides. Another way is to increase the HPLC sample
loading, and this could be easily achieved by utilizing a larger HPLC column (2.1 mm ID
column is still compatible with our semi-offline HPLC-MALDI technique). By increase
the sample loading amount, the low abundance proteins may be identified as the
increasing of absolute sample amount. The in-solution approach can also combine with

ICAT technique [4] for quantification of membrane proteins.

5.4 Conclusions

In this work, we have demonstrated a new solution-based digestion and
identification method for membrane proteomic research in the presence of SDS.
Membrane protein analysis usually requires the use of surfactants for extraction and
solubilization, which increases the difficulty of analyzing them by solution-based LC-ESI
MS/MS and thus the identification is usually achieved by a gel-based approach. In this
solution approach, we use SDS to solubilize membrane proteins without worrying about
the subsequent tryptic digestion, HPLC separation, and peptide detection and sequencing

experiments. Both HPLC-MALDI and 2D LC-ESI were applied for peptide sequencing
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and protein identification. However, the in-solution approach combined with LC-
MALDI MS/MS offers several unique advantages over the LC-ESI MS/MS. The use of
multidimensional LC-MALDI can further increase the number of proteins detected by
this method. This work clearly illustrates that, for comprehensive analysis of proteomes

of interest, a preferred proteomics approach should incorporate all the three technologies.
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Table 5.1

Chapter.
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ER lumen protein retaining receptor 1

CD?9 antigen

CD63 antigen (Melanoma-associated
antigen ME491)

Splicing factor, arginine/serine-rich 1
Thioredoxin-dependent peroxide
reductase, mitochondrial
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104 Potassium-transporting ATPase alpha P54707 1167 N Y N integral
chain 2 membrane
protein
105 Integrin alpha-6 precursor (VLA-6) P23229 126.6 N N Y Typel
(CD491) membrane
protein
106 Reticulon 4 (Neurite outgrowth inhibitor) QINQC3 1299 Y N N Integral
membrane
protein. ER
107 ATP-dependent RNA helicase A Q08211 142.1 N Y N Nuclear
108 Potential phospholipid-transporting 043520 143.7 Y N N Integral
ATPase IC membrane
protein
109 130 kDa leucine-rich protein (LRP 130}  P42704 145.2 Y N Y Nuclear
110 Nuclear pore complex protein Nup155 075694 156.7 N Y N Nuclear pore
111 Integrin beta-4 (GP150) (CD104 antigen) P16144 202.2 Y N N Typel
membrane
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Chapter 6
Analysis of In-Solution Digest of SDS-Solubilized Proteins for
Membrane Protein Identification by HPLC-MALDI MS/MS Approach

I1: Application to the Analysis of THP1 Lipid Raft Proteome *

6.1 Introduction

In the previous chapters, HPLC-MALDI MS/MS has been developed as a useful
technique for analyzing membrane proteome. In this chapter, the application of this
technique for proteome analysis of lipid rafts is described. Lipid rafts are cell-type
specific glycolipid and cholesterol-enriched membrane microdomains implicated in
receptor signaling, and protein trafficking. To investigate the function of lipid rafts in
monocytes, a gel-based proteomic approach to the systematic identification of proteins
within low buoyant-density gradient fractions of Triton X-100-solubilized THP-1 cells
was performed [1]. In that study, 52 proteins were identified, 28 of which had not
previously been reported in lipid rafts. However, gel-based approaches may not detect all
of the proteins present within a population. Reasons why proteins escape detection
include incomplete digestion and recovery of very hydrophobic and low abundance
proteins from polyacrylamide gels.

To obtain a more comprehensive map of the lipid raft proteome, the novel
technique of using HPLC-MALDI MS/MS combined with SDS-aided protein

solubilization and digestion as described in previous chapter was employed in this work.

* Dr. N. Li collected the MS/MS data; Mr. A. Mak from Professor Andy Shaw’s group performed the
protein function assay. Cell culture and lipid raft proteins isolation were done in Prof. Andy Show’s group.
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This technique identified more than 70 proteins, of which 45 were not detected using gel-
based analysis [1]. 26 of the proteins, including the lipid raft markers flotillin 1 and 2 [2,
3], and the raft-associated GPI-linked proteins aminopeptidase M [4] and
carboxypeptidase M [5], were detected in both the solution-based and gel-based digests
confirming that both techniques identify known raft proteins. However, the identification
of 45 new proteins by in-solution digestion indicates that conventional approaches to
sample preparation fail to detect a substantial component of the protein population. The

new proteome results provide a route map for further functional studies of lipid rafts.

6.2 Experimental

6.2.1 Chemicals and Reagents

a-Cyano-4-hydroxycinnamic acid (HCCA), bovine serum albumin (BSA),
cytochrome ¢, bovine trypsin, dithiothreitol (DTT), iodoacetamide, Triton X-100,
trifluoroacetic acid (TFA) and sodium dodecyl sulfate (SDS) were purchased from
Sigma-Aldrich Canada (Markham, ON, Canada). HPLC-grade acetonitrile was from
Fisher Scientific Canada (Edmonton, Canada). Water was obtained from a Milli-Q Plus
purification system (Millipore, Bedford, MA, USA). HCCA was recrystallized from

ethanol (95%) before use.

6.2.2 Cell Culture

The monocytic cell line THP-1 was obtained from the American Type Culture
Collection (ATCC, Manassas, VA, USA). Cells were maintained between 2 x 10° and 6

x 10° cells per mL in a humidified incubator at 5% carbon dioxide in RPMI 1640
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medium supplemented with antibiotics, L-glutamine (Sigma, Markham, ON Canada) and

10% fetal calf serum (ATCC).

6.2.3 Isolation of Lipid Raft Proteins

Raft proteins were obtained by buoyant-density fractionation over a discontinuous
sucrose-density gradient. 1.5 x 10% cells were washed in cold PBS and lysed in MES
buffer [25 mM 2-(4-Morpholino)ethane sulfonic acid containing 150 mM NaCl, 5 mM
MgCl,, 5 mM sodium pyrophosphate, 1 mM Na3;VO,, 2 mM NaF pH 6.5, 1% Triton X-
100, 1 mM EGTA, 1 mM iodoacetamide, 1 mM PMSF, and 2 mM of a proteinase
inhibitor cocktail containing aprotinin, leupeptin, and pepstatin] for 90 minutes at 4°C.
The lysate was subjected to Dounce homogenization using a loose-fitting pestle, and
clarified by centrifugation at 250G for 5 minutes. The post-nuclear supernatant was then
adjusted to 45% sucrose and overlaid with aliquots of 30%, and 5% sucrose. Buoyant
density centrifugation was performed at 165,000 RCF for 18 hours at 4°C in a Beckman
SW60Ti rotor. Eight fractions were collected from the gradient and concentrated by
diluting the sucrose with MES buffer, followed by centrifugation of insoluble proteins
and separation by 1D SDS-PAGE electrophoresis. Triton-insoluble pelleted proteins were
dissolved in a non-reducing loading buffer containing 1% SDS, 25 mM Tris, pH 6.8 and
applied to 12% polyacrylamide gels (180 x 160 x 1.5 mm) and run for 5 hours with

cooling at a constant current of 65 mA.

6.2.4 In-Solution Enzymatic Digestion

Six milligram lyophilized raft powder equivalent to 3.5 x 10® cells was dissolved

in 90 pL 1% SDS (w/v) in 20 mM Tris. After sufficient mixing, samples were
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centrifuged and the supernatant containing the dissolved raft proteins was removed for
subsequent experiments. First, standard reduction and alkylation procedures were

applied [6]. Then the mixture pH was adjusted with 100 mM NH4sHCO; to 8.5. Finally,
100 pL of 1 pg/uL bovine trypsin and 1 pL of 1 M CaCl, were added to the mixture.
The final SDS concentration in the digestion mixture was 0.1% in a total volume of 700

pL. Digestion was performed overnight at 30°C.

6.2.5 HPLC-MALDI Analysis

Peptide separation was performed on an Agilent (Palo Alto, CA, USA) 1100
series capillary HPLC with a reversed-phase 1.0 x 150 mm Vydac Cg column connected
to a 1.0 x 10 mm Nest Group SDS guard cartridge (Southborough, MA, USA). Gradient
elution was performed with solvent A (0.1%, v/v, aqueous TFA) and B (0.1%, v/v, TFA
in acetonitrile). 50 pL of peptide mixture (equivalent to a starting amount of 2.5x107
cells) was injected and UV wavelength was set at 210 nm. HPLC fractions were directly
collected onto a 100-well MALDI target by a home-built device (patent pending) [7].
After the separation had finished, 1 uL of 50% acetonitrile/water (v/v) saturated by

HCCA was added on top of each spot on the sample plate. After air-drying, the sample

spots were ready for MALDI MS and MALDI MS/MS analysis.

6.2.6 Protein Identification from CID Data

Fragmentation information from CID spectra was first submitted to sequence
query program in Matrix Science (http:/www.matrixscience.com) for possible
identifications with precision tolerance of 0.3 Da for both the parent peptide and MS/MS

fragments.  These potential protein matches were then put into MS-product
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(http://prospector.ucsf.edu) and the theoretical fragments were compared with
experimental results, which may lead to definite identification of proteins. All the

peptide identities were manually analyzed after database search.

6.2.7 Instrumentation

MALDI MS experiments were carried out on a Bruker Reflex III time-of-flight
mass spectrometer (Bremen/Leipzig, German) using the reflectron mode of operation.
Ionization was performed with a 337-nm pulsed nitrogen laser. MALDI MS/MS
experiments were carried out on a MDS Sciex QSTAR Pulsar QqTOF mass spectrometer
equipped with an orthogonal UV-MALDI source. All data were processed using the Igor

Pro Software package (WaveMetrics, Lake Oswego, OR).

6.3 Results and Discussion

6.3.1 Proteome Identification by HPLC-MALDI MS/MS

Due to the high lipid content and existence of hydrophobic membrane proteins in
the lipid raft insoluble material, SDS was added to aid the solubilization process. Under
optimized conditions, the presence of SDS did not affect the tryptic digestion process as
demonstrated by successful MALDI MS analysis of the digestion product, as shown in
Figure 6.1. However, only a limited number of peptide peaks from the raft proteins were
detected. Many of the dominant peaks were from either trypsin autolysis or keratin
contamination indicated by “T/K”. It was believed that this is mainly due to the
suppression during the ionization and detection processes, and can be solved by a

separation step prior to the MS experiment.
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Typically, an online LC/MS system is used for complex peptide mixture analysis
where an ESI MS is connected to the HPLC, serving as an online detector. However, the
SDS in the raft digest was found to deteriorate the signal from the 1D LC separation-ESI
MS system. MALDI, on the other hand, has a much greater ability to handle
contaminants including surfactants. The employment of this semi-automated HPLC off-
line MALDI system significantly enhanced the peptide recovery and minimized the
sample loss. HPLC eluate was directly deposited onto a MALDI plate that was subjected
to MALDI MS analysis after addition of matrix. Figure 6.2 shows the UV chromatogram
of the HPLC separation on this SDS-containing raft digest (A) and the MALDI spectra of
three consecutive fractions at 34, 35 and 36 min (B, C and D). Several conclusions can
be drawn based on Figure 6.2. First, the separation was efficient. This was demonstrated
by the high quality of the HPLC chromatogram. Second, the interface did not introduce
any carryover from one fraction to the next. Table 1 lists all the peptide masses measured
from the three consecutive fractions at 34, 35 and 36 minutes. Only very few major
peaks were detected in more than one fractions. This suggests that there is not significant
carryover during fractionation. Third, the whole setup was sensitive enough to detect
peptides present in very low abundance such as those in fraction 36 min.

Based on results from MS profiling, peptide peaks were selected for MS/MS
sequencing experiments. This was done on the same plate that was used for the MALDI
MS experiment. Fraction 36 min is presented as an example. Peptides detected in
MALDI MS (Figure 6.3A) were selected one by one, from the most intense to the least,
for MALDI MS/MS sequencing until sample on the spot was consumed. Figures 6.3B

and C show the MS/MS sequencing experiments on two peptides with medium intensity
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Figure 6.1  Direct MALDI MS profiling on the SDS-containing raft digest. Digestion
was efficient. However, most of the dominant peaks were from Tryspin autolysis or
Keratin contamination, indicated by T/K. A limited of peptides from raft proteins were
detected.
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Figure 6.2A HPLC separation of SDS-containing raft tryptic digest.
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Figure 6.2  MALDI MS spectra of fractions (B) 34, (C) 35 and (D) 36 min.
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Table 6.1 Lists of Peptides Detected from HPLC Fractions 34, 35 and 36 Minutes.

34min 35min 36min 34min 3Smin 36min
913.4 1352.4
914.5 13614
917.6 1377.5
922.4 1404.6
935.5 1435.4
940.4 1451.7
943.4 1453.4
963.3 1486.7
967.6 1499.6 1499.4 1499.5
969.3 1507.6
1014.4 1516.7 1516.4 1516.5
1020.6 1523.4
1078.6 1535.4
1086.6 1560.5
1132.4 1568.4
1134.6 1578.7
1191.7 1581.7
12243 16774 1677.6
1226.4 1691.4
1228.6 1735.7
1229.3 1773.7 1773.5
1233.5 1850.8
1251.6 1861.5
1253.4 1899.7
1258.4 1915.8
1275.5 1954.6
1285.5 1969.4
1297.8 1970.7
1310.6 2103.4
1328.6 21379
1347.3 2762.9

Note: Only very few peaks were detected in more than one fraction, highlighted in bold
in this table.
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in fraction 36 min. The fragmentation patterns of these two peptides led to the
identification of proteins monocarboxylate transporter 4 (015427), and urokinase
plasminogen activator surface receptor, GPI-anchored form (Q03405) respectively. In
total, five proteins were identified based on sequencing data of the six peptides in this
fraction alone. Theoretically, MS/MS experiments can be applied to every peptide
detected in the fraction, provided that there is enough sample for all the experiments. A
total of 220 peptides were analyzed and sequences were assigned to 103 of them,
allowing the identification of 71 proteins. It is worth mentioning that only 50 uL of the
digest product was injected to HPLC which is only equivalent to 2.5 x 10" cells. On the
other hand, the previous in-gel analysis used approximately 14 times more cell extract for
the separation and protein identification [1]. This suggests that the sensitivity of this
identification method with this solution-based semi-offline HPLC-MALDI MS/MS
design is much better than that of the typical gel separation and in-gel digestion
identification method. And if multiple experiments were performed, more proteins
would be likely identified.

Among these 71 identified protein, 23 were consistent with the previous report
obtained using the gel-based MS approach [1]. More interestingly and importantly, 45
proteins were revealed only by the solution-based approach, providing significant
complementary information on raft function. Table 6.2 lists all the proteins identified by

the in-solution HPLC-MS/MS method.

6.3.2 Protein Function Analysis

The a— and B-tubulin subunits, tubulin specific chaperone A (a protein required
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Figure 6.3 MALDI MS spectrum of HPLC fraction 36 min (A) and sequencing
patterns of peptides 1404.7 and 1560.6 (B and C). Two sequences were assigned as
shown, leading to the identifications of protein monocarboxylate transporter 4, 015427,
and urokinase plasminogen activator surface receptor, GPI-anchored form, Q03405,
respectively.
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for the assembly of off tubulin heterodimers), and the microtubule associated plus-end
motor protein kinesin-like protein 13, are all proteins associated the assembly and
maintenance of microtubules. All four proteins were identified within the low buoyant
density fractions of proteins separated on sucrose density gradients followed by in-
solution digestion of lipid raft proteins. As these microtubule-associated proteins were
not identified by mass spectrometric analysis following conventional in-gel-digestion of
THP-1 lipid raft proteins [1], it seems likely that the microtubule-associated proteins are
either excluded from the gel, or enter the gel but resist digestion or peptide recovery.

To differentiate between these possibilities, an experiment was carried out to
investigate whether a-tubulin was detectable within the fractions of a buoyant density
gradient before and after separation on polyacrylamide gels. As a control for protein
loading, flotillin-2, the lipid raft marker and caveolin-like protein, was chosen, since it
was detected following either in-solution or in-gel digestion and peptide analysis. o-
tubulin and flotillin-2 were readily identified by immunoblotting Triton X-100 cell
lysates applied to nitrocellulose in a dot blot apparatus prior to gel separation. Both
proteins were detected in high (7 and 8) and low (3 and 4) density fractions, but poorly
represented in between, commensurate with dynamic equilibrium between detergent
soluble (high density) and detergent insoluble (low density) pools (Figure 6.4A). To
corroborate the fractions containing lipid raft proteins, the sample immunoblotted with an
antibody against the lipid raft marker and Src family kinase Lyn. Lyn was present
exclusively within fractions 3 and 4, identifying the raft-like nature of those fractions.
The absence of Lyn from the high density fractions contrasts with the presence of tubulin

and flotillin-1 suggesting that Lyn is recruited entirely into the raft.
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Following separation on polyacrylamide gels, only flotillin-2 was detectable in
the low-density fractions although both proteins were well represented in the high-density
fractions (Figure 6.4B). The absence of a-tubulin from low, but not high-density
fractions, demonstrates that raft-associated tubulin is preferentially excluded from the gel.
The loss of a-tubulin following gel-separation is an indication that tubulin may be
incorporated into higher-order protein assemblies of a size too large to enter the gel. This
may explain why tubulin subunits and tubulin chaperone and motor proteins are notably
absent from descriptions of lipid raft proteomes despite the inclusion of cytoskeletal
proteins associated with the actin and intermediate filament cytoskeletons. However,
tubulin has been identified within the lipid raft-like domains of neurones using
photoactivatable crosslinkers attached to a ganglioside analogs [8,9]. In these
experiments tubulin was specifically enriched within lipid rafts, but was unaffected by
inhibitors of microtubule assembly, suggesting the tubulin was not polymerized.
Similarly, the recent mass spectrometric analysis of secreted B cell vesicles or 'exosomes'
demonstrated that the vesicles were enriched in cholesterol and gangliosides as well as
o— and B-tubulin [10]. Exosomes are secreted and are unlikely to possess polymerized
tubulin. Tubulin may therefore be a common component of lipid rafts, but is
inconsistently recognized because tubulin polymerizes into assemblies that are excluded
from polyacrylamide gels.

The recruitment of tubulin into lipid rafts could have important implications for
membrane restructuring. The mechanisms governing the capture, docking and
maintenance of microtubule plus ends at the plasma membrane are not defined.

Microtubule extension is regulated by chaperone proteins that add cytosolic aff tubulin
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fraction 1 2 3 4 5 6 7 8

(A) flotillin-2

o-tubulin ®
lyn ¢ =

(B) flotillin-2 A
o-tubulin

lipid raft

Figure 6.4  THP-1 cells were lyzed in Triton X-100, the nuclei removed by low speed
centrifugation and the remaining material separated on a 45-5 % sucrose buoyant density
gradient. Ten fractions (1 low density, 10 highest density) from the buoyant density
gradient were applied directly to nitrocellulose filters under vacuum using a dot-blot
apparatus and immunoblotted with mAb against flotillin-2, a-tubulin, and lyn. Proteins
in the fractions were concentrated by centrifugation of diluted buoyant density fractions,
solubilized in SDS and separated on 12% polyacryalamide gels as described in materials
and methods. The proteins were transfered to nitrocellulose and immunoblotted with
mAb against flotillin-2 and o-tubulin.
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heterodimers to the plus ends of the microtubules. However, addition of tubulin from the
cytosol cannot continue if microtubules dock with the plasma membrane. It is of
considerable interest therefore that ganglioside-associated tubulin contains palmitic acid,
a modification that targets many proteins to lipid rafts. The addition of palmitoylated
tubulin to the plus ends of microtubules within lipid rafts could maintain the length of
microtubules associating with the plasma membrane. Such a mechanism could confer the
additional benefit of targeting microtubule-associated vesicles and their protein cargos to
regions of receptor engagement thereby contributing to membrane restructuring. These
possibilities are currently under investigation.

Polyacrylamide gel electrophoresis is a highly successful and convenient
separating medium for sizing and analysis of proteins. However, SDS-PAGE imposes
limitations on the size and solubility of protein assemblies that can be analyzed.
Subsequently, a very significant component of proteins within lipid rafts have been
overlooked because they are part of a macromolecular assembly that fails to enter a 12%
polyacrylamide gel. In-solution digestion provides important additional information
about the composition of protein complexes that are vital to the investigation of
macromolecular protein assemblies that resist SDS-PAGE. In-solution digestion is
therefore particularly applicable to the interrogation of complex protein assemblies
involving the cytoskeleton and the extracellular matrix which involve covalent
modification and crosslinking of proteins. Why in-solution digestion detected only half
the proteins detected by in-gel digestion is not yet clear, but may reflect the relative
abundance of the proteins in the sample since in-solution digestion HPLC-MALDI

technique requires much smaller amounts of protein. Alternatively, in-solution digestion
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may selectively identify those proteins that are bound with highest affinity to
macromolecular assemblies. If the latter should be the case the two methods of analysis
are not only complementary, but provide a tool to dissect functionally important protein-

protein interactions involving macromolecular assemblies.

6.4 Conclusions

In this work we have demonstrated that the SDS-aided in-solution based protein
identification approach for Triton X-100 insoluble fraction THP-1 raft is very effective.
From the results of Chapter 5 and this one, the developed SDS-aided solution-based
protein identification method is practically useful for membrane protein identifications.
Combined with semi-offline HPLC-MALDI interface, this method can be employed for
SDS-solubilized membrane protein identification, whereas not suitable for common ESI
method because of the presence of SDS. In ESI, removal of SDS by an additional
experimental step is required. The LC/MALDI method is found to provide
complementary results to conventional gel electrophoresis-sMALDI approach. A
combination of these two methods would provide a better proteome map in terms of
protein coverage. In the future, THP-1 raft protein identification will be attempted with a
2D-HPLC MALDI MS/MS system where the same interface design can be used. Since
only a very small portion of the raft digest was used for the 1D HPLC MALDI MS/MS

study, we expect that more unknown raft-associated proteins can be revealed after 2D-

HPLC separation and MALDI MS/MS sequencing.
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Table 6.2  Lists of Protein Identified from In-Solution Digestion - HPLLC-MALDI-

MS/MS Experiment.
# Identified proteins Mass Ref.
[kDa]
1 Myosin Ve 204 QINQX4
2 Kinesin-like protein KIF 13A 203.8 QOH1H9
Kinesin-like protein KIF 13B 203.9 QINQTS8
3 Adenylate cyclase, type VIl 141.3 P40145
4 Sodium/potassium-transporting ATPase alpha-1 chain 114.1 P05023
5 Aminopeptidase N 110 P15144
6 Vacuolar proton translocating ATPase 116 kDa subunit A isoform 3 93.7 Q13488
7  Gelsolin precursor, plasma 86 P06396
8 Heat shock protein HSP 90 - beta 83.5 P08238
9 Platelet endothelial cell adhesion molecule precursor 83.4 P16284
10 Heat shock protein HSP 90 - alpha 84.9 P07900
Heat shock protein HSP 90 - beta 83.5 P08238
Heat shock protein 75 kDa 80.3 Q12931
11 Heat shock protein HSP 90 - alpha 84.9 P07900
Heat shock protein HSP 90 - beta 83.5 P08238
12 Stress-70 protein, mitochondria precursor 73.9 P38646
13 Heat shock cognate 71 kDa proein 71.1 P11142
Heat shock-related 70 kDa protein 2 70.3 P54652
14 Heat shock 70 kDa protein 6 71.2 P17066
Heat shock 70 kDa protein 7 27 P48741

15 Dolichyl-diphosphooligosaccharide--protein glycosyltransferase 63

kDa subunit precursor 69.4 P04844

16 Vacuolar ATP synthase catalytic subunit A, ubiquitous isoform 68.7 P38606
17 Calnexin precursor 68 P27824
18 Vacuolar protein sorting-associated protein 45 65.4 QINRW7
19 ATP synthase alpha chain, mitochondria precursor 59.8 P25705
20 Vacuolar ATP synthase subunit B, brain isoform 56.8 P21281
21 ATP synthase beta chain, mitochondria precursor 56.5 P0O6576
22 \Vitronectin precursor 55.1 P04004
23 Monocarboxylate transporter 1 54.6 P53985
24 Solute carrier family 2, facilitated glucose transporter member 1 54.4 P11166
25 Carboxyppeptidase M precursor 50.9 P14384
Tubulin beta-1 chain 50.2 P0O7437
Tubulin beta-5 chain 50.1 P05218
26 Tubulin beta-5 chain 50.9 P04350
Tubulin beta-4q chain 48.9 Q99867
Tubulin beta-4q chain 50.9 Q13509
Tubulin beta-2 50.3 P05217
27 Tubulin alpha-6 chain 50.5 QI9BQE3
Tubulin alpha1 chain 50.8 P05209
28 Tubulin beta-5 chain 50.1 P05218
Tubulin beta-1 chain 50.2 P0O7437
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29
30

31

32
33

34
35

36

37

38
39
40
41
42

43

44

45

46
47
48
49
50

51

52
53
54
55
56
57

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

Tubulin beta-2 chain

Tubulin beta-4 chain
Elongation factor 1 - alpha 1
Monocarboxylate transporter 4
Alpha enolase

Beta enolase

Gamma enolase

Beta-1, 4-galactosyltransferase

Actin, beta or gamma

Actin, beta
Flotillin -2

HLA class | histocompatibility antigen (and many different chains
could be possible, as a sequence of FIAVGYVDDTQFVR was
identified, so just list one Swiss Prot number and its MW info)

G(T), alpha-2 subunit

G(T), alpha-1 subunit

G(K), alpha subunit

G(i) alpha-1 subunit

G(i) alpha-2 subunit

G(i), alpha-2 subunit

G(K), alpha subunit

Vacuolar ATP synthase catalytic subunit d
Galectin-8

Annexin I}

Urokinase plasminogen activator surface receptor, GPl-anchored
form precursor

G()/G(S)/G(T), beta subunit 2

G(1)/G(S)/G(T), beta subunit 1

G(1YG(S)/G(T) beta subunit 1

G(I)/G(S)/G(T) beta subunit 1

G protein, beta subunit 4

Chromosome 8 open reading frame 2

ADP-ribosyl cyclase 2 precursor

Glyceraldehyde 3-phosphate dehydrogenase, liver
Sodium/potassium-transporting ATPase beta-3 chain
Basigin precursor

14-3-3 protein beta/alpha or eta or zeta/delta or gamma or tau or
epsilon -- only MW and Swiss Prot number of the first one was
listed here as an example -- Identified sequence: DSTLIMQLLR

Proteasome activator complex subunit 2
Chloride intracellular channel protein 1
Cytochrome C oxidase polypeptide I|
Synaptosomal-associated protein 23
Heat shock 27 kDa protein

Brain acid soluble protein 1
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50.3
50.9
50.5
50.1
474
47.2
475
423

421

421
41.8

411

40.6
40.3
40.9
40.8
40.9
40.9
40.9
40.8
40.4
38.7

38.6

38

38.2
38.2
38

38.3
38

36.3
36.1
31.8
294

28

27.5
27.2
25.7
237
228
225

P05217
Q13509
P04720
015427
P06733
P13929
P09104
060909

P02570
P02571

P02570
Q14254

P30443

P19087
P11488
P0O8754
P04898
P04899
P04899
P08754
P12953
000214
P07355

Q03405

P11016
P04904
P04904
P11016
Q9HAVO
0i/6005721
Q10588
P04406
P54709
P35613

P31946

Q9UL46
000299
P00403
000161
P04792
P80723
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59
60
61
62
63
64
65
66

67

68
69

70
7

Ras-related protein RAP-1A

Ras-related protein RAP-1B

Ras-related protein RAP-2b

Peptidyl-prolyl cis-trans isomerase A

Chromosome 6 open reading frame 9; G18.2 protein
Cytochrome C oxidase subunit Va

Galectin -1

Mitogen-activated protein kinase kinase 1 interacting protein 1
Vacuolar ATP synthase subunit F

Tubulin-specific chaperone A

Uniquinol-cytochrome C reductase complex 11 kDa protein,
mitochondrial precursor

Cytochrome C oxidase polypeptide Vb (Bos taurus)
Cytochromoe C oxidase polypeptide Vib

Nonhistoe chormosomal protein HMG-17-like 3
Nonhistone chromosomal protein HMG-17
Ubiquitin

213
21

20.7
18.1
18

16.9
14.9
13.7
134
12.8

11

10.9
10.3
9.2
9.2
8.6

P10113
P09526
P17964
P05092
0i/11545817
0i/18999392
P09382
QoUHA4
Q16864
075347

P07919

P00428
P14854
000479
P05204
P02248

Note: 71 proteins were identified (some of them may be overlapped due to several possible
options led by identified peptide sequences). Among these proteins, 24 of them were also
identified by 1D gel-trypsin digestion-MALDI MS and MALDI MS/MS experiment. The other 45 of
them were only identified using this approach.
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Chapter 7
Comprehensive Lipid Raft Proteome Analysis by Offline 2D-HPLC

Separation and Mass Spectrometry *

7.1 Introduction

Lipid rafts are cell-type specific dynamic assemblies of glycolipid and cholesterol
which form membrane microdomains for receptor signaling and protein trafficking. One
of the most important properties of lipid rafts is that they can include or exclude proteins
to variable extents, e.g. they act as molecular sieves to allow certain proteins to transfer
with important consequences for the functional organization of the plasma membrane or
intracellular membranes [1-3].

To fully recognize the raft-dependent functions, it is imperative to have an
extensive and unbiased understanding of raft protein composition, or the raft proteome.
Until recently, study of lipid rafts was preformed by an immunoblotting technique that
identifies certain proteins without the full composition.

Recent developments in mass spectrometry make it the powerful technique for
proteomics research and can provide definitive information of protein content. Analysis
of lipid raft proteins by a MS technique is challenging because the proteins are insoluble
in aqueous solution and in nonionic detergents. Therefore, the analysis of lipid raft
proteome is only achieved by a combination of MS technique and gel electrophoresis

where the strong detergent SDS is employed for protein solubilization [4, 5].

® Mr. L. Burke of the Institute for Biomolecular Design of the University of Alberta generated the ESI data.
Cell culture and lipid raft proteins isolation were done in Dr. A.Shaw’s group.
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Recently, the shotgun proteomics approach has emerged as a powerful technique
for proteome identification and quantitation [6-8]. It is based on the digestion of proteins
from extracts of whole cells, organelles, or specific fractions thereof, followed by liquid
chromatography (LC) tandem mass spectrometry (MS/MS) analysis of the resulting
peptides. For complex peptide mixtures, multidimensional liquid chromatography
technique (usually two-dimensional LC) can be employed to separate the peptides prior
to analysis by mass spectrometry [6, 9-11]. Two-dimensional LC can effectively resolve
peptides from a complex mixture based on peptides’ charge and hydrophobicity. Ion
exchange chromatography is used as the primary separation technique because it
possesses high loading capacity, and reversed-phase chromatography is used as the
secondary separation because of its compatibility with ESI or MALDI mass
spectrometry.

In Chapter 5, an in-solution membrane protein identification method by using
SDS as a solubilization reagent to “dissolve” the proteins prior to enzymatic digestion has
been developed, and this method was applied to the identification of lipid raft protein 1D
HPLC/MALDI MS/MS (see Chapter 6), where 72 proteins are identified and 45 of them
were not identified by previous gel/MS approaches. If sample amount is not a problem
for proteome identification, optimization of the separation technique, such as
multidimensional separation, and an increase in the sample loading amount of the LC-
MALDI MS/MS approach will surely achieve better and more complete proteome
identification. Here a method is presented to analyze more complete lipid raft proteome
using the in-solution digestion method combined with multidimensional separation

technique and newly developed LC-MALDI interface that combines microbore LC with
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matrix-assisted laser desorption ionization (MALDI) MS/MS. Using the 2D LC-ESI and
2D LC MALDI techniques, it is shown that comprehensive lipid raft proteome analysis

can be achieved.

7.2 Experimental

7.2.1 Chemicals and Reagents

a-Cyano-4-hydroxycinnamic acid (HCCA), bovine serum albumin (BSA),
cytochrome ¢, bovine trypsin, dithiothreitol (DTT), iodoacetamide, Triton X-100,
trifluoroacetic acid (TFA) and sodium dodecyl sulfate (SDS) were purchased from
Sigma-Aldrich Canada (Markham, ON, Canada). HPLC-grade acetonitrile and acetone
were purchased from Fisher Scientific Canada (Edmonton, Canada). Water was obtained
from a Milli-Q Plus purification system (Millipore, Bedford, MA, USA). HCCA was

recrystallized from ethanol (95%) before use.

7.2.2 Cell Culture

The monocytic cell line THP-1 was obtained from the American Type Culture
Collection (ATCC, Manassas, VA, USA). Cells were maintained between 2 x 10° and 6
x 10° cells per mL in a humidified incubator at 5% carbon dioxide in RPMI 1640
medium supplemented with antibiotics, L-glutamine (Sigma, Markham, ON Canada) and

10% fetal calf serum (ATCC).

7.2.3 Isolation of Lipid Raft Proteins

Raft proteins were obtained by buoyant-density fractionation over a discontinuous

sucrose-density gradient. 1.5 x 10° cells were washed in cold PBS and lysed in MES
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buffer [25 mM 2-(4-Morpholino)ethane sulfonic acid containing 150 mM NaCl, 25 mM
MES, 5 mM MgCl,, 5 mM sodium pyrophosphate, 1 mM Na3;VO,, 2 mM NaF pH 6.5,
1% Triton X-100, 1 mM EGTA ([Ethylenebis(oxyethylenenitrilo)] tetraacetic acid), ImM
iodoacetamide, 1 mM PMSF, and 2 mM of a proteinase inhibitor cocktail containing
aprotinin, leupeptin, and pepstatin] for 90 minutes at 4°C. The lysate was subjected to
Dounce homogenization using a loose-fitting pestle, and clarified by centrifugation at
250G for 5 minutes. The post-nuclear supernatant was then adjusted to 45% sucrose and
overlaid with aliquots of 30%, and 5% sucrose. Buoyant density centrifugation was
performed at 165,000 RCF (relative centrifugal force) for 18 hours at 4°C in a Beckman
SW60Ti rotor. 8 fractions were collected from the gradient and concentrated by diluting

the sucrose with MES buffer, followed by centrifugation of insoluble proteins.

7.2.4 In-Solution Protein Digestion

Ten milligram lyophilized raft powder equivalent to 6 x 108 cells was dissolved in
120 pL 1% SDS (w/v) in 20 mM Tris. After sufficient mixing, samples were centrifuged
and the supernatant containing the dissolved raft proteins was removed for following
experiments. First, standard reduction and alkylation procedures were applied [12].
Then the mixture pH was adjusted with 100 mM NH4HCO; to 8.5. Finally, 200 pL of 1
pg/ul bovine trypsin and 1.2 pL of 1 M CaCl, were added to the mixture. The final SDS
concentration in the digestion mixture was 0.1% in a total volume of 1200 pL. Digestion

was performed overnight at 30°C.

7.2.5 Peptide Mixture Dialysis
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The digested protein mixture was dialyzed using Spectra/Pro tube cellulose ester
molecular weight cutoff of 500 Da membrane (Houston, TX, USA). The dialysis was

performed at 4°C with de-ionized distilled water for 29 hours.

7.2.6 Liquid Chromatography

Peptide separation was performed on an Agilent (Palo Alto, CA, USA) 1100
series HPLC equipped with an auto sampler. The first dimension, strong cation exchange
separation, was performed on a Vydac VHP400 series 1 x 25 mm strong cation exchange
column with a flow rate of 100 uL/min. Solvent A is 0.1% TFA in 20% acetonitrile, and

solvent B is the same as A with 0.5 M NaCl. The pH of digested sample was adjusted to

pH 2. The ion exchange fractions were collected by a fraction collector at 1 min
intervals. The fractions were dried down to 50 pL to get rid of all acetonitrile. Then one-
eighth of each fraction was used for LC-ESI MS/MS experiment by a QTOF instrument
equipped with a 75 um C;g column. The rest of the fraction was loaded onto a Vydac 1 x

150 mm C,3 reversed-phase column, to perform the HPLC-MALDI MS/MS experiment.

The HPLC-MALDI experiment is the same as described in Chapter 5.

7.2.7 Protein Identification from CID Data

Fragmentation information from CID spectra was first submitted to the sequence
query program in Matrix Science (http:/www.matrixscience.com) for possible
identifications with a precision tolerance of 0.3 Da for both the parent peptide and
MS/MS fragments. These potential protein matches (Score greater than homology) were

then put into MS-product (http://prospector.ucsf.edu) and the theoretical fragments were
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compared with experimental results, which may lead to definite identification of proteins.

All peptide identities were manually analyzed after the database search.

7.2.8 Instrumentation

MALDI MS experiments were carried out on a Bruker Reflex III time-of-flight
mass spectrometer (Bremen/Leipzig, German) using the reflectron mode of operation.
Jonization was performed with a 337-nm pulsed nitrogen laser. MALDI MS/MS
experiments were carried out on a MDS Sciex QSTAR Pulsar QqTOF mass spectrometer
equipped with an orthogonal UV-MALDI source. LC-ESI MS/MS experiments were
carried out on a Micromass Q-Tof 2 mass spectrometer equipped with a LC source
(Manchester, UK). All data were processed using the Igor Pro Software package

(WaveMetrics, Lake Oswego, OR).

7.3 Results and Discussion

7.3.1 Buffer Selection for Cation Exchange Column of Peptide Separation

Ton exchange chromatography separates proteins and peptides by charge primarily
through electrostatic interactions between charged amino acid side chains and the surface
charge of the ion-exchange resin. Strong cation-exchange chromatography retains
biomolecules by the interaction of sulfonic acid groups on the surface of the ion-
exchange resin with histidine (pK=6.5), lysine (pK=10) and arginine (pK=12). The
mobile phase is buffered to maintain its pH at 6 or 7 in order to keep the basic side chain
protonated. At higher pH, the basic side chains begin to deprotonate and the retention
decreases. Below pH 6, retention is dependent on the numbers of basic amino acids
present in the peptide and protein.
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Proteins or peptides with the same number of basic amino acids can often be
separated by adjusting the mobile phase pH between 3 and 5 where aspartic acid
(pK=3.9) and glutamic acid (pK=4.3) are partially protonated. A suitable buffer in this
pH range is acetate buffer (HAc, pKa 4.2). Figure 7.1 shows the cation exchange
chromatograms of the separation of 40 pg standard protein tryptic digest under four
different mobile buffers, namely acetate buffer (pH 4), phosphate buffer (pH 4), 0.1%
TFA and 0.1% TFA in 20% acetonitrile, and with a gradient of 0.5 M NaCl. Figure 7.1A
shows the chromatogram obtained using 25 mM acetate buffer in mobile phase.
However, the peptide separation efficiency is not good under this buffer condition.
Besides the separation efficiency, acetate has strong UV absorbance at wavelength 210
nm that is commonly used for peptide and protein UV detection and therefore interferes
with peptide detection. Figure 7.1B shows the chromatogram of separation of the same
protein standard digest with phosphate buffer at pH 4, and the separation efficiency is
improved compared to acetate buffer. However, phosphate buffer of pH 4 only has a
hundredth of the buffer capacity (phosphate has a pKa, of 2.1), and this capacity may not
be enough for real sample separation or when sample loading is high. Other acids that
could be used as buffer are formic acid and TFA. Because proteins or peptides are easily
formylated with formate, formic acid is seldom used if an alternative can be found. 0.1%
TFA itself is a buffer with pH 2.2 (TFA, pKa = -0.3), and because reversed-phase
separation of peptides will proceed after the ion exchange separation, where TFA is
commonly used as ion- pair reagent for reversed-phase, 0.1% TFA could be another

choice for buffer.
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Figure 7.1 Chromatograms of the cation exchange separation of 40 pg BSA and
cytochrome ¢ tryptic digest under different mobile phase buffers. Solvents: A is buffer
indicated in the graph; B is 0.5M NaCl in A.
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Figure 7.1C shows the chromatogram of standard peptide separation with 0.1%
TFA as buffer under the same salt gradient. The separation performance is acceptable
compared to the one with phosphate buffer. The peaks are narrower and sharper than the
chromatogram obtained with phosphate buffer. The hump at 40 min is possibly from the
absorbance of salts or other impurities. To further improve the ion exchange separation,
addition of 20% ACN to the buffer of 0.1% TFA is employed as mobile phase buffer
(Figure 7.1D) and the chromatogram peaks are sharper and more resolved. The organic
solvent acetonitrile adds hydrophobic interaction effects to the ion interaction, the
primary interaction on ion exchange column. Hydrophobic interaction may play a role
because some digested peptides are small and very hydrophobic. Adding acetonitrile in
ion-exchange mobile phase buffer can change the separation through complex effects on
solubility and hydrophobic interaction. Because more and more researchers employ a
certain amount acetonitrile in ion exchange separations [7, 9, 13] and the employment of
acetonitrile is in agreement with our mobile phase optimization results (Figure 7.1), all
subsequent experiments to be described in this chapter will use 20% ACN 0.1% TFA as a

buffer system.

7.3.2 Salt Effect on Ion Exchange Column

Cation exchange resin has a sulfonate group as a counter ion on the resin
stationary phase. SDS, an ionic surfactant should not be absorbed onto the stationary
phase. The only possible interference from SDS with a cation exchange resin is from the
sodium, the same cation used in mobile phase. The sodium concentration of 0.1% SDS

(3 mM) is very low compared to commonly used salt gradient concentration, 0.5 M NacCl,
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even at the concentration of 0.1 - 0.2 M NaCl where most peptides are eluted. Therefore,
the sodium in SDS should not affect cation exchange performance.

The sample loading capacity of a 1 x 250 mm cation exchange column is 4.7 mg,
according to Vydac, calculated based on separation of pure protein samples. However,
real protein digest sample usually contains contaminants, such as DTT and iodoacetamide
(they may get positively charged at pH 2.2). Because the strong cation exchange
employs ion interaction for peptide separation, the existence of salts may have an effect
on the column separation efficiency. Figure 7.2 shows the effects of salts on the peptides
separation with a 1 x 250 mm strong cation exchange column. Figure 7.2A shows the
chromatogram of 40 pg standard proteins (BSA and cytochrome c) tryptic digest without
DTT and iodoacetamide added prior to the digestion process. With 18 mM DTT and 36
mM iodoacetamide (the common concentrations used in protein digestion) added after
digestion, the cation exchange separation chromatogram is shown in Figure 7.2B. In
Figure 7.2B, the injection peak is very broad, having a peak width of 5 min. The peptide
peaks at 10 to 20 min are overlaid and become broader compared to that obtained from
pure standard sample. This indicates that, for the same amount of peptide samples, the
salt component in the sample will reduce the separation efficiency.

Another example is the ion exchange separations of the tryptic digest of E. coli
extract with different size of columns. The sample was tryptic digested in 2.5 M urea, 15
mM DTT and 30 mM iodoacetamide. When 24 pg of the sample was loaded onto a 1 x
250 mm cation exchange column, a broad injection peak was observed and the separated
peptides were eluted out of column from 10 to 16 min (Figure 7.2C). However, when 10

ug of the same sample was injected to a capillary 0.3 x 150 mm cation exchange column,
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Figure 7.2 Salts effects on ion exchange separation.
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the injection peak became twice as broad as the one in Figure 7.2C. The broad saturated
injection peak plateau extended up to 15 min, and almost no peptide separation was
observed (data not shown). This indicates that the salt content can affect ion exchange
chromatography performance significantly. On smaller columns, the ion exchange sites
were totally saturated by the salt; therefore, peptides cannot be adsorbed onto the resin
and co-eluted with the salt component. However, because the large column has 18 times
the resin volume of the smaller one, there was still some sites left to interact with the
peptides and separation peaks can be observed in the chromatogram from the large
column. Thus, to obtain a better ion exchange separation, salts have to be removed as
much as possible prior to sample loading onto the exchange resin. Based on this
understanding, dialysis was employed to tryptic-digested samples to remove salts and

SDS if possible.

7.3.3 2D LC-ESI MS/MS

The work in Chapter 5 clearly illustrated that, for comprehensive analysis of
proteomes of interest, a preferred shotgun proteomics approach should incorporate both
LC/MALDI and LC/ESI MS/MS technologies. Therefore, both ESI and MALDI are
employed for analysis of the lipid raft proteome. A flow chart of the experimental design
is presented in Figure 7.3. Offline two-dimensional LC separation is employed in this
case not only for combination of LC-MALDI as second-dimensional, but offline 2D LC
itself holds some advantages as well, such as a high organic solvent can be used during
1D ion exchange separation (only 5% ACN can be used for online 2D).

Each ion exchange (IE) fraction is split to two portions, one for LC-ESI MS/MS
and the other for LC-MALDI MS/MS experiments. Because the purpose of this study is
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to identify as many proteins as possible, the samples are split in a way that the sample
loading of both LC-ESI and LC-MALDI can be optimized. At the present time, ESI
instruments are commonly equipped with capillary LC column to keep the sample
concentration high. Because the ESI signal strength is dependent on the analyte
concentration, the use of capillary LC or low flow rate LC can keep the analyte
concentration high even with a small amount of sample injected onto the column.
However, the capillary LC column also has a very limited sample loading capacity for
separation, which can affect the detection dynamic range. It is difficult to detect the low
abundant components in a small amount of proteome digest because their solution
concentration can readily fall below the concentration required to generate good
database-searchable spectra.

Thirty IE fractions (2 to 31min) were analyzed by Cig on the LC-ESI QTOF
instrument. Only 15 of the fractions gave positive protein identification results. From
these fractions, 118 peptides were identified leading to the identification of 60 unique
proteins. Among the 60 proteins, 30 were not identified in the previous LC-MALDI
MS/MS experiments accomplished in Chapter 6, and 29 were not identified in the

previous lipid raft studies with a gel MALDI approach as well [4].

7.3.4 2D LC-MALDI MS/MS

Unlike ESI, MALDI sensitivity is not dependent on the solution concentration of
the analyte, but on the absolute amount on the target or the analyte concentration in the
matrix crystals. Thus a dilute solution with a large volume can be concentrated on the
MALDI plate and achieve a similar sensitivity as in the case of using a concentrated

solution with a small volume deposition. As a result, micro-bore column (I mm in
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diameter) can be used, which has a much higher sample loading capacity compared to a
capillary column. Therefore a higher dynamic range of detection can be achieved with
LC/MALDI, compared to ESI MS/MS.

The 30 IE fractions are also analyzed by LC-MALDI via our interface (see
experimental section in Chapter 5). Briefly, each fraction was two dimensionally
separated with a C;3 1 x 150 mm column and the reversed-phase fractions were directly
collected on the MALDI target. Figure 7.4 shows two examples of the LC-MALDI
experiments from ion exchange fractions of 6 and 24 min. Figure 7.4A shows the UV
chromatogram of the ion exchange separation, while Figure 7.4B shows UV
chromatograms obtained from the reversed-phase (RP) separation of IE fractions 6 and
24 min. Peptides can be observed from the fraction even with low UV absorbance. Two
representative MALDI MS spectra are presented in Figure 7.4C, indicating the number of
peptide co-eluted in each reversed-phase fraction. Figure 7.4D illustrates representative
MALDI MS/MS spectra along with the best-matched sequences from database searching.
From the ion exchange fraction at 24 min, a total of 282 MS/MS spectra were collected
and among them, 115 peptides were identified, leading to the identification of 76 unique
proteins. Table 7.1 lists the peptides and proteins identified from IE fraction 24 by
reversed-phase LC-MALDI MS/MS

From the 10 IE fractions that have been subjected to LC-MALDI MS/MS

experiments, more than 1900 MALDI MS/MS spectra were collected and a total of 491
peptides have been identified leading to the identification of 185 unique proteins from

these fractions.
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From these results, the advantage of 2D LC-MALDI is very significant compared
to the 2D LC-ESI shotgun approach. Generally speaking, 40-100 peptides can be
identified from each ion exchange fraction. At this stage, manual data collection was
used for each MALDI plate with QqTOF instrument equipped with a UV MALDI source.
Because two consecutive IE fractions have substantial overlaid peptides observed in their
reversed-phase fractions, the advantage of offline 2D separation and manual data
collection is to avoid MS/MS data collection on duplicate peptides observed in
consecutive IE fractions and focus on low abundance peptides in the same fraction by
increasing data collection time. Another advantage of manual data collection is fine-
tuning of the instrument parameters leads to higher quality, database-searchable spectra.

Compared to LC-ESI, one major advantage of LC-MALDI is that the sample
spots on the MALDI plate can be reexamined after the first pass of analysis, whereas
samples are completely consumed after ESI analysis. Even though the first pass is by
manual data collection, by fine-tuning the MALDI QqTOF tuning parameter (such as
changing the parent ion gate window from low resolution to unit resolution), additional
positive sequence assignment can be obtained [14]. It is not difficult to imagine that if
the first pass is achieved in an automated manner, reexamination of the spots by fine-
tuning the parameters, such collision energy, collection time and parent ion gate window,
can improve the MS/MS spectra quality and lead to additional peptide sequence
assignment. In the author’s experience, the sample spot with matrix can be stored more
than a month without observation of signal intensity difference.

Future work will mainly focus on development of an automated data collection

system for the MALDI QqTOF instrument as part of the improvement of the 2D LC-
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MALDI shotgun technology. With data collection fully automated, data collection for
one plate of LC-MALDI sample can be completed in 24 hours. And the database
searching can be finished the next day. Thus, LC-MALDI can be carried out within two

days, a reasonable time for proteomic studies.

7.4 Conclusions

The lipid raft proteome is analyzed with incorporation of two offline shotgun
approach, 2D LC-ESI MS/MS and 2D LC-MALDI MS/MS. There were 60 proteins
identified with 2D LC-ESI approach, and 185 proteins identified with 2D LC-MALDI
approach from 50% of the ion exchange fractions. Herein, we have demonstrated that
LC-MALDI offers several unique features not seen in LC-ESI. The results suggest that

offline 2D LC-MALDI is a robust technique for shotgun proteomic research.
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Table 7.1  Total Peptides and Proteins Identified from Ion Exchange Fraction at
24 min.
# Description Ref# Peptide Sequence MW  Subcellular
(kDa) location
1  Thymosin beta-4 P01253 KTETQEKNPLPSK 4.9 Cytoplasmic
TETQEKNPLPSKETIEQEK
2 G(I)/G(S)/G(O) gamma-10 subunit P50151 DALLVGVPAGSNPFREPR 74
3 Ubiquitin P02248 ESTLHLVLR 8.6 Nuclear and
cytoplasm
4 SH3 domain-binding glutamic acid- 075368 GDYDAFFEAR 12.8
rich-like protein
5 alpha globin gi|28549 VGAHAGEYGAEALER 13.6
6 Vacuolar ATP synthase subunit G1 075348 mTILQTYFR 13.9
7 Histone H2A. family P02261 HLQLAIR 14.0
8 Galectin-1 P09382 VRGEVAPDAK 14.9
DSNNLCLHFNPR
9 Hemoglobin beta chain P02023 VKVDEVGGEALGR 16.0
LHVDPENFR
10 Calmodulin P02593 VFDKDGNGYISAAELR 16.7 Calcium
binding
proteins
11 synaptophysin homolog gi2136213 TVTATFGYPFR 16.9
synaptophysin-like protein isoform a gi|5803185 28.9
synaptophysin-like protein isoform b gi[33239443 26.7
12 Myosin light chain alkali P16475 EAFQLFDR 17.0
13 Peripheral-type benzodiazepine P30536 FVHGEGLR 18.9 Integral
receptor membrane
protein
14 Bone marrow stromal antigen 2 Q10589 RENQVLSVR 20.0 Typell
membrane
protein
15 Prothymosin alpha P06454 RAAEDDEDDDVDTKK 21.1 Nuclear
16 Brain acid soluble protein 1 P80723 EKPDQDAEGKAEEK 22.5
KGYNVNDEK
17 Heat shock 27 kDa protein P04792 QDEHGYISR 22.8 Cytoplasmic
LFDQAFGLPR
18 Synaptosomal-associated protein 23 000161 AHQITDESLESTR 23.7 Plasma
RILGLAIESQDAGIK membrane
DRIDIANAR
19 Ras-related protein Rab-7 P51149 FQSLGVAFYR 23.8 Found on
late
endosomes
20 Ras-related protein Rab-2B Q8WUD1 GAAGALLVYDITR 24.4
Ras-related protein Rab-2A P08886 23.7
21 Galectin-3 P17931 GNDVAFHFNPR 26.1 Nuclear
22 Protein Plunc QINPS55 VTDPQLLELGLVQSPDGHR 26.8 Secreted
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23

24

25

26

27

28
29

30

31

Chloride intracellular channel
protein 1

Acidic leucine-rich nuclear

phosphoprotein 32 family member A

Lymphocyte function-associated
antigen 3

Carbonic anhydrase II

F-actin capping protein beta subunit
Crk-like protein

Galectin-8

Glyceraldehyde 3-phosphate
dehydrogenase

ADP-ribosyl cyclase 2

32a Guanine nucleotide-binding protein

beta subunit 4
G(I)/G(S)/G(T) beta subunit 1
G(I)/G(S)/G(T) beta subunit 2

32b Guanine nucleotide-binding protein

beta subunit 4
G(I)/G(S)/G(T) beta subunit 2

32¢ G(I)/G(S)/G(T) beta subunit 1

33

34

35

36

37

38

G(I)/G(S)/G(T) beta subunit 2
chromosome 8 open reading frame 2

Urokinase plasminogen activator
surface receptor

Annexin A2

Fructose-bisphosphate aldolase A
G(i), alpha-2 subunit
G(i), alpha-1 subunit

G(i), alpha-2 subunit
(G(1) alpha-3)

38bG(i), alpha-1 subunit

G(i), alpha-2 subunit
(G(i) alpha-3)

G(0), alpha subunit 1
G(0O), alpha subunit 2

000299 GFTIPEAFR

P39687 LLPQLTYLDGYDR

P19256 DKVAELENSEFR

P00918 YDPSLKPLSVSYDQATSLR

P47756 KLEVEANNAFDQYR

P46109 IHYLDTTTLIEPAPR

000214 EEITYDTPFKR
ADVAFHFNPR
DIALHLNPR

P04406 LVINGNPITIFQER

Q10588 FmPLSDVLYGR

Q9HAV0 AGVLAGHDNR

P04901

P11016

Q9HAV(O ELPGHTGYLSCCR

P11016

P04901 IYAmHWGTDSR

P11016

gi/6005721 IEEGHIGVYYR
VTKPNIPEAIR

Q03405 SGCNHPDLDVQYR

P07355 DLYDAGVKR
GVDEVTIVNILTNR

P04075 AAQEEYVKR
ADDGRPFPQVIK

P04899 FEDLNKR
ITHEDGYSEEECR

P04898 EIYTHFTCATDTK

P04899

P08754

P04898 TTGIVETHFTFK

P04899

P08754

P09471

P29777
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37.6

380
38.2
38.0
38.0

38.6

387

39.7

40.9
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40.9
40.9
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39

40

Flotillin-2

Actin, cytoplasmic 1
Actin, cytoplasmic 2

40b Actin, alpha skeletal muscle

41
42
43

44

45

46
47

48

49

50
51
52
53

54
55
56

Actin, cytoplasmic 1

Actin, cytoplasmic 2

Actin, aortic smooth muscle
Actin, aortic smooth muscle
Actin, gamma-enteric smooth
muscle

Actin-like protein 2
Nogo-66 receptor homolog 1
Tubulin beta-2 chain
Tubulin beta-5 chain
Tubulin beta-1 chain
Tubulin beta-4q

Protein disulfide isomerase A6

Adenylyl cyclase-associated protein

1

Aldehyde dehydrogenase 7

Solute carrier family 2, facilitated

glucose transporter, member 1

ATP synthase beta chain,
mitochondrial
Protein disulfide isomerase

Keratin, type I cytoskeletal 10
Catalase
Tripeptidyl-peptidase I
Glypican-1

Glypican-4
CTP synthase
Ezrin

Moesin
Radixin

Q14254  DVYDKVDYLSSLGK 41.8
P02570  qEYDESGPSIVHRK 42.0
P02571  (D)ESGPSIVHR 42.1
KDLYANTVLSGGTTmYPGIADR
QEYDESGPSIVHR
P02568  SYELPDGQVITIGNER 42.4
P02570  HQGVmMVGmGQK 42.0
P02571  DSYVGDEAQSKR 42.1
P03996  AVFPSIVGRPR 42.4
P04270  AVFPSIVGRP 423
P12718 422
015142  GYAFNHSADFETVR 45.0
£i[30425563 HLQALEELDLGDNR 46.8
P05217  IREEYPDR 50.3
P05218 50.1
P07437 502
Q99867 48.9
Q15084  NRPEDYQGGR 485
Q01518  LEAVSHTSDMHR 519
SGPKPFSAPKPQTSPSPK
P43353  NLATQLDSAFIR 524
P11166  GTADVTHDLQEmKEESR  54.4
SFEmLILGR
P06576  AHGGYSVFAGVGER 56.5
P07237  YKPESEELTAER 57.5
(A)DAPEEEDHVLVLR
P13645  IRLENEIQTYR 59.7
P04040  LFAYPDTHR 59.8
014773  LYQQHGAGLFDVTR 61.7
P35052  GFSLSDVPQAEISGEHLR  62.7
P75487  YTEQLKPFGDVPR 63.4
P17812  KLYGDADYLEER 67.3
P15311  APDFVFYAPR 69.3
P26038 67.8
P35241 68.6
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57 Heat shock cognate 71 kDa protein
Heat shock-related 70 kDa protein 2

58 L-plastin

58b L-plastin

T-plastin

I-plastin

unconventional myosin 1G valine
form

FLJ00121 protein

similar to Myosin Id

Growth factor receptor-bound
protein 2

ATP-binding cassette, sub-family D,
member 3

59

60

61

62 Annexin A6 (Annexin VI)

63 Heterogeneous nuclear
ribonucleoprotein M
Heat shock protein HSP 90-beta

Heat shock protein HSP 90-alpha

64
65

66 Gelsolin, plasma (Actin-
depolymerizing factor)
67 Vacuolar proton translocating
ATPase 116 kDa subunit A isoform

3

68 Vacuolar proton translocating
ATPase 116 kDa subunit A isoform
1

Ras GTPase-activating protein 3

Hypothetical protein KIAA0143

69
70

71 Aminopeptidase N

72 signaling inositol polyphosphate 5

phosphatase SIP-110
signaling inositol polyphosphate 5
phosphatase SIP-145

72b signaling inositol polyphosphate 5
phosphatase SIP-145

73 Signal transduction protein CBL-B

74 Sodium/potassinm-transporting
ATPase alpha-1 chain

P11142
P54652

P13796
P13796
P13797
Q14651

STAGDTHLGGEDFDNR
FEELNADLFR
IINEPTAAAIAYGLDKK
NEALJALLR
LSPEELLLR

2i|14269502 GHTAAEASYAR

gi|18676448 VIGFSPEEVESVHR

2i[20734952

P29354 FGNDVQHFK

P28288 STHSELLEDYYQSGR

P08133 ILISLATGHR
DLEADIIGDTSGHFQK

P52272 FEPYANPTKR

P08238 LGIHEDSTNR

P07900 TKPIWTR
ALLFVPR
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Chapter 8

Conclusions and Future Work

The goal of this work is to solve challenging biological problems, such as
membrane protein analysis, with mass spectrometry and the use of surfactants. Because
membrane proteins play an important role in biological systems, much attention and
effort have been devoted to proteomics studies of this type of proteins. The physical
properties of membrane proteins requires surfactants to be present in the sample workup
for protein solubilization and the prevention of protein aggregation. However, the
presence of surfactants in samples is a challenging issue because mass spectrometry
requires relatively clean protein samples to achieve sensitive and accurate mass analysis.
In this thesis, with understanding of the principle of how and why surfactants affect mass
spectrometric analysis, surfactant-, especially SDS-, aided mass spectrometric proteomic
analysis methods for membrane proteins have been developed.

In Chapter 2, a MALDI sample deposition method has been applied to the
analysis of protein samples containing the surfactant, sodium dodecyl sulfate. SDS is
commonly used surfactant in biological sample work up, such as gel electrophoresis, cell
extract or hydrophobic protein solubilization. Earlier MS studies showed that SDS is
detrimental to MS analysis even with low amounts present in a protein sample. The
results described in Chapter 2 demonstrated that a two-layer sample preparation method
can be very useful in analyzing protein and peptide samples containing SDS by MALDI
MS. This method involves first the formation of a thin layer of matrix crystals, followed

by deposition of a mixture of sample and matrix dissolved in a proper solvent and with an

202

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



adjustable sample to matrix ratio. Several variables related to the sample preparation are
shown to affect the intensity of the MALDI signal. With this method, an on-probe
washing step should be performed. The matrix to SDS ratio is not critical, but the protein
to SDS ratio can have a significant effect on the MALDI signal response. Thus dilution
or concentration of the sample solution may be required when this method is applied to
analyze samples with unknown protein concentration. With the two-layer sample
deposition method samples containing SDS up to 1% can be readily analyzed by MALDI
MS without a significant effect to the signal intensity. The results also demonstrate that
hydrophobic protein samples in the presence of SDS can be readily detected by MALDI.
For direct analysis of cell extract by MALD], it is now possible to incorporate solvent
extraction involving SDS to examine more hydrophobic proteins.

While protein samples containing SDS up to ~1% can be analyzed by the two-
layer sample/matrix preparation method, the MALDI signal quality was found to be
degraded in these samples. In Chapter 3, the cause of this degradation was examined and
proven to be the formation of protein sodium adduct ions in the MALDI process. If the
instrument resolving power is inadequate to resolve these adducts, peak broadening is
observed and the centroid mass assignment is shifted to higher mass. Ammonium
dodecyl sulfate (ADS), hydrogen dodecyl sulfate (HDS), and tris (hydroxymethyl)
aminomethane dodecyl sulfate (TDS) were explored as alternatives to SDS. We found
that the ADS was least detrimental to MALDI performance. The presence of ADS in the
protein samples did not significantly degrade the signal resolution and accuracy, as was
the case with SDS. With ADS in protein samples, the protonated peak was dominant in

MALDI analysis from moderate protein mass up to ~25kDa. As the protein molecular
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weight increases, the ammonium adducts become dominant in the MALDI spectrum; but
ADS still yields the best results of the four surfactants. The results demonstrated that
ADS solubilized cell extracts could be separated by SDS-polyacrylamide gel
electrophoresis by mixing the samples with normal SDS buffer. The improved MALDI
performance of an ADS-solubilized detergent insoluble fraction from Raji/CD9 B-cell
extract was also demonstrated in this work. It can be concluded that ADS is a viable
alternative to SDS in protein extraction and purification and should be used in MALDI
analysis of very hydrophobic proteins.

In Chapter 4, the performance of surfactants in proteomics analysis was further
studied. The effects of four frequently used surfactants, namely CHAPS, Triton X-100,
OG and SDS, for biological sample preparation on enzymatic digestion and peptide MS
analysis are examined in detail. CHAPS, TX-100 and OG have no effect on the
enzymatic digestion, but CHAPS and Triton surfactants severely affect the MALDI MS
analysis and therefore should be removed before MALDI MS peptide analysis. If the
protein samples can be dissolved by OG, enzymatic digestion and MS analysis can be
performed with OG up to 1% without any interference. SDS can be used in tryptic
digestion with concentration up to 0.1% without any interference in the MALDI MS
analysis. The performance of SDS-solubilized hydrophobic membrane protein tryptic
digestion was demonstrated in presence of 0.1% SDS, and it leads to an improvement in
the sequence coverage. We envision that SDS extracted protein mixture can be directly
analyzed without purification or SDS removal steps by direct enzyme digestion and

identification with tandem mass spectrometry.

204

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



In Chapter 5, a new solution-based SDS-aided digestion and protein identification
method for membrane proteomic research was developed with the facilitation of LC-
MALDI interface. Membrane protein analysis usually requires the use of surfactants for
extraction and solubilization, which increases the difficulty of analyzing them by
solution-based LC-ESI MS/MS and thus the identification is usually achieved by a gel-
based approach. In this solution approach, we used SDS to solubilize membrane proteins
without worrying about the subsequent tryptic digestion, HPLC separation, and peptide
detection and sequencing experiments. Both HPLC-MALDI MS/MS and 2D LC-ESI
MS/MS were applied to achieve solution-based peptide sequencing and protein
identification by using the membrane protein fraction of cancer cell line HT29 as a
model. Three approaches, solution-based HPLC-MALDI MS/MS, solution-based 2D
LC-ESI MS/MS and conventional gel peptide mass mapping-MALDI MS & MS/MS,
were employed to equal amounts of membrane protein sample, and a total of 112 proteins
were identified. However, in-solution-based HPLC-MALDI MS/MS method identified
the largest number of proteins. This work clearly illustrates that, for comprehensive
analysis of proteomes of interest, a preferred shotgun proteomics approach should
incorporate both LC/MALDI and LC/ESI MS/MS technologies.

In Chapter 6, the membrane protein identification method developed in Chapter 5
is applied to lipid raft protein identification of Triton X-100 insoluble fraction THP-1
cell. 71 proteins are identified by solution-based HPLC-MALDI MS/MS approach,
while 45 of them were not identified by previous gel/MALDI approach. The results of
Chapters 5 and 6 show that the developed SDS-aided solution-based protein

identification method is very useful for membrane protein identifications. Combined
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with semi-offline HPLC-MALDI interface, this method can be employed for SDS-
solubilized membrane protein identification. However, the method is also suitable for
ESI mass spectrometry if SDS can be removed prior to analysis, such as SDS removal
with a 2D-LC system. This method is found to provide complementary results to
conventional gel electrophoresis-MALDI approach for lipid raft analysis. The results in
Chapter 5 and 6 clearly show that, for a complete analysis of the proteome of interest, a
combination of conventional gel approach and shotgun technologies would provide a
better proteome map in terms of protein identification.

In Chapter 7, the solution-based SDS-aided shotgun proteomics approach is
further improved by utilizing two-dimensional separation technology. If the sample
amount is unlimited, the implementation of 2D LC with SDS-aided proteomics method
can fulfill the mission of providing a complete proteome map. The lipid raft proteome is
analyzed with incorporation of two offline shotgun approach, 2D LC-ESI MS/MS and 2D
LC-MALDI MS/MS. There are 60 proteins identified with 2D LC-ESI approach and half
the proteins are not identified from the previous studies. The 2D LC-MALDI MS/MS
provided more exciting results and 185 proteins have already been identified. By
increasing the sample loading amount, the low abundant components in the raft proteome
can be analyzed with LC-MALDI shotgun approach. The results demonstrated that LC-
MALDI offers several unique features that are not seen in LC-ESI. The results also
indicate that offline 2D LC-MALDI is a robust technique for shotgun proteomic research.

Future work will be directed to the improvement of shotgun LC-MALDI
technology by establishment of automation data collection system for the MALDI

QqTOF instrument. With data collection fully automated, analysis of one plate LC-
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MALDI sample can be carried out in reasonable time frame (about 2 days). Because the
LC-MALDI interface is readily interfaced with narrowbore or microbore columns, large
quantity of sample can be easily analyzed by LC-MALDI MS/MS technique. Compared
with LC-ESI, LC-MALDI requires a fraction of the anlysis time per sample, making the
latter a much more attractive method for large numbers of samples. The fully automated
MALDI QqTOF instrument can make the developed SDS-aided solution-based protein
identification method more useful and robust.

The methods described in this thesis can be further applied to proteomics
research, such as cancer studies, in terms of protein identification. Another application of
the described methods would be the incorporation of a SDS-aided solution-based
technique with protein quantitation reagents or methods, e.g. ICAT, to perform
membrane protein quantitation. It is hoped that further application of the methods
described in this thesis with automated MALDI QqTOF will provide useful techniques

for proteomics research.
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