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Abstract

Sodium dodecyl sulfate (SDS) is a favoured reagent for proteomic sample
preparation but detrimental to down-stream analysis by liquid chromatography and mass
spectrometry (LC-MS). This group previously introduced a novel electrophoretic device
termed transmembrane electrophoresis (TME), which depletes SDS to levels permitting
LC-MS (<100 ppm) while maintaining high protein yield (Kachuk et al. J. Proteome Res.
2016, p2634). Initially, TME required lengthy runs (1 hour), and frequent pausing/manual
mixing to prevent overheating. As such, this thesis presents TME modifications to allow
operation at higher currents, which increases the rate of SDS depletion. Changing different
membrane parameters provides lower resistance thereby decreasing Joule heating.
Operation at constant current (instead of constant voltage or power) is determined to be
optimal by minimizing heat production. Increasing beyond 50 mA demands additional
strategies for temperature management. Here, TME operation with a stir bar to agitate the
sample cell is presented as a fully automated alternative to pausing/manual mixing.
Constant stirring is shown to significantly reduce sample temperatures, allowing operation
at higher constant current (70 mA). In doing so, the time required for SDS depletion below
100 ppm is reduced to <15 min. Reduced temperatures also translate to higher sample yields
>95%. The stir bar also reduces concentration polarization and membrane fouling
phenomena which reduces resistance and increases depletion rates. Finally, the application
of the improved TME platform to bottom-up and top-down workflows is assessed in
comparison to two popular depletion methods, acetone precipitation and filter-aided sample
preparation (Wisniewski et al. Nat. Methods 2009, p359). All methods successfully deplete
SDS from a proteome mixture to <10 ppm, though TME provides consistently higher
sample yields (=95%). TME also gives higher peptide spectral matches per protein when
analyzed by LC-MS, and favours the identification of low molecular weight proteins, which

are often underrepresented in proteomics studies.
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Chapter 1: Introduction

1.1 Proteomics

Proteins are large macromolecules consisting of long folded chains of amino acids.
They are often referred to as the “building blocks of life” and are fundamental to the
biological reactions necessary for life (€.9. reproduction, movement, respiration, response
to stimuli). Proteomics, in analogy with genomics, is the large-scale study of all proteins.
Specifically, it comprises the analysis and characterization of the entire set of proteins
produced by an organism at a given time, commonly known as the proteome. Proteins have
been studied since the early 18" century when they were discovered as a biological
molecule which coagulated upon addition of heat or acid. The first protein to be sequenced,
insulin, by Frederick Sanger in the 1950s, confirmed that proteins were comprised of long
polymers of amino acids'2. Within a decade, protein structures had been resolved for
hemoglobin and myoglobin proteins®*. Protein research has since flourished into an
important, relevant, and increasingly complex field. Functional proteins such as enzymes,
ion channels, or receptors are frequently used as drug targets, and are the dominant focus
of nutritional, immunological, cancer, biomarker, and proteopathic research fields. The true
significance of proteins became known following the completion of the human genome
project, when it was found that humans possess far fewer genes than originally estimated.
The project discovered approximately 20-25 thousand protein-encoding genes®, which is
slightly fewer than a common roundworm®. The evidence indicated genes alone were not
responsible for instilling humans with their biological complexity. It became clear that
proteins are the functional units of a cell and their expression represents actual conditions

within the cell at a given time. Although single-protein analysis can be enlightening, the
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complexity of metabolic and other biosynthetic pathways requires a more holistic view.
Studying networks of protein interactions and expression patterns under varying
environmental conditions and disease states provides a more informative picture on the
development and processes of life. The term proteome was coined in 1995 by Marc
Wilkins’, and since then the techniques for studying a proteome have developed quite
rapidly. Nevertheless, analysis of any organism at the protein-level presents new and

significant analytical challenges which must be overcome.

1.1.1 Goals and Challenges of Proteomic Studies

A proteome can contain a vast array of information on a variety of functionally and
chemically distinct proteins over a large concentration and temporal range. In addition,
variations in heterogeneity, post-translational modifications (PTMs), and splicing events
gives rise to approximately 10°-10° unique protein forms, also known as proteoforms. The
term proteoform denotes all the different molecular forms in which the protein product of
a single gene can be found®. Although seemingly trivial, analyzing which proteoforms are
present at a given time in a sample is essential to gaining an overall understanding of the
system, because different proteoforms can display massive differences in functionality. For
example, phosphorylation can control the activity of a protein, alter its physical structure
or cellular localization, induce protein-protein interactions, or even mark it for degradation.
Multiple forms of PTMs exist, including acetylation, methylation, glycosylation,
hydroxylation, and ubiquitination, each having their own specific purposes and outcomes.
In addition, gene splicing adds to the variety of protein forms. When these types of events
are altered or prevented, this can give rise to a multitude of cell functionality problems and

ultimately disease/death.



Evidently, the complexity of a proteome cannot be understated, and it is inherently
more difficult to work with than a genome. Most cellular proteins are expressed transiently,
with an average half-life ranging from ~1.5 hours to 1-2 days’, at which point they are
degraded to prevent accumulation of toxic damage. Less abundant protein species are
difficult to analyze without removal of highly abundant proteins (e.g. albumin, collagen,
histones, ribosomal proteins, depending on the sample) which mask their detection.
However, removal of highly abundant proteins risks sample loss via co-removal, loss of
protein complexes, and a misrepresentation of expression ratios. Clearly, there is still a long
and complicated pipeline between sample collection and obtaining results in modern
proteomics research. This is one of the main hindrances to wide-spread implementation of
mass spectrometry (MS) analysis in clinical settings, teaching laboratories, and other fields

of research.

Despite the difficulties, proteomic research has significant impacts on a wide range
of fields including medicine, biochemistry, chemistry, biology, pharmacology, atmospheric
science, environmental science, and food science. For example, protein phosphorylation
has tremendous impacts on the promotion of tumorigenesis because of its roles in the
regulation of cell proliferation pathways, cell cycle progression, and autophagy!'®.
Proteomic data has also been used in the drug discovery process in the identification of
disease biomarkers and possible drug targets, elucidating their mechanisms of action, and
evaluation of efficacy and toxicity!'. Quantitative proteomic studies revealed the
phosphorylation of cardiac troponin I as a biomarker for congestive heart failure!?. In
addition, studying changes in the abundance/PTMs of proteins in the cardiac proteome

during hypertensive stress revealed new drug targets for the treatment of cardiac disease'?.



Alternatively, proteomics is used to provide insights on the response of various
microorganisms to temperature, chemical, and environmental stressors indicative of
climate change. Work in this area has provided the basis for improvement of wastewater
treatment, bioremediation, genetically modified plants/crops, and environmental
monitoring'?. One of the most important goals of proteomics studies is improvement of
sensitivity, specificity, and analytical methods for pre- and post-analysis. Advances in
technology and methodology are still required to increase throughput, reproducibility, and

sensitivity/selectivity of proteomic studies.

1.1.2 Methods for Proteomic Analysis

The field of proteomics encompasses many techniques for large scale identification
and quantification of proteins, including 2-dimensional gel electrophoresis (2-DE),
immunoassays, and MS-based methods. Although Wilkins and colleagues (1995)" are
credited for the origin of the term proteomics, the idea of analyzing the complete set of
proteins being produced by a cell came nearly 25 years before with the invention of 2-DE!#,
Through a combination of isoelectric focusing (IEF) and sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) two independent forms of separation
were combined to resolve a sample of serum proteins. The basis of 2-DE encompasses
separation of proteins according to their isoelectric points (pI) by IEF, and afterwards
further separation by their mass (SDS-PAGE). This technique, after a few small changes
by O’Farrell in 1975, is still widely used today because of its simplicity, affordability,
high resolving power, and cooperativity with other techniques like electroblotting,
immunoassays, Edman sequencing, and MS analysis. The resulting gels provide both

qualitative and quantitative data, and have been shown to resolve up to 10,000 proteins at
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once'®. Some modern applications of 2-DE include use as an alternative detection method
for protein modifications, identification of different protein isoforms, and analysis of pl
and molecular weight (MW) outliers'”. Following 2-DE, a variety of techniques is available
for protein identification such as, N-terminal/C-terminal sequencing, or antibody
recognition via immunoblotting assays. However, problems involving separation of
minimally expressed proteins, hydrophobic proteins, and highly acidic/basic proteins limit
the applicability of 2-DE to cooperative and abundant proteins of the proteome. In addition,

the low reproducibility, and limited dynamic range leaves room for other techniques.

The major breakthrough in high-throughput protein identification technology came
with the development of methods for protein analysis via MS. Until the 1970s, peptide and
protein analysis by MS was not practicable, due to the low volatility and large MW of each

protein, along with the lack of “protein-friendly” soft ionization techniques.

1.1.3 Mass Spectrometry

MS is an analytical technique used to measure the masses of different species in a
sample. More accurately, MS ionizes chemical species and sorts them based on their mass-
to-charge ratio (M/z). MS instruments have provided the largest contributions to the
development of the field of proteomics due to the speed, sensitivity, and high-throughput
capabilities. The scientific foundation and initial instrumentation for MS was developed in
the early 20" century, but modern MS instruments are much more sophisticated with a
variety of working configurations. Nonetheless, most MS contain at least 3 basic
components: the ion source, the mass analyzer, and the detector. Each module has

advantages and disadvantages associated with proteome analysis.



1.1.3.1 The Ion Source

The ion source functions to vaporize samples into the gas phase and ionize the
analytes. lonization and vaporization initially posed a critical challenge to the application
of MS to protein samples. Difficulties in production of gas phase ions without causing
sample degradation largely prevented the MS analysis of peptides, proteins, and any large

polar/organic molecules.

Early ionization techniques such as electron and chemical ionization were too
destructive for protein samples, being limited to small, thermally stable, volatile molecules.
The ability to “softly” ionize molecules arrived with laser desorption techniques like
secondary ion mass spectrometry and fast-atom bombardment'®. These techniques proved
to be highly sensitive and amenable to higher MW protein and peptide analysis (>1000 Da)
but created significant background noise in the low mass regions of the spectrum due to a

large portion of the energy from the laser being absorbed into the matrix.

Matrix-assisted laser desorption ionization (MALDI), is a soft ionization technique
developed in the late 1980s, the more well-known version being described by Hillenkamp
and collegues'®. MALDI is amenable to the analysis of proteins or large organic molecules,
and generally produces singly charged species making spectra analysis simple. Tanaka and
colleagues applied a different version of MALDI to the analysis of large proteins (>25
kDa)*°. Later Caprioli and colleagues adapted MALDI to chemically desorb and analyze
compounds in a spatial arrangement to create a now popular technique known as MALDI

imaging?!.



The most popular soft ionization method for proteins and peptides is currently
electrospray ionization (ESI), and is the main technique employed in the experiments in
this thesis. First introduced by Dole and colleagues in 1968%2. ESI was refined in 1989 by
Fenn and colleagues for use with large biopolymers, oligonucleotides, and proteins with
masses up to 130 kDa?*. ESI involves ionization by nebulizing a solution containing the
analyte out of a fine needle tip and applying a potential difference of 1.5-5 kV between the
sample tip and the MS entrance'®. The applied voltage induces charge separation, forming
sample droplets with a net positive or negative charge depending on the polarity of the
needle. Each droplet emerges from the needle off of what is called a “Taylor cone”, formed

by the solution leaving the needle tip when exposed to an electric field (see Figure 1.1).
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Figure 1.1 Schematic of the electrospray ionization mechanism. Application of a high

voltage, promotes the formation of the Taylor cone which emits a jet of liquid droplets
towards the mass spectrometer.

As the effects from the electric field become more prominent, and the effects from regular
surface tension get smaller, the combination of these forces forms the characteristic cone
shape. Once a threshold voltage is reached, the tip of the cone breaks and forms what is
known as a “cone-jet”, emitting a jet of liquid droplets towards the MS. The droplets are

then partially desolvated via passage through a heated capillary or with a counter current



of nitrogen gas. As the large droplets evaporate, the repulsive Coulombic forces between
the ions inside eventually overcomes the surface tension of the droplet, and the droplet
bursts to form smaller droplets. Eventually, solvent-free ions are produced and can enter
the MS. The final stages of this mechanism are under debate and a few different models
have been presented?*. This ionization technique results in the formation of multiply
charged protein ions, which display a characteristic “charge envelope” on the produced
spectra. Charge envelopes contain multiple peaks on a mass spectrum corresponding to the
same molecule but with different amounts of charge. They can make the resulting spectrum
quite complex and difficult to interpret. The appearance of a given charge envelope can be
influenced by many experimental factors such as pH, flow rate of drying gas, and
temperature. As a liquid phase technique, ESI allows a direct interface between MS and
separation techniques like high performance liquid chromatography (HPLC). However,
ESI has a low tolerance to contaminants resulting in reduced sensitivity. Shortly after the
popularization of ESI, Wilm and Mann in 1996 demonstrated nano-electrospray
(nanospray) techniques with lower flow rates (~20 nL/min), and smaller tip emitters (1-2

pm) to give improvements in ionization efficiency and reduced sample consumption®.

1.1.3.2 Mass Analysis

The next stage is the mass analyzer, which separates the newly formed ions based
on their MYz value through the application of magnetic and/or electric fields. There are many
different types of mass analyzers available, the nature of which can determine the m/z
resolution, and range of ions that can be analyzed. Resolution can be thought of as how
well an MS instrument can distinguish two ions of slightly different m/z values at a given

mass range. Resolution is calculated with the following equation:
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R=—
AM

1.1

where M is the observed m/z value of the peak, and AM is the smallest difference for two
ions that can be separated. It is especially important when determining the charge state of
an ion. A singly charged ion would display an isotope cluster with mass differences of 1.0

Da, while a doubly charged ion would have 0.5 Da mass differences, and so on (see Figure

1.2).
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Figure 1.2 ESI-MS spectra for a singly charged, doubly charged, and triply charged ion
of 500 m/z. The number of charges affects the apparent mass and the observed nvz
differences between the peaks. The resolution is also calculated for each set of peaks
using Equation 1.1.

The range of a mass analyzer dictates the range of m/z values that can be analyzed, and
many different aspects can limit this. For typical proteomics experiments, doubly/triply
charged peptides are analyzed up to 2000 nVz. There are a number of other important
parameters to be considered when choosing a mass analyzer like sensitivity, energy of
fragmentation, and the data acquisition speed. The sensitivity refers to how efficiently ions
are transmitted from the source to the detector, and the proportion of ions from the source

that are used for analysis.



One of the simplest mass analyzers used in this thesis, is a time-of-flight (TOF),
which measures the m/z of ions based on the time they take to move from the ion source to
the detector. The velocity of each ion is related to its m/z and ions with a small nVz will
move faster than ions with a large nV/z. TOF analyzers are favoured for their essentially
unlimited mM/z range and high resolution (typically 10,000), however, there are still
limitations in terms of vaporization of large molecules. In addition, TOF analyzers boast
rapid data acquisition (hundreds of spectra per second), and high sensitivity (high ion
efficiency, i.e. all ions make it to the detector). Another mass analyzer employed in this
thesis is the Orbitrap, which “traps” ions using electric fields that move them at
characteristic frequencies depending on their m/z. The ions are detected based on their
image current and Fourier transform is used to create a spectrum. These types of mass
analyzers show fantastic sensitivity, and very high resolution (>50,000). Several other
types of mass analyzers exist, including quadrupoles, ion traps, and Fourier transform ion
cyclotron resonance (FT-ICR) instruments®®?’. In addition, hyphenated systems which
combine multiple mass analyzers (€.g. quadrupole + quadrupole + TOF = QqTOF system)

are capable of performing tandem MS (MS/MS) experiments.
1.1.3.3 Tandem MS

Tandem MS instruments are capable of performing multiple MS experiments.
Specifically, an ion of select m/z can be isolated in the “first” mass analysis, then
fragmented, and the resulting pieces analyzed in a second mass analysis. Tandem MS

instruments (see Figure 1.3), are useful for structural analysis and sequencing studies.
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Figure 1.3 Schematic overview of a “tandem-in-space” mass spectrometer, which
includes an ion source, an initial mass analyzer (MS1) which selects a precursor ion, a
collision cell for fragmentation of the precursor ion, a second mass analyzer (MS2) to sort
the fragment ions, and a detector.

There are a number of different fragmentation methods used in MS/MS, each resulting in
different types of fragmentation, which can provide different information about the
structure and composition of the original molecule. Collision-induced dissociation (CID)
is used exclusively in the work described in this thesis. CID or sometimes referred to as
collisionally-activated dissociation is by far the most common fragmentation method for
MS/MS of proteins. For CID, a selected precursor ion is pushed into a high-pressure
dissociation chamber and collided with neutral gaseous atoms or molecules (usually He or
N2). The collisions between the precursor ion and the gas converts some of the kinetic
energy of the precursor ion into internal energy, which drives fragmentation reactions
within the ion. The fragment ions, once formed, are analyzed with a second mass analyzer
(tandem-in-space) or a second mass analysis scan (tandem-in-time). Certain bonds or
structural features within a protein are more susceptible to fragmentation than others, and

this can drive fragmentation in a rather predictable manner. The predictability in
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fragmentation can be rather useful in peptide and protein analysis (discussed in Section
1.1.4.1). Other fragmentation methods have been reviewed discussing the advantages and

appropriate uses for each?.
1.1.4 MS-based Proteomics Workflows

There are two main approaches for MS-analysis of proteins, bottom-up proteomics
(BUP), or top-down proteomics (TDP). More recently, a third approach has gained

popularity called middle-up/down proteomics®-*°.

1.1.4.1 Bottom-up Proteomics

Bottom-up is the most commonly used process, it entails the MS identification and
characterization of peptide fragments to identify proteins. Prior to MS analysis, the proteins
of interest are purified to reduce sample complexity, and proteolytically digested by an
enzyme (e.g. trypsin or pepsin), by chemical methods (e.g. CNBr, NTCB), or by

electrochemical oxidation?!

. The resulting peptides are separated by one or more
dimensions of LC coupled to MS analysis. Alternatively, the pre-purification step prior to
MS can be skipped, and the crude protein extract is simply digested and injected into the
MS (known as shotgun proteomics). Peptides entering the MS are ionized and separated
based on their different M/z values. Ionized peptides are selected, fragmented, and detected
by a second mass analysis. The MS/MS spectra for the fragments are compared to a library
of theoretical peptide fragment spectra for identification. The theoretical library is
constructed based on an organism’s published genome or proteome. First, the genome is

translated into protein sequences, if necessary, using computer programming, then

theoretically cleaved at the appropriate proteolytic enzyme sites. Finally, the fragmentation
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patterns of the theoretical peptides are predicted and compiled to create a library of possible
spectra, this library is referred to as a peptide spectral library. The identification process
here is generally considered faster than other methods because of the limited search space.
However, spectra which aren’t included in the library won’t be identified and data collected
on different mass spectrometers can vary considerably in fragment spectra appearance.
Other limitations to the BUP technique include the loss of labile PTMs or sequence variant
information after digestion, limited sequence coverage (typically only 50-90%), poor

digestion of small MW proteins, and uncertainty in the origin of redundant peptides'®32.

1.1.4.2 Top-down Proteomics

The alternative method to BUP, top-down, was first proposed by Kelleher and
colleagues in 1999°3. TDP studies attempt to eliminate many of the disadvantages of BUP
studies simply by introducing the undigested (intact) protein into the MS, allowing both the
intact and fragment ion masses to be measured (by MS/MS). Top-down MS involves
detection of a much higher mass range than BUP, and as such requires much higher
resolving power!8. Sufficient mass resolution for both the intact protein and the fragment
product is essential for the assignment of charge states and protein identification. As such,
TDP is limited to “higher-end” instruments with superior resolving power like FT-ICR or
Orbitrap. This approach routinely achieves 100% sequence coverage and has the capacity
for full characterization and quantitation of unique proteoforms, sequence variants, and
degradation products. TDP has become extremely useful for single small proteins (often
difficult to detect via BUP) or simple protein mixtures. However, as the sample size and
complexity increase, the technical difficulty in protein identification also increases. The

proteome coverage, sensitivity, and throughput all suffer when TDP is scaled up to an entire
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proteome. Much of the front-end sample processing techniques utilized in BUP workflows
are less effective with intact proteins. Additionally, maintaining solubility of intact proteins
is much more difficult than peptides and generally requires a solubilizing agent. As such,
advances in sample preparation methods, MS instrumentation, and data processing tools

are still needed to bring TDP studies to the level of success and popularity of BUP studies.
1.1.5 Sodium Dodecyl Sulfate in a Proteomics Workflow

Sodium dodecyl sulfate (SDS) is an anionic surfactant and solubilizing agent,
widely recognized as one of the most popular and valuable reagents in protein analysis.
SDS is an amphiphilic molecule (i.e. both hydrophilic and hydrophobic) containing a long

hydrocarbon tail and a polar head group (see Figure 1.4).

Hydrophobic Hydrophilic
region region

Figure 1.4 The structure of the anionic surfactant sodium dodecyl sulfate with
hydrophobic and hydrophilic regions of the molecule labelled.

SDS binds to proteins very readily through both ionic and hydrophobic interactions, and
disrupts the non-covalent bonds within the protein, effectively unfolding any tertiary
structure or native conformation. By far the most common use for SDS in proteomics is
mass-based separation through SDS-PAGE. First proposed in 1970 by Laemmli**, SDS-
PAGE is a powerful and robust electrophoretic separation and quantitation technique for
complex mixtures of proteins. It is still highly favoured for its reliability, sensitivity, and

applicability to almost any type of protein sample. The ability of SDS to unfold proteins is
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essential for SDS-PAGE because proper separation is reliant on all proteins having a similar
shape/charge. SDS also confers a net negative charge onto the proteins via its sulfate head
group, granting the proteins predictable mobility in an electric field (i.e. all proteins migrate
towards the anode). Under the conditions for SDS-PAGE, SDS binds to most proteins in
an approximate ratio of 1.4 g SDS/g protein or ~1 SDS molecule:2 amino acids*>. However,
SDS-protein binding ratios can be influenced by a number of factors including amino acid

3637 which will be discussed

sequence, buffer components, capacity, and temperature
further in Section 1.1.5.1. The binding of SDS to protein gives each protein a net negative
charge which is roughly proportional to its mass, thus each protein will have a unique
charge-to-mass ratio. Separation is achieved based on the electrophoretic mobility of the
SDS-bound protein through a polyacrylamide gel matrix of defined pore size. Larger
proteins migrate slower than smaller proteins. SDS-PAGE and 2-DE are still widely used
today as cheap but effective proteomic screening and separation tools prior to bottom-up

MS-analysis®®4,

SDS is also used in another commercially available mass-based protein fractionation
technique known as gel-eluted liquid fraction entrapment electrophoresis (GELFrEE),
developed previously in this lab®. This technique is analogous to SDS-PAGE in that
protein-SDS complexes migrate through a polyacrylamide gel matrix of defined pore size
based on their MW. However, the proteins are allowed to migrate through the entire gel
matrix and are collected as discrete aqueous fractions. This type of fractionation is
advantageous because samples are recovered as aqueous intact fractions, which are suitable

for both BUP and TDP studies.
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Aside from protein separation technologies, SDS plays critical roles in the extraction
and solubilization of proteins, especially hydrophobic/membrane proteins. Due to its
amphipathic nature, SDS can coordinate at the boundary between hydrophobic and
hydrophilic regions and interact favourably with both sides. The hydrophobic moiety of
SDS binds to the hydrophobic regions of a protein, while the polar head group interacts
with the aqueous buffer. This results in a reduction in surface tension, and an increase in
miscibility. In terms of cell lysis, SDS helps to break up the phospholipid bilayer of the cell
membrane, releasing all of the cellular contents. Membrane proteins and other largely
hydrophobic proteins are notoriously challenging to work with, and as a result, they are
often underrepresented in proteomic studies*®*’. Yet these types of proteins make up a
significant part of any proteome because they play major roles in cell-to-cell signalling,
transport, cell adhesion, immune response, and are often targets for many modern
pharmaceuticals*®*>’. For instance, there are ~1000 membrane proteins in the yeast
proteome’!, and ~6700 in the human proteome®, analysis of which would be almost

impossible without surfactants like SDS.

1.1.5.1 SDS-protein Interactions

SDS clearly plays critical roles in many protein workflows, and because of this,
there is a wealth of literature on the interactions between SDS and proteins. The
amphipathic nature of SDS means it strongly interacts with proteins and with other SDS
molecules through multiple different ionic, electrostatic, and hydrophobic mechanisms.
Pure SDS solutions exist as monomers until a specific concentration is reached, called the
critical micelle concentration (CMC). In pure water, the CMC is ~0.2% (2000 ppm, 7-8

mM); at or above this concentration SDS monomers aggregate to form ellipsoid-shaped
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micelle structures (see Figure 1.5)%2. The CMC will vary based on the properties of the

surrounding environment like temperature, ionic strength, and pH>?.

Figure 1.5 Pure elliptical-shaped SDS micelle structures produced from small angle X-
ray scattering and an indirect Fourier transform method. The hydrocarbon tails of the SDS
are shown as red spheres orienting towards the inside of the micelle, while the
hydrophilic head groups are shown as green spheres on the outside of the micelle. Figure
reprinted with permission from Andersen €t al., 20092,

Upon micelle formation, the hydrophilic sulfate head groups come together to create an
outer shell which remains in contact with the surrounding solvent. Meanwhile, the
hydrophobic tails orient inwards to the center of the micelle, reducing their interaction with
water which provides structural stabilization.

The literature reports SDS-protein binding ratios ranging from 0.4 — 2.2 g SDS/g

protein®>¥7

, attributing variations to protein type, number of disulfide bonds, amino acid
content, pH, temperature, and ionic strength’”>*. These differences also affect the speed
with which SDS and protein reach binding equilibrium, with times ranging from 1 hour to
a few days®®. Additionally, the tertiary structure of a protein can affect the level and ease
of SDS binding. B-sheets unfold very slowly and resist the binding and denaturing activities
of SDS**. In contrast, o-helices facilitate the binding of SDS by promoting the formation

of helical structures which stabilize and facilitate micelle formation3¢-67,
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In general most ionic surfactants go through four main stages when binding to

proteins (see Figure 1.6)%.

# of bound SDS/protein
w

Log(conc. SDS)

Figure 1.6 Cartoon schematic of the binding isotherm for SDS and protein. The number
of bound SDS molecules per protein is plotted as a function of the logarithm of the
concentration of free SDS. The four stages of binding are labelled on the curve: (1)
specific binding, (2) non-cooperative binding, (3) cooperative binding, and (4) saturation.
Figure modified from Jones, 1975,

First is specific binding, which is mainly characterized by specific electrostatic interactions
between the hydrophilic head groups on SDS and the charged amino acids on the outer
region of the protein®®. This stage of binding involves a small number of SDS molecules
and can be manipulated based on the pH of the solution. Decreasing the pH (where protein
becomes more positively charged) will promote onset of stage 2 at lower concentrations of
SDS and increasing the pH will have the opposite effect. The second stage is general non-
cooperative binding of a much larger number of SDS molecules through hydrophobic
interactions, characterized by a plateau region in the binding isotherm curve®. Third is

cooperative binding, which means the binding affinity increases as more SDS binds. This
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stage involves a large number of binding sites and is characterized by a steep rise in the
binding isotherm. Micellar structures will begin to interact with the protein, initiating major
protein unfolding events, quickly revealing new hydrophobic binding sites®”. The last
region is the saturation point, characterized by a second plateau region in the binding

isotherm?®,

A number of different models exist for the structure of protein-SDS complexes, but
the model most supported by the literature is the “beads-on-a-string” or “necklace model”.
The model was initially proposed by Tanford in 1980°° and later confirmed by a number of
other studies involving small-angle neutron scattering, fluorescence, and nuclear magnetic
resonance 2336162 The model correlates well with the stages of binding described above.
The name comes from the idea that a single unfolded polypeptide chain acts as the “string”

and wraps around multiple SDS micelles acting as “beads” (see Figure 1.7).

Figure 1.7 Schematic cartoon representation of the different stages of protein-SDS
binding. The blue represents a polypeptide chain, and the red and black represent the head
group and tail of SDS. In stage 1, no significant changes to protein tertiary structure are
observed. Between 1 and 3 SDS molecules bind to specific sites on the protein sequence,
via the hydrophilic head group. In stage 2, denaturation begins to occur and SDS micelles
begin to form (~16-20 molecules in size). It is at this stage a single micelle often binds
two separate polypeptide chains. In stage 3, a massive uptake of SDS molecules increases
the micelle to ~40 SDS molecules. The complex returns to 1 polypeptide chain:1 micelle,
and the polypeptide chain winds around the micelle in a “shell-like” structure. In stage 4,
the micelles contain 60+ molecules and the protein is saturated with large micellar
structures. This stage constitutes a single polypeptide chain wrapping around multiple
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SDS micelles giving a “beads-on-a-string” appearance. Figure modified from Andersen et
al., 20092,

1.1.5.2 Problems with SDS

It is well known within the proteomics community that high concentrations of SDS
can be severely detrimental to certain downstream analytical processes (such as LC and
ESI-MS)®. Above a certain threshold, commonly quoted as 0.01% (100 ppm)®,
downstream sample analysis becomes extremely difficult. During reversed phase (RP) LC,
SDS can increase the hydrophobicity of a protein promoting tight binding to the stationary
phase. This results in peak-broadening which lowers signal intensities, and increases

elution times®*%°,

Due to the fact that SDS is readily ionizable, ESI-MS analysis is severely hindered
in the presence of this anionic surfactant. Recall the mechanism of ESI (Section 1.1.3.1),
high concentrations of SDS in the sample alter the surface tension of the droplets which
prevents proper nebulization, ionization, and desolvation prior to entering the MS®+%6,
Although 100 ppm is quoted as the “threshold limit” concentration of SDS in a sample
matrix, strong reduction in MS signal intensity may still be observed at this level (up to
90% reduction), as well as the presence of multiple SDS adducts®*. Above 1000 ppm SDS,
some proteins will have no MS signals, suggesting a complete lack of ionization®’. In
addition to the production of adducts, charged SDS monomers are present within the

spectrum up to very high m/z values®®¢7.

Additional problems with SDS are seen in BUP studies where a digestion step is
required prior to analysis. The digestion abilities of trypsin are significantly lowered in

concentrations of SDS exceeding 0.08%°. At this threshold, the trypsin enzyme has lost
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most of its tertiary structure and no longer has the ability to digest proteins®®. Other studies

have reported threshold limits slightly higher at 0.1%%7°,

Finally, SDS interferes with several popular assays which are mainstays of a
biochemist’s tool box. For example, the common protein assays Bradford and Lowry, used
for the global quantification of protein content in a sample are incompatible with SDS”!72,
SDS is also incompatible with cell or enzymatic-based assays because it is highly cytotoxic
and inactivates enzymes at working concentrations. In addition, SDS can also inhibit
protein-dye binding for SDS-PAGE gel staining (Coommassie Brilliant Blue and silver)

and other dye-binding assay interactions (e.g. Pyrogallol Red)”*7*,

1.1.5.3 SDS Removal Methods

While SDS is considered an extremely useful tool in proteomics workflows, with
many different applications, its several incompatibilities mean it must be removed prior to
other downstream processes (i.€. digestion, LC-MS detection). Several SDS alternatives,

7576 non-ionic surfactants’’, and acid-cleavable surfactants’®, have

like organic solvents
been explored but often suffer from poorer solubilization, other downstream
incompatibilities, and higher costs”®!. As such, several different SDS removal strategies
have been developed, though showing varying levels of efficiency®®. Some of the most

popular and effective SDS removal strategies include in-gel digestion®?, solvent

precipitation, and filter-based techniques®.

In-gel digestion is effective at removing both free- and protein-bound SDS with

>99.9% depletion observed®®. However, limitations include inability to extract intact
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proteins, inefficient digestion (i.e. missed cleavages and undigested deeply entrenched

proteins), and reduced yields for large or highly hydrophobic peptides!-$48,

64,86,87

Protein precipitation (with acetone or chloroform-methanol-water®®%°) has

been shown to remove both free and protein-bound SDS to levels acceptable for LC-MS

analysis®43°

. However, the reproducibility (especially at low pg quantities) varies
significantly from lab-to-lab as precise pipetting technique is required during the wash
steps®?°. To alleviate the need for a precise hand and boost reliability/reproducibility,
Crowell and colleagues developed a two-stage centrifugal cartridge which removes the
need for precise pipetting during precipitation®. An alternative strategy to protein

precipitation is contaminant precipitation (usually with KCl), but this method is less

effective at removing protein-bound SDS'.

Use of an ultrafiltration membrane to filter out SDS was popularized by Wisniewski
and colleagues in 2009 when they demonstrated SDS removal to below 10 ppm SDS with
molecular weight cut off (MWCO) regenerated cellulose filters®®. Their method, termed
filter aided sample preparation (FASP), constitutes several 8 M urea sample washes
followed by digestion to recover the peptides from the filter®*. The FASP protocol is one
of the most cited papers in the field of proteomics, but has a well-documented history of
>50% sample loss, with differences in yield based on “trivialities” like brand of filter and
which digestion enzymes are employed®**>~*. Moreover, the protocol is quite lengthy, and
contains numerous steps (including a seemingly mandatory digestion step), which makes it

a somewhat unattractive protein clean-up method.

There are also a variety of column-based SDS removal strategies with much lower

levels of success’ . Strong cation exchange is generally the most popular/effective, and
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can deplete >99.9% SDS from a sample, however, significant yield losses still occur (~30-
40% loss)®. Other column-based methods show problems depleting protein-bound SDS

and substantial sample loss from unrecovered or poorly retained peptides®:!1%%-101,

The methods summarized here do not constitute an exhaustive list. There are several
other methods which are not discussed but have previously been shown to lack the
capability to deplete protein-bound SDS or give large sample losses®’. There are several
comparison reviews available in the literature for further information on available methods

and their relative effectiveness in terms of clean-up and sample yield*+8%-102,

1.1.5.4 Transmembrane Electrophoresis for SDS Removal

Although there are many available SDS depletion technologies, the limitations and
disadvantages discussed above clearly outline the need for a reliable method capable of
depleting protein-bound SDS without significant compromises to sample yield. Recently
Kachuk and colleagues from the Doucette group introduced a new SDS removal approach
termed transmembrane electrophoresis (TME)®. TME can be universally applied to BUP
and TDP workflows because intact proteins are recovered in solution when depletion is
complete. This electrophoretic-based method combines MWCO dialysis membranes with
an applied electric potential to pull SDS away from the sample. The assembled TME device
can be seen pictured in Figure 2.6 in Chapter 2, and a schematic of the basic principles can

be seen below in Figure 1.8.
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Figure 1.8 A schematic diagram of the basic principles of transmembrane
electrophoresis. Anionic SDS is electrophoretically driven through the MWCO membrane
towards the anode. Both free and protein-bound SDS migrate out of the sample cell. The
proteins are too large to cross the membrane and remain inside the sample cell. They
localize towards the cathode and anode sides of the sample chamber depending on net
charge. As the concentration of SDS inside the sample chamber lowers to below the
CMC, SDS micelles will break up into monomers and migrate out of the sample cell.
Figure modified from Kachuk et al., 2016,

TME is not a completely new technology, one of the first examples of an electric
field utilized to remove SDS was in 1975 by Tuszynski and Warren!®. In this study, a
version of electrodialysis (see Section 1.3.1.1) was used for the removal of SDS (both free
and protein-bound) from samples of bovine serum albumin (BSA) and cytochrome c.
Depletion occurred over 11 hours at 20 mA constant current and presented significantly
improved purity over conventional dialysis. Their method has been employed with varying
levels of sample recovery owing to differences in membrane pore size, buffer constituents,

and electric field strength?1%4,

Although similarities exist between TME and Tuszynski and Warren’s method,

TME is a multiplexed system which has been previously shown to reliably deplete SDS to
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<10 ppm while maintaining sample yields >90% within one hour of operation®>. TME has
also been shown to successfully deplete SDS from both simple protein solutions (€.g. BSA),
as well as more complex proteomic samples (Escherichia coli)®®. Furthermore, SDS
depletion of membrane protein-enriched samples was demonstrated through utilization of

an 80% (v/v) cold (-20°C) formic acid wash®>-58,

A more recent example of electric field-based SDS depletion is Wang and
colleagues (2017) electro-ultrafiltration device for LC-MS of proteome extracts'®®. The
device consists of two centrifugal ultrafiltration tubes fused together by the top and
electrodes placed on either end. The sample is added to the middle portion confining it
between the two ultrafiltration membranes and separated from the SDS via
electromigration. This approach is similar to TME as it utilizes a size-exclusion-based
uncharged membrane to confine the proteins within the sample cell, while the SDS migrates
out through the pores of the membrane. Although the study claims to be successful, the
work lacked any quantitation of residual SDS, nor sample recovery, and low numbers of
peptides and proteins identified leaves much to be desired. It is difficult to assess whether

this SDS-depletion method had merit.

Although TME is superior to these methods, Kachuk’s version required a
substantial amount of human input during depletion in the form of multiple voltage
pause/mix events. Manual pausing and mixing is laborious, repetitive, likely contributes to
sample loss, and their application is non-uniform across depletion experiments (i.€. certain
experiments require more or less pausing/mixing events). Furthermore, attempts to
decrease the one hour run time by increasing the applied potential resulted in increased

sample temperatures (+60°C), which decreased sample yield (<50%). These previous
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results highlight the necessity for sample temperature control during TME. Cooling the
TME device (-20°C) and electrolyte buffer solutions (4°C), and periodic manual
pausing/mixing are the current strategies in use for temperature control. These strategies
are certainly not ideal because they necessitate human intervention and display upper limits
to their capacity for cooling. The development of elegant and automated temperature
control methods could help decrease the sample depletion time by allowing for operation
at higher potentials. There are a number of factors that can affect the sample cell
temperature, depletion rates, and sample recovery, such as physical design of TME,
membrane characteristics, and electrophoretic phenomena. An exploration of these
variables constitutes the primary focus of this thesis. A better understanding of the
principles governing electrophoretic movement of SDS inside TME is required before true

improvements can be made to sample run time and depletion rates/recovery.

1.2 Electrophoretic Theory

1.2.1 Principles of Electrophoresis

When an electric potential is generated between two electrodes by a power supply,
electrons will move between the two electrodes from anode (+) to cathode (-). As electrons
migrate to the cathode they induce a reduction reaction with water forming hydrogen gas
and hydroxide ions. Meanwhile at the anode, water molecules are oxidized to release
oxygen gas and protons. The protons produced combine with water to form hydronium
ions. In addition, any charged particles present within the electrolyte cell will migrate in
the generated electric field, anions toward the anode and cations toward the cathode (see

Figure 1.9).
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Figure 1.9 The basic set up of an electrophoretic cell. Two electrodes, the anode and the
cathode, are immersed in buffer chambers. The buffer chambers are connected through a
permeable membrane to allow charged particles to migrate from one side to the other. A
power supply generates an electrical potential difference between the two electrodes,
which causes electrons to flow from the anode to the cathode. At applied potentials >1.23
V, electrons at the cathode react with water to form hydrogen gas and hydroxide ions,
while water at the anode provides electrons by decomposing into oxygen gas and protons.
The generation of an electric potential allows other positive ions to move towards the
cathode and negative ions to move towards the anode. Figure modified from Hegyi et al .,
20131,

The set-up for an electrophoretic cell is different from a conventional Galvanic cell and
should not be confused. A Galvanic cell creates electrical energy from spontaneous
reduction reactions at the positively charged cathode, while oxidation occurs at the
negatively charged anode. In an electrophoretic cell, the reactions are non-spontaneous and
an externally provided electrical energy is required. Oxidation still occurs at the anode but
the anode is positively charged, and reduction occurs at the cathode which is negatively
charged. In both configurations electrons will flow from anode to cathode.
Electrophoresis, in its most general sense, is a method of separation based on
differences in the migration rate of ions in an electric field. The speed of a charged particle’s
migration is dictated by its size, the number of charges it carries, the viscosity of the

medium, and the magnitude of the electric field. Attempting to formulate an exact theory
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for the motion of different ions in an electric field has been of scientific interest for over
100 years'””. Some of the general principles can be understood with fairly basic

mathematical relations and assumptions. To begin, Coulomb’s law (Equation 1.2) describes
the force exerted on a charged particle in an electric field, F, (ﬁ), as a product of the

particles charge, and the magnitude of the electric field (note the similarity to Newton’s

second law of motion F = ma):

F, =q X E = zeE 1.2

where q (Coulomb) can be represented as the product of the charge number, z, and the
elementary charge, e (Coulomb), and E is the electric field (ﬁ). This force is opposed by
frictional forces working against the motion of the charged particle, known as the drag

force, Fyrqq4. Stoke’s law (Equation 1.3) gives an expression which describes Fyrqg4 (ki—'zm)

as a product of the velocity of the particle, v (%), and the frictional coefficient, f (kTg):
Farag = f X v =6mnr X v 1.3
The frictional coefficient, f, reflects the size and shape of the molecule, and the viscosity

of the medium. It can be alternatively expressed as 6mnr, where 7 is the dynamic viscosity

(%) of'the medium, and r is the ionic radius (m). During electrophoresis, a charged particle

reaches its final velocity (or drift velocity), vgyife (?), when F, is equal to Fyrq4:

zeFE

vdrift = Fnr 1.4

This means each different charged particle in a given medium will move at a different
velocity based on its size and charge. Furthermore, each particle has a characteristic

velocity for a given specific electric potential and medium.
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1.2.1.1 Electrophoretic Mobility

The movement of charged particles in an electric field can be alternatively

2
expressed by the parameter electrophoretic mobility, (7: ), which is proportional to the

Vs
charge of the particle and inversely proportional to the frictional coefficient:

ze  ze
U X —

1.
f 6mnr >

Electrophoretic mobility defines the migration of a charged particle through a stationary
medium under the influence of an electric field. The mobility can be expressed in terms of
a molecule’s drift velocity from Equations 1.2 and 1.4 as seen below:

Varife = UF 1.6
where F is any applied force (e.g. electrical, %) acting on the molecule, and the mobility

acts as a proportionality constant.
1.2.1.2 Joule Heating

Another very important parameter to discuss in the context of electrophoretic
motion is Joule heating. Joule heating, also known as Ohmic or resistive heating, is the
production of heat as an electric current is passed through a conductor. The heating is a
result of the resistance of the conductor (i.e. the solution) to the flow of current and is
described by Equation 1.7 below:

H =I?Rt 1.7
where H is the Joule heat generated (J), I is the applied current (4), R is the resistance ({2),
and t is the time (sec). The equation can be alternatively expressed to reflect the relationship
to the strength of the electric field and the molar conductivity of the electrolyte by Equation

1.8 below:
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H = E%A,c 1.8

where H is the Joule heat generated (%), A, 1s the molar conductivity of the electrolyte

2 . . l
(mC:ll-W)’ and c is the concentration of electrolyte (%) At a molecular level, when an

electric field is applied it provides kinetic energy to charged particles. As charged particles
begin to move they collide with other particles in solution, which scatters the particles and
converts some of the energy from the electric field into random motion or thermal energy
(heat). All electrophoretic procedures suffer to some degree from Joule heating effects. As
such, the effects of Joule heating have been thoroughly studied for popular separation
procedures that occur at high voltages such as capillary electrophoresis (CE)!%110,
However, there is minimal literature for other types of electrophoretic processes as it is
often considered negligible because the applied voltage is much lower (e.g. SDS-PAGE).
High degrees of Joule heating are often associated with a general decrease in performance.

Excessive Joule heating during CE causes peak broadening'!!

. Additionally, Joule heating
can cause unwanted temperature gradients which can affect the properties of the liquid
medium such as viscosity, density, dielectric constant, thermal conductivity, and pH'!2,
Changing these properties will change the electrophoretic mobility of an ion, which
changes its motion and how it separates. Moreover, gas bubble formation, decomposition
of sample, membrane breakdown, and even device breakdown (especially with
microfluidic chip systems) are all side effects of high levels of Joule heating. A few studies
have attempted to mathematically model the production of Joule heating and how it effects

the flow of ions in an electric field''>'!%, These studies suggest certain strategies to

minimize the effects of Joule heating (other than chilling) such as utilizing a different buffer
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solution (i.e. one where the zeta potential and temperature are less correlated), rectangular
channels rather than circular!''®, or increasing surface area:volume ratio by changing the
dimensions of the system. The dimensions of a system can be a very important factor in
mitigating Joule heating. CE 1is operated at extremely high voltages (>20-30 kV) but
experiences little Joule heating because the high surface area:volume ratio dissipates heat
very effectively. TME must operate at a field strength high enough to overcome the binding

energy between SDS and protein (~35.5 kJ/mol)!¢

, and as such experiences relevant levels
of Joule heating which must be alleviated. In contrast, some studies suggest Joule heating
can be used to power other types of processes, taking advantage of it rather than trying to
minimize it. Procedures such as IEF!'!7, temperature gradient focusing''®, and polymerase
chain reaction'!® have all been shown to use Joule heating to control separation and

bioreaction.

1.2.2 Theory of Mass Transport

Mass transport, as the name suggests, is the net movement of mass from one
location to another, for example the evaporation of water from a puddle back into the
atmosphere. Most electrophoretic processes involve some form of mass transport (e.g.
protein separation through a fixed medium). TME is concerned with the transport of SDS
ions through a membrane. An understanding of the theories governing mass transport is
important for understanding the movement of SDS in TME. The following equations used
to describe mass transport are parallel to the theories describing transport of momentum

and heat!?%121,
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1.2.2.1 Mass Transfer Across Interfaces

Mass transfer is generally represented as a flux, which is a flow rate per unit area

[quantity]

having the dimensions The area is the surface or substance the mass is passing

[time][area]’
through, for example a semi-permeable membrane. Flux of a species i is normally given
the symbol N; or J; and defined as a combination of fundamental chemical potentials (e.g.
solubility, pressure, concentration, electric forces). A basic equation for flux based on a
concentration potential can be seen below:

J; = kAc 1.9
where k is the overall mass transfer coefficient, and Ac is the concentration difference
across the interface. There are typically three basic mechanisms which govern mass
transport in electrophoretic devices: diffusion, electromigration, and convection. Each
contribution has an additive effect but must be considered individually to properly

understand mass transport phenomena seen in different systems.

1.2.2.2 Diffusion

Molecular diffusion is the net movement of molecules from an area of high
concentration to an area of lower concentration and only occurs when there is a non-
uniform distribution of molecules. Diffusion is mainly controlled by random motion and
collisions between the molecules diffusing and the background molecules. Diffusion can
occur without direct bulk motion (e.g. from a pressure or temperature gradient). The driving
force for diffusion comes from the gradient in concentration of the diffusing molecules.

The process of diffusion is mathematically represented by Fick’s first law, which states the
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diffusive flux (the amount of substance that will flow through a unit area during a unit time

interval), J ;, has a magnitude that is proportional to the concentration gradient:

dc
Ja = —Da 1.10

2
where D is the diffusion coefficient (also called diffusivity,mT), c is the concentration

(mol), and x is the position. The negative symbol indicates motion from a high
concentration to a low concentration. The diffusion coefficient is proportional to the
electrophoretic mobility (1) of the diffusing particle as seen in the Einstein relation in
Equation 1.11 below:

D = ukgT 1.11
where kg is the Boltzmann constant (é), and T is the absolute temperature (K). This is the

most general form of the equation, and various special forms have been derived for specific
situations such as diffusion of charged particles (electrical mobility equation) and diffusion
through liquids (Stokes-Einstein equation), and the Einstein relation for semiconductors, to

name a few. As a baseline, in dilute aqueous solutions, most ions have a D value ranging

2 2
between 0.6 X 107 to 2.0 X 107° mT, and 1.0 X 10711 to0 1.0 x 10710 mT for biological

molecules'?% 12!,

1.2.2.3 Electromigration

Perhaps the strongest and most dominating force for any electrophoresis-based
experiment is electromigration, sometimes referred to as just migration. It is the movement

of charged particles in response to the applied electric field. The velocity of each ion

depends on the strength of the applied electric field, %, it’s mobility, u, and the charge
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number, z. The force experienced by each ion in an electric field is given by Equation 1.2
and when combined with the velocity of the ion given by Equation 1.6 the following
expression for the drift velocity of an ion is produced:

Varife = HzeE 1.12
The resulting flux due to migration, J,,, is simply the product of the velocity and the ion
concentration, ¢ (mol):

Jm = uzeE X ¢ 1.13
This can be expressed in terms of a diffusion coefficient by substituting into Equation 1.11

to arrive at the following expression:

Z
Jo =D ——cE 1.14

1.2.2.4 Convection

The final contribution, convection, refers to the mass transfer due to bulk movement
of molecules within a fluid. There are two forms of convection, natural and forced. Natural
convection is present in all solutions, and stems from minor thermal or density differences
within the solution that act to randomly mix the solution. The effects of natural convection
can be completely negligible if temperature, and density remain relatively constant or if
forced convection is introduced. Forced convection is the deliberate introduction of
convection by an external force (e.g. pumps, fans, stirring). The equation describing flux
due to convection is relatively simple:

Je =vsc 1.15
where vy is the velocity of the solvent (%, not to be confused with v, the velocity of

the ion). It should be noted this is a common simplification of the general equation for
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convective flux, which would normally include terms for both convection (advection) and

diffusion. The equation above only includes the advective flux portion of convective flux.

1.2.2.5 The Nernst-Planck Equation

It is known that there is a relationship between flux and current density given by

the following expression:
Current density = zF] 1.16

Since this relationship exists, the comparison to an electric circuit is intuitive. In an electric
circuit the total resistance in series is equal to the sum of the individual resistances and

calculated as follows:
Rtotal == Rl + RZ + R3 . 1.17

The same can be done in combining the three contributions to mass transport into one

equation:

Jeotat =Ja +Jm +Jc 1.18
The above equation is used to describe the movement of charged particles in an electric
field across a membrane. When each of the flux components is subbed into Equation 1.18,
one will arrive at what is known as the Nernst-Planck (NP) equation:

dc ze
Jtotar = _Da-I_DkB_TCE + vgc 1.19

Versions of this equation in combination with the theories governing mass transport across
a membrane have been used to successfully describe various electrophoretic membrane

processes>>107:122-126 ' A Jess computationally expensive model comes from combining the
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NP equation with Poisson’s equation to arrive at the Poisson-Nernst-Planck equation. The
NP equation describes the drift velocity of ions in a potential gradient via Ohm’s law and
diffusion theory (Fick’s law), while the Poisson equation relates charge density and electric
potential. Although easier to solve, the Poisson-Nernst-Planck equation is criticized for
over simplifying the representations of the ions in the system leading to incorrect
predictions of ion concentrations in narrow pores'?’. The Poisson-Nernst-Planck theory
represents ions as point charges in a dielectric background (the solvent), which limits its
applicability to very dilute and microscopic systems. Furthermore the theory does not take

into account the size of the ions and ionic correlations'?®

. Nonetheless, the Poisson-Nernst-
Planck equation has been successfully used to model electrochemical systems with no
current flow, or with ionic currents, such as those present in ion channels inside biological

membranes'?’. It has also been extensively used in the modelling of semiconductor devices

and ion selective electrodes'3°.

1.2.2.6 The Diffusion Coefficient

There are multiple types of diffusive movement depending on the properties of the
system and its components. The diffusivity coefficient (D) is present in two different
components (diffusion and electromigration) in the NP equation and can be calculated

based on what type of diffusive movement is occurring, each type is summarized in Figure

1.10 below.
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Figure 1.10 The different types of porous diffusion. A) Pure molecular diffusion, B) pure
Knudsen diffusion, C) a combination of Knudsen and molecular diffusion, and D)
diffusion through a random porous material. The shaded gray areas represent non-porous
solids. Equations for the diffusivity coefficient for each type of diffusion is displayed
underneath. Figure modified from Welty et al., 2000'3!.

Pure molecular diffusion (Figure 1.10 A) occurs when there are at least two components in
the system, and the pore size is sufficiently larger than the mean free path of the diffusing
molecule. The mean free path is defined as the average distance traveled by a moving
particle between collisions. When these conditions are met, the diffusing species is more
likely to encounter another component in the system than a pore wall. Knudsen diffusion
(Figure 1.10 B) occurs when the pore diameter is smaller than the mean free path of the
diffusing molecule. Knudsen diffusion generally only applies to gases as the mean free path
length in liquids is extremely small'*!. Knudsen diffusion and molecular diffusion can

sometimes occur together (Figure 1.10 C) and compete with one another in a “parallel”
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manner, as reflected by the equation reminiscent of the classic resistance in parallel

equation L =241 4..). The three types of diffusion discussed thus far are based
Rtot R1 Ry

on cylindrical straight pores, whereas most porous materials are random and molecules will
follow a more tortuous path through the material via random porous diffusion (Figure 1.10

D)131.

Since the regenerated cellulose MWCO membrane in TME is considered a random
porous material, the effective diffusion, D' can be calculated via this relation:
D' = &2D 1.20
where ¢ is the volume void fraction of the membrane, which is given by:

volume occupied by pores within porous membrane 191

¢ = total volume o f porous membrane (membrane + pores)
Since the TME sample chamber is immersed in liquid buffer, it is assumed no Knudsen
diffusion takes place. Therefore, the molecular diffusion through the MWCO is assumed
to take on the “hindered solute diffusion in solvent-filled pores” model'?!. This model
represents diffusivity through a pore using the formula below:

D = D°F,(¢)F,(¢p) 1.22
where D° is diffusivity of SDS via pure molecular diffusion, F; (¢) is the stearic partition
coefficient, and F,(¢) is the hydrodynamic hindrance factor, both are correction factors
which are functions of the reduced pore diameter, ¢. The reduced pore diameter, ¢, is
represented below:

ds solute molecular diameter
o= = - 1.23
dpore pore diameter
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where if ¢@>1, the solute is too large to enter the pore (known as solute exclusion; the
underlying process of conventional dialysis). Finally, D°, is calculated via the pure

molecular diffusion model seen in Figure 1.10 A:

1
, 1
0.00185T2 Ml +Mi]2
D = SBS s 1.24
PO_ZQd

where Mgps is the molecular weight of SDS (L), My is the molecular weight of the

mol

solvent (ﬁ), P is the pressure (atm), o is the collision diameter (pm), and (2, is the

collision integral (a dimensionless function of the temperature and of the intermolecular
potential field for the collision between two molecules of interest). The collision diameter
is evaluated by:

o =1(r +1,)? 1.25

where r; and r, are the kinetic radii of the two particles colliding.

1.2.2.7 Mechanisms of Flux Decrease Across a Membrane

Any membrane-based process is influenced by some level of flux decline. Flux
decline is simply a decreased driving force for the separation process and an increase in
resistance against transport across a membrane. As pictured in Figure 1.11, the main causes
of flux decline are concentration polarization (reversible and directly occurring) and
various fouling phenomena (irreversible and long-term) such as adsorption, pore-blocking,

and deposition of solutes.
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Figure 1.11 Illustration of the factors contributing to the decline of flux across a
membrane. The portion within the circle is a zoomed in pore of the membrane. The
purple circles represent molecules which are impermeable to the membrane and form a
“cake layer” on the membrane surface. The green circles represent molecules which are
slow-permeating and exhibiting the concentration polarization phenomenon. The orange
circle represents a molecule which is too large to pass completely through the pores of the
membrane and as a result is stuck inside, blocking the pore. The yellow circles represent
permeating molecules which have a higher tendency to adsorb/deposit onto the
membrane. The blue circles represent solvent molecules which are completely permeable.

Concentration polarization is a phenomenon inherent to all membrane processes. It is
characterized by the presence of concentration gradients at the membrane-solvent interface.
This gradient is due to the fact that there are non-permeating or slowly permeating
components in the solution trying to pass through the membrane. As a result, a build up of
solute against the membrane occurs, rich in non- or slow-permeating solutes and depleted
of permeable solutes. The concentration of this solute decreases moving away from the
membrane until it reaches equilibrium with the bulk solution at a distance 6 (see Figure
1.12). The distance, 0, is known as the boundary layer thickness, and relates the diffusion

coefficient to the mass transfer coefficient.

D
k= S 1.26
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Figure 1.12 A schematic diagram of the concentration polarization phenomenon. As a
solution is fed through the membrane from left to right, slow or non-permeating solutes
build up at the membrane-solvent interface. As a result, a concentration gradient is
formed, depicted by the blue curve. The concentration increases as the membrane is
approached (from left to right). The concentration decreases moving away from the
membrane until equilibrium is reached with the bulk solution. The area where the
concentration of solute begins to increase away from equilibrium up to the membrane is
considered the boundary layer and is also the point at which the concentration gradient
reaches equilibrium, represented by 6. Figure reprinted with permission from Etzel,
2008'%2,

The phenomenon of concentration polarization is a function of the hydrodynamic
conditions of the membrane system and independent of the physical properties of the
membrane being used!**!**. More specifically, the success of ultrafiltration (the
membranes used in TME) and electrodialysis processes are greatly influenced by
concentration polarization. Concentration polarization can be reduced via the promotion of
turbulence (usually through increased flow rates, stirring, or back flushing) resulting in a

decrease in the thickness of the boundary layer!2%:131:134.135,

Fouling phenomena are distinct from concentration polarization, and also play a
large role in the observed flux decline during membrane processes. They are slightly more
complicated processes often considered a function of concentration polarization by driving

material deposition and hence fouling. Protein adsorption/deposition simply refers to
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protein irreversibly and directly interacting with the membrane surface (sometimes referred
to as a protein monolayer). Proteins carry a net surface charge and if this charge is opposite
to the surface charge of the membrane, there will be high levels of adsorption via
electrostatic interactions. Membranes carrying no net charge can promote adsorption in the
form of hydrophobic interactions. It is suggested in the literature, BSA adsorption onto
ultrafiltration membranes occurs in two stages, electrostatic formation of a protein
monolayer, followed by intermolecular hydrophobic interactions'**!36-14°  Additionally,
initial adsorption of a properly folded protein onto a membrane causes significant tertiary
structure disruption, revealing hydrophobic regions of the protein further promoting

134131 " Membrane processes which continue for long periods of time are

adsorption
vulnerable to the formation of a “cake layer” (see Figure 1.11). In short, the most retained
species forms a dynamic membrane (also called filter cake layer, surface layer, or gel layer)
on the surface of the filtration membrane essentially creating a new membrane surface
where the working pore size is dictated by the particles themselves instead of the pores of
the membrane. This has been documented to happen in the form of lattice-like sheets (BSA,
B-lactoglobulin) or large granules (y globulin)!#?. Additionally, small solutes can deposit
within the pores of this new protein membrane surface, further slowing flux. Many different
factors contribute to the formation of a cake layer on the membrane surface, and it usually
occurs late in the filtration process'®. The ionic environment, components of the solution
being filtered, length of filtration, volume, and applied pressure all contribute to whether a
cake layer will form, which means certain membrane processes don’t get the chance to

observe its formation. It has been suggested that flux decline occurs in 3 stages (see Figure

1.13).
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Figure 1.13 The three stages of flux decline. The first stage, occurring within minutes, is
a rapid drop due to concentration polarization. The second stage, occurring for up to an
hour, is another rapid drop due to protein deposition/adsorption onto the membrane. At
the third stage, flux reaches a pseudo steady state where any further decline is due to
fouling and clogging of the membrane. Figure modified from Marshall et al., 1993134,

The first stage, concentration polarization, occurs within minutes of the filtration process
beginning, and causes a rapid decline in flux. Some studies on protein membrane filtration
theorize the initial stages of flux decline occur within seconds of the filtration process
beginning'3*!3*14% The second stage, protein deposition, will continue to rapidly decrease
flux as a protein monolayer builds. Finally, in the third phase, as flux loss steadies there is
small loss due to further deposition or fouling. The decline of flux observed in membrane
processes resembles an exponential decay plot, and many theories which model flux decline
utilize exponential decay functions!3>143146.139 The plots of SDS depletion over time for
TME also very closely resemble exponential decay plots and can be modelled as such
(further discussed in Chapter 3). The observed decline in the rate of SDS depletion over
time is likely amenable to the mechanisms of flux decay outlined above, which are inherent

to all membrane processes.
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There are a number of parameters discussed in this section which are important for
understanding and optimizing TME operation. The origins and implications of Joule
heating are discussed, which is an important limiting factor in electric field strength during
TME. Furthermore, understanding the components responsible for the motion of SDS (i.e.
diffusion, electromigration, and convection) will help to maximize overall flux through the
membrane. A more detailed understanding of the diffusivity and how it is affected by
membrane pore size and thickness, and levels of Joule heating are also relevant to the
movement of SDS. Finally, understanding the mechanisms of flux decrease which are
common to membrane processes such as proteins concentrating near the membrane, and
protein-membrane interactions is important for achieving and maintaining ideal TME

operation.

1.3 Electric Field as a Tool in Sample Pre-treatment

Protein sample pre-treatment is often considered the rate-limiting step and
commonly associated with high degrees of error and sample loss. As a result, the use of
auxiliary driving energies such as heat, microwaves'#’, ultrasound'*®, UV light'*°, and more
recently, electric fields'** !> has been explored to speed up the process, increase efficiency,
and enhance detectability. SDS-PAGE, IEF, 2-DE, and CE are widely used analytical
separation techniques which utilize an electric field. However, outside of separations, the
concept of using an electric field as an auxiliary driving force has been largely unexplored
for sample pre-treatment. The development of liquid-liquid electroextractions (LLEE) by
Stichlmair and colleagues in 1992!3, followed by electric field enhanced microextraction
through supported liquid membranes (SLM) by Pedersen-Bjergaard and Rasmussen

(2006)"® helped popularize the concept.
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Considering solvent extraction, the distribution of an ion (or partitioning) between

two phases can be defined by Equation 1.27:

Ky =— 1.27

where ¢} is the concentration of species i in the organic phase, and ¢/ is the concentration
of species i in the aqueous phase. When an electric field is added, it can alter the distribution
of a species between the two phases and the new K}, can then be expressed via Equation

1.28, which is a combination of Equation 1.27 and the Nernst equation'®’:
zF
In(Kp) =—(E°-E 1.28
n(Kp) RT ( )

where E is the equilibrium ion transfer potential (Galvani potential difference between the

phases), E° is the standard potential difference of the transfer (V), R is the universal gas

. Coulomb e .
constant ( ), and F is Faraday’s constant (%) Thus, variation in the applied

K-mol
voltage can change the selectivity, rate of transfer, and overall efficiency of the process.
The application of an electric field is therefore an attractive and easily implemented

technique for enhanced sample preparation.

The use of an electric field in sample preparation can be divided into a few
categories: separation techniques, membrane-based approaches, membrane-free
approaches, and electrochemical approaches. Separation approaches have been previously
mentioned, are well known in the proteomics community, and have been covered in many
extensive reviews*+1°%1%0 Electrochemical methods are obscure, under studied, and not
directly relevant to TME nor this thesis however, some literature information is available

on its uses'®""1%*. This section will provide an overview of the most popular/successful
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electric field-based sample preparation techniques, along with their advantages and

challenges in the context of TME.

1.3.1 Membrane-based Approaches

Membrane-based sample treatment (with and without the use of an electric field)
has a long history of being employed in a wide array of industrial processes'®>. More
recently, electro-membrane techniques have been widely employed as an analytical
purification strategy for complex sample matrices'®®!¢’. There are generally two accepted
modes of membrane filtration, dead-end and cross-flow. When the solution being filtered
flows perpendicular to the membrane surface, it is considered dead-end filtration (see
Figure 1.14 A). Alternatively, when the solution being filtered flows parallel to the
membrane surface it is known as cross-flow filtration (see Figure 1.14 B). It should be
noted, these filtration methods differ from TME in that the solution being filtered has
velocity, while in TME, the sample is stationary. Even so, the methods share similarities in
terms of mathematical models and membrane features/function. Furthermore, popular
strategies to reduce flux decline and Joule heating in these procedures can be extended for
use in TME. The most popular techniques employing a membrane and an electric field

include: electrodialysis, electrofiltration, and electromembrane extraction (EME).
1.3.1.1 Electrodialysis

TME can be considered a form of classic electrodialysis. The concepts of

electrodialysis are not new, and were developed at the beginning of the 20" century!6%16°,

Although there is some disagreement over when the first electrodialysis experiments were

d169,170

conducte , these early electrodialysis experiments are far removed from the version
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evoked by the same term today. The current definition of electrodialysis is a membrane-
based separation process during which ions are driven through multiple alternating ion
exchange membranes under the influence of an electric field. In contrast, classic
electrodialysis was conducted with uncharged and non-selective membranes'’!, with the

9!70 " The theory of electrodialysis

first multicell electrodialyzer being developed in 193
dates back to 1911'7°, far before the first ion-exchange membranes (as used in modern
electrodialysis) were created and commercially produced!’. In 1926, a basic 3-chamber
electrodialysis cell was developed and used to separate ions from colloidal soil mixtures'”".
Shortly after in 1927, Wolfgang Pauli developed an electrodialysis cell and used it to study
serum proteins'®®. Later in 1938, Joseph and Stadie demonstrated the electrodialysis of
blood serum for the determination of total base and chloride content'’®. These types of
devices were used in protein purification, precipitation, and material transport/separation
throughout the 1920°s-40’s'®-174-176 " Classic electrodialysis is considered a pioneering
technique in sample preparation with an electric field. In traditional dialysis (movement of
ions through a membrane without an electric field), the only driving force on the ions is the
concentration gradient, meaning the ions would diffuse (very slowly) until equilibrium is
reached over the course of hours. The application of an electric field significantly enhances
the mass transfer across the membrane making the entire process much faster, preventing
any back diffusion, and improving selectivity. The velocity of the ions can be increased by
increasing the voltage however, Joule heating must be considered as a limitation at higher
voltages. Classical electrodialysis (with an uncharged membrane) has been used for the
treatment of many samples ranging from wastewater!”’, drinking water!’®, soil!7*!80,

various food matrices'®!, and cell cultures'®?. It has also been shown to provide

concentration factors ranging from 10-fold'®* to 50-fold'®? in under 1 hour, and effectively
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extract low MW peptides with recoveries as high as 85%, making it an interesting potential
tool in biomarker discovery'®*. However, there are some disadvantages to electrodialysis,
such as the change in pH resulting in sample instability/loss, and thermal degradation of
analytes and/or membranes due to Joule heating at high voltages!'®>.

Modern electrodialysis (i.e. with ion-exchange membranes) utilizes membranes
which have pore sizes far too small for work with proteins/peptides, and is used mainly for
water desalination, and production of chlorine.

1.3.1.2 Electrofiltration

Electrofiltration combines dead-end membrane filtration with an electric field and
is often used for the separation and/or concentration of DNA, RNA, polypeptides,

polysaccharides, and other biopolymers!8®:187

. Generally, filtration membranes are
categorized into different groups based on their pore sizes (see Table 1.1), each with a
different intended use. With that, there are also a multitude of configurations for
electrofiltration such as flat sheet membranes (dead-end or crossflow), tubular membranes,

and SLMs, all of which are pictured in Figure 1.14.

Table 1.1 Pore sizes for different types of filtration membranes.

Membrane Type Pore Size
Conventional filtration > 10 um
Microfiltration 0.1-10 pm
Ultrafiltration 0.001-0.1 pm (1-1000 kDa)
Nanofiltration 1-100 nm
Reverse osmosis <] nm
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Figure 1.14 Different types of membrane configurations for electrofiltration. A) Dead-
end, B) cross-flow, C) tubular membranes, and D) filtration with a supported liquid
membrane (SLM).

The mass transfer across a membrane can be significantly decreased due to
phenomena like concentration polarization, and fouling (see Section 1.2.2.7), however, the
use of an electric field has opened new opportunities for preventing or decreasing these
phenomena. There are generally two types of electrofiltration, (1) those where the electric
field is used to form a solid cake layer, and (2) those where the electric field is used to
prevent formation of a cake layer!®. The first application is generally used for filtration of
solids from a liquid medium for industrial applications (€.g. dewatering of mineral slurries),
while the second is used in cross-flow filtration devices. Cross flow filtration is a favoured
approach when utilizing ultra- and nanofiltration membranes. Here, the electric field can
help delay and reduce the formation of a cake layer by decreasing the net force pushing a
particle into the membrane surface. It is important to note the electric field must be
perpendicular to the membrane surface. Many studies have shown the improvement of

filtration procedures by the application of an electric field"®*~'°!. Improvements to
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electrofiltration have been suggested by combining cross-flow electrofiltration with applied
pressures of up to 4 bar'®1%°_ In addition, pulsed electric fields, rather than continuous,
have been shown to reduce cake layer formation without sacrificing filtration efficiency
and consuming less power'®!. Due to electrofiltration being applicable to biological
macromolecules its use has gained popularity in the pharmaceutical, cosmetic, and nutrition

industries for the separation and isolation of naturally produced products'®”-12,

1.3.1.3 Electromembrane Extraction

One of the most popular membrane-based techniques for extraction is EME, itis a
recently developed technique which utilizes a specialized membrane called an SLM inside
a porous hollow fibre (see Figure 1.14 D). The analytes of interest electro-kinetically
migrate as promoted by an electric field applied across the SLM into an acceptor phase.
EME has become very popular in recent years and has been used for the extraction of
various biologicals (plasma, urine, breast milk, and saliva), pharmaceuticals (acidic and
basic drugs), and environmental samples (wastewater, ocean and river samples, snow,
etc.)3H193719 Typically, EME provides sample yields ranging from 55-80% in recovery
volumes between 0.3 — 3 mL on the time scale of minutes!®>. The type of solvent used for
the SLM is very important as it effects the flux of analyte through the membrane, the

diffusion coefficient, and overall selectivity towards an analyte'?>!°,

Other parameters
that affect the overall success of the extraction include agitation, temperature, extraction
time, and strength of applied electric potential. Although EME provides fast and efficient

extraction, the limited knowledge of SLM analyte interactions/compatibilities, and the

small sample loading capacity are still limiting factors.
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1.3.2 Membrane-free Approaches

There are also a wide variety of electric-field driven sample preparation techniques
that do not utilize a membrane, for example electric field assisted solid phase extraction (E-
SPE)?®2%! and LLEE?**. In these approaches, a phase boundary acts as a “selective
membrane” for separation of sample and contaminants. The ability of an analyte to cross
the barrier depends on the polarity, physiochemical properties, chemical content (i.e. amino
acid content), and mobility of the analyte’®. E-SPE combines the effects of
chromatographic separation with electrophoretic migration to provide a faster and more
efficient extraction process’*. E-SPE has been utilized for the successful extraction of

k!83205 quinolones and sulfonamides from egg?®®, ionic

antimicrobials and amines from mil
dyes®’, various ionic species from environmental water samples'®’, and successfully
interfaced to CE or LC-MS!83208210 Each of these studies reported a significant increase
in extraction efficiency as compared to conventional SPE. LLEE generally consists of a
biphasic system containing immiscible solvents where analytes partition based on their
polarity, however, with the added auxiliary energy of an electric field. There are many
examples of LLEE being utilized for extraction of biological fluids and subsequently
coupled to methods like CE, HPLC, and LC-MS!**198211 " Additionally, LLEE with low-

volume (nL-pL) droplets has also been proposed to enhance the degree of contact between

the two phases, providing higher mass transfer rates over conventional LLEE?'2.

Utilization of electric fields as a driver for sample preparation/purification is an
emerging trend in analytical chemistry. Integrating an electric field with more
traditional/older sample preparation processes is easily achieved, helps to accelerate the

process, adds an additional dimension of selectivity, and is considered a “green” alternative
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to harsh/toxic solvents. Recently, electric fields have been applied to both membrane-based
and membrane-free approaches, as well as driving new electrochemical-based approaches.
These techniques are being regularly employed for the clean-up and separation of complex
sample mixtures like blood, environmental, and food samples prior to downstream

analysislgs’213’214.

1.4 Research Objectives

The utility of MS towards complex proteomic analysis is unmatched, and as MS
instrumentation continues to advance, front-end sample processing techniques continue to
be developed as well. SDS is undoubtedly the most favored additive for protein sample
extraction, solubilization, separation and/or fractionation, however, its detriments to
downstream analysis (LC-MS) are well understood®. As such, the development of SDS
removal methods has become a very relevant and active research area. There are many
methods available for the removal of SDS (see Section 1.1.5.3), each with their own
advantages and drawbacks. Many methods fail to deplete free and protein-bound SDS, and
those that do often sacrifice significant portions of the sample. Recently, Kachuk and
colleagues (2016) presented a novel electrophoretic, membrane-based SDS removal
method called TME (see Section 1.1.5.4). The technique is robust and reproducible,
successfully depleting SDS from simple and complex protein samples to levels acceptable
for LC-MS analysis while maintaining >90% protein yield®. In addition, TME successfully
depletes SDS from protein samples enriched with hydrophobic membrane proteins for LC-
MS analysis. Although the originally developed TME was successful, it required 1 hour of
operation time, and rigorous sample mixing throughout the depletion process. The

requirement for sample mixing lengthened the time required for depletion, necessitated
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manual intervention, and contributed to error/sample loss; all very unfavourable features
for a newly emerging sample clean-up method. It was clear further improvements to the
sample run time and automation aspects were still required. In addition, little was
understood about the electrophoretic properties of TME, and how Joule heating effects
depletion success. A more thorough understanding of these concepts would provide insight
on how to further optimize both the rate of depletion as well as maintenance of sample

integrity.

Chapter 3 presents an exploration into the electrophoretic properties of TME and
the different variables affecting the success of each depletion experiment on a model
protein BSA. In addition, a simple mathematical approximation for SDS depletion over
time is presented to help appropriately compare TME experiments that were run under
different parameters. The mechanisms of protein aggregation during and after TME were
evaluated, as well as variables including thickness of membrane, implications of SDS back
diffusion, depletion rates at higher currents, membrane pore size, and alternate modes of
operation (constant voltage or power). The overarching implications of Joule heating

during TME are discussed throughout.

In Chapter 4, operation of TME at higher currents is investigated in the context of
constant stirring. Constant stirring is presented as a potential method for excess heat
dissipation, and a method to increase SDS mass transfer. Optimization of depletion rates
and sample yields with the addition of a stir bar is presented. The implications of a stir bar
are observed experimentally and correlated to mathematical expressions representing the
motion of ions in electric fields and mass transfer across membrane interfaces. Impacts on

method automation are also discussed.
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Finally, Chapter 5 presents experiments on more complex proteomic samples using
TME with a stir bar at higher operating currents. Furthermore, SDS depletion of protein
samples by TME (simple and complex mixtures) is compared to the two favoured
membrane-based methods of SDS removal in BUP and TDP workflows (acetone
precipitation and FASP). In this study, acetone precipitation is successfully demonstrated
using an “in-house” designed and constructed two-stage spin cartridge containing a 0.2 um
filter. Parameters including residual SDS, sample yield, quantity of proteins/peptides
identified, number of peptide spectral matches (PSM), MW, and hydrophobicity of proteins
identified are compared for all three methods. To conclude, Chapter 6 provides a summary
of the results obtained and their implications, followed by recommendations for future

research.
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Chapter 2: Materials and Methods

2.1 TME Instrument Design and Assembly Guide

The TME device was constructed in house, based on a design previously described
by the Doucette group®. The device comprises multiple pieces, pictured and labelled in
unassembled format in Figure 2.1. The membrane that retains protein in the TME sample
cell is Spectra/Por® RC 0.5-1 kDa MWCO dialysis tubing (Fisher Scientific, Ottawa, CA);
the dry version of this membrane is shown in Figure 2.1 (labelled 1). A similar pre-wetted
version was also used. Alternate sizes of MWCO membrane (3 kDa and 12-14 kDa) were
utilized in select studies, as indicated. The anode and cathode buffer chambers were
machined from polyoxymethylene (common name Delrin®) and are seen in Figure 2.1
labelled 2 and 3 respectively. A more detailed photo of these chambers can be found in
Figure 2.2. Multiple gaskets were required for TME to maintain a water-tight seal around
the assembled device. Outer silicone gaskets (labelled 4 in Figure 2.1) were placed on the
outside of the buffer chambers to seal additional holes in the buffer chambers (non-essential
byproducts of the machining process). Custom made silicone inner gaskets were cast using
a Sylgard 184 silicone elastomer kit (Dow Corning), pictured in Figure 2.1, labelled 5. The
elastomer base and curing agent were combined in a 10:1 ratio, mixed to ensure uniformity,
and poured onto a glass plate (thickness ~0.8 mm) and allowed to solidify at room
temperature for 48 hours. Once cured, gaskets were cut to shape (~10 cm X 7.5 cm). Each
gasket had 4 holes cut into it (using a scalpel for square cuts or a circular punch) to align
with the 4 holes in the sample cartridge. A version of the sample cartridge is pictured as
number 6 in Figure 2.1. More detailed images and descriptions of the two versions of

sample cartridge used in this thesis can be found in Figures 2.4 and 2.5. Wrenches (7 in
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Figure 2.1) were used to tighten nuts affixed to threaded rods, guiding aluminum plates (8

in Figure 2.1) around the entire apparatus to hold all pieces together.

Figure 2.1 Photos of the pieces required to assemble the TME. 1 = dry roll of dialysis
MWCO tubing, 2,3 = anode and cathode buffer chambers, 4 = outer gaskets, 5 = inner
gaskets, 6 = sample cartridge, 7 = wrenches, 8 = aluminum brackets connected with rods
and nuts.

The anode and cathode buffer chambers (~10 cm X 7 cm X 7.5 cm) are pictured in
greater detail in Figure 2.2 below. Each chamber contained 0.127 mm diameter platinum
wire (Sigma Aldrich) which was attached to electrical leads. The leads were used to connect
the TME apparatus to a PowerPac™ Basic Power Supply (Bio-Rad, Mississauga, CA). The
anode chamber also contained 4 ventilation holes, which helped prevent the build up of gas
bubbles against the membrane while TME was running. The gas bubbles prevent proper

flow of current and reduce/prevent SDS depletion.
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Dy Prongs for leads p——

Figure 2.2 Anode (2) and cathode (3) buffer chambers with important pieces labelled.
Platinum wire is present inside both chambers and is wound across the front of each
chamber and down to the back where it is wrapped around the metal prongs. The prongs
are where the leads from the power source are connected. The anode (2) chamber has an
added feature of 4 vents to help prevent gas bubble build up along the membrane during
TME.

Photos of the TME assembly process can be seen in Figure 2.3 below. Each piece
is stacked layer-by-layer on the benchtop in the following order: outer gasket, anode buffer
chamber, inner gasket, pre-soaked dialysis membrane, inner gasket, sample cartridge, inner
gasket, pre-soaked dialysis membrane, inner gasket, cathode buffer chamber, outer gasket,
as per Figure 2.3 A and B. Care must be taken to ensure each layer is laid precisely to line
up the holes on each piece. Once all pieces are layered, they are picked up by the middle
(see dotted box in Figure 2.3 B) and placed inside the metal brackets as seen in Figure 2.3
C and D. The nuts on the edges of the metal brackets are tightened using wrenches to seal
the pieces together. Care must be taken to ensure metal brackets are tight enough to prevent
buffer leakage but not over tightened which would induce bowing of the pieces and ripping
of the dialysis membrane. Once metal brackets are appropriately tightened, proper

alignment of all layers was confirmed by visual inspection.
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Figure 2.3 A) and B) depict assembly of TME by stacking each layer on the bench-top in
the following order: outer gasket, anode buffer chamber, inner gasket, pre-soaked dialysis
membrane, inner gasket, sample cartridge, inner gasket, pre-soaked dialysis membrane,
inner gasket, cathode buffer chamber, outer gasket. Once the layers are stacked, they can
be lifted and inserted into the metal brackets as seen in C) and D). The dotted box in B)
indicates the optimal location for lifting the layers for insertion into the metal brackets.
Lifting from this point ensures all layers remain aligned. The platinum wire should not be
touched during lifting, as it is thin and delicate.

A detailed photo of the original TME sample cartridge is seen in Figure 2.4. The
cartridge was machined from a 1 cm thick Teflon sheet, with 4 sample wells (diam. = 1
cm). The top of the sample cartridge contained 4 access holes which allowed for sample
loading and removal once the TME apparatus was assembled. Each sample well had an
approximate volume of 785 uL, and the approximate dimensions of the piece were 7.5 cm

X 10 cm.
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Top access holes

Figure 2.4 The original version of the TME sample cartridge machined from a 1 cm thick
Teflon sheet with 4 sample channels (diam. = 1 cm). The piece is approximately 7.5 cm
in height and 10 cm in length. The access holes present in the top of the cartridge, which
penetrate through to each sample well can be seen labelled and circled in black. Note —
the added hole at the center of the Teflon sheet is a byproduct of machining but is not
essential to operation of the TME device.

A new sample cell cartridge with square-cut channels (1 X 1 cm, total volume = ~
1 mL) was machined from Teflon to accommodate a small stir bar. In addition, an incision
was created underneath the sample well to accommodate a small motorized stirring device
to agitate the stir bars. The new sample cartridge is shown in Figure 2.5. However, it should
be noted, the motorized stir apparatus was later retired in place of a stronger stir plate,
placed beneath the assembled TME device, which successfully agitates slightly larger stir
bars (0.5 cm PTFE-encapsulated magnetic stir bar, Fisher) placed in the sample chambers

of the TME device.
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Figure 2.5 The new version of the TME sample cell cartridge with 4 square-cut channels
(1 cm X 1 cm) machined from a 1 cm thick Teflon sheet, to accommodate a stir bar (as
pictured in the second sample channel). The sample chambers contain ~400 pL of
cytochrome c protein solution (orange). Also pictured, is the rectangular incision
machined to just below the sample channel which accommodates a small motorized
stirring apparatus.

The fully assembled TME apparatus can be seen in Figure 2.6, with a marker to
establish approximate size. The TME can be seen plugged into the leads (red and black)
from the power source. If TME was to be operated with a stir bar, the last step would be to

place the apparatus onto a magnetic stir plate, centered on the sample cartridge.
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Figure 2.6 The assembled TME apparatus includes the sample cell cartridge (original
version or new) with 4 chambers (as indicated with small black arrows), regenerated
cellulose dialysis tubing on either side of the sample cell cartridge, and the two outer
chambers containing (~160 mL) electrolyte buffer and platinum wire. All pieces are
clamped together between two metal brackets tightened with 4 nuts on each side. A
marker is shown for scale. Figure reprinted from previously published work?!?.

2.2 Chemicals and Reagents

All protein standards, as well as N-p-tosyl-L-phenylalanine chloromethyl ketone
(TPCK)-treated trypsin (T8802) were purchased from Sigma (Oakville, CA).
Fleischmann’s® traditional active dry yeast (Saccharomyces cerevisiae) was purchased
from a local grocery store and stored at 4°C prior to extraction. Milli-Q water was purified
to 18.2 MQ-cm. HPLC grade solvents were from ThermoFisher Scientific (Ottawa, CA).
Methylene blue (for active substances assay) was also from Fisher. Reagents for casting
and staining SDS-PAGE gels, as well as urea, dithiothreitol (DTT), and iodoacetamide

IAA) were from Bio-Rad (Mississauga, CA). SDS and formic acid (98%) were from Fluka
(IAA) ( ga, CA) (98%)
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(Mississauga, CA). All remaining chemicals were from Sigma and used without further

purification.

2.3 Algal Cultures, Harvesting, and Storage

The microalgae Chlamydomonas reinhardtii (Canadian Phycological Culture
Centre #532) were batch-cultured from a single colony at 23°C in Sueoka’s high salt
medium (HSM)?!®. To make 1 L of HSM, 5 mL of Beijerinck’s (salt) solution (100 g/L
NH4Cl, 4 g/ MgS0a « 7TH20, 2 g/L CaClz2* 2H20), 5 mL of phosphate solution (288 g/L
K2HPO4, 144 g/ KH2PO4), and 1 mL of Hutner’s trace elements (ordered from
chlamycollection.org) were combined with Milli-Q water up to 1 L. Media was autoclaved
for 30 min at 121°C in a Market Forge Sterilmatic autoclave filled with water to the
appropriate height. Media was cooled to room temperature before use or stored in the

refrigerator at 4°C until needed.

Cultures began by plating and selecting a single colony off an HSM agar plate. Agar
plates were prepared by combining HSM with 1.5% (w/v) agar, autoclaving for 30 min at
121°C in a Market Forge Sterilmatic autoclave, and poured into plastic petri dishes before
the agar had set. Preparation of the HSM agar plates was performed in a Nuaire Biological
Safety Cabinet Laminar flow hood (Class II Type A/B3, Model No. NU-425-600).
Cultures were allowed to grow for 2-3 days on HSM agar plates, while being exposed to
fluorescent white lights at 100 wmol/m?*/s (translating to a position of ~30 ¢cm from the
fluorescent lights) with a 12 hour on-off cycle. Once colonies started to appear, single
colonies were plucked and transferred using sterile techniques into 3 mL liquid media.
After 7 days growth with 12 hr. cycled light exposure on a continuous shaker (80 rpm,

Kang Jian Orbital Shaker KJ-201BD), cultures were moved to 100 mL liquid media, and 7
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days later moved to 1 L liquid media. Cultures were harvested in late exponential phase
(~7 days after inoculation into 1 L) via centrifugation at 1750% g (3250 rpm, setting #6)
using an International Equipment Co. Clinical Centrifuge (Model: CL, Serial No. 78430M-
11), with an expected wet mass between 0.3-0.5 g per litre of culture. Pellets from 500 mL
of liquid culture were flash frozen with liquid nitrogen and stored at -20°C until extraction

(up to 2 weeks).

2.4 Protein and Proteome Sample Preparation

Protein samples (0.1 or 1.0 g/L) consisting of BSA, ubiquitin, or bovine hemoglobin
(BHb) were dissolved in Milli-Q grade water with 5000 ppm SDS (0.5% w/v). A standard
intact protein mixture consisted of 6 proteins (see Table 2.1) prepared in Milli-Q grade
water or in 5000 ppm SDS to a final concentration of 0.05 g/L per protein.

Table 2.1 Identities and MW of 6 standard proteins used in the top-down studies.

Elution Protein Species Uniprot # Molecular GRAVY

order weight Score
(Da)
D Ubiquitin Bos taurus POCGS53 8564 -0.489
D) Cytochrome c Bos taurus P62894 11704 -0.866
(I1T) Lysozyme Gallusgallus  P00698 16239 -0.472
(Iv) Myoglobin Equus caballus  P68082 17083 -0.396
V) Hemoglobin a Bos taurus P01966 15184 0.0142
(VD Carbonic Bos taurus P00921 29114 -0.555
anhydrase
(VID) Hemoglobin 3 Bos taurus P02070 15954 -0.00414

C. reinhardtii pellets (~0.3-0.5 g) or S cerevisiae active dry cells (0.5 g) were
resuspended in 5 mL 50 mM Tris-HCI (pH 8.0) with 1.0 % SDS. C. reinhardtii cells were
lysed by three passes in a French press (16,000 psi). S. cerevisiae cells were lysed by
grinding into a fine powder under liquid nitrogen using a mortar and pestle. Extracts were

centrifuged at 16,200x g (13,000 rpm) for 10 min in a Fisher Scientific accuSpin
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microcentrifuge (cat. no. 75003241, rotor no. 75003243) to establish clarified proteome
extracts. The Pierce bicinchoninic acid (BCA) protein assay kit?!” (ThermoFisher
Scientific, Ottawa, CA) was used to quantify initial protein concentration (ranging from ~5
— 8 g/L). The resulting proteome solutions were diluted with Milli-Q grade water and SDS

depleted or subject to GELFrEE fractionation prior to SDS depletion.

2.5 Quantitation of Residual SDS and Sample Recovery

The methylene blue active substances assay (MBAS) was performed as described
by Arand and colleagues®'®. To summarize, SDS-containing sample was combined ina 1:1
ratio with MBAS reagent (250 mg methylene blue, 50 g sodium sulfate, 10 mL sulfuric
acid diluted to 1.0 L), and then combined with 4 parts chloroform. The combined reagents
are mixed using a VWR Analog Vortex Mixer at max speed for 10 seconds (Pennsylvania,
USA). The absorbance of the chloroform layer was measured at 651 nm in a 0.8 mL semi-
micro optical grade glass cuvette with frosted sides and a path length of 1 cm. The limit of
detection of the assay is reported as 0.5 ppm, while the limit of quantitation is 2 ppm?'°.
The precision of the assay was determined to be satisfactory based on a % coefficient of
variation <10%, and the accuracy of the assay was not evaluated in this thesis however
previous literature determined accuracy of MBAS assay to be satisfactory??’. Due to the
limited linear region of the assay (2-15 ppm), samples taken from TME throughout the
course of a run required varying amounts of dilution depending on how long the TME had
been running. For example, early in the run when the concentration of SDS was more than
1000 ppm, only a few microliters needed to be removed from the sample cell. However,
towards the end of the run, samples need far less dilution to be in the linear region, which

means more volume was removed from the sample cell. Dilution factors and volumes
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removed were specific to the conditions of the run, aiming to remove the minimal amount
required to perform an SDS assay. Regardless of the volume removed, the amount was
recorded and factored into final calculations involving sample recovery. The typical
working volumes for this assay were 100 pL of SDS-containing sample, 100 uL of MBAS
reagent, and 400 pL of chloroform however, the assay can be scaled down to 80 uL:80
uL:320 pL with enough final volume in the chloroform layer to measure with a UV-vis
spectrometer. Additionally, the assay can be scaled as low at 20 pL:20 uL.:80 pL, for visual

inspection of the presence of SDS.

Intact protein recovery was quantified by a BCA protein assay kit*'”. To
summarize, 15 pL of protein sample was combined with 300 uL. BCA working reagent and
incubated in 60°C water bath for 30 min. BCA working reagent was made fresh each time
and created by combining 50 parts “reagent A” with 1 part “reagent B”. Working reagent
is sensitive to light and was covered with foil for protection. Following incubation, the
sample’s absorbance at 562 nm was measured against a calibration curve of buffer-matched
BSA protein standards over a concentration range from 0.01 to 0.5 g/L. Buffer-matched
standards contained an appropriate amount of SDS (depending on timing of sample,
ranging between 5000 ppm to 0 ppm) and 25 mM Tris and 192 mM glycine to mimic the
TME running buffer. All absorbances (for MBAS and BCA) were read using an Agilent

8453 UV-visible spectrophotometer (Mississauga, CA).

Trypsin-digested samples were quantified by universal high-recovery protein
quantitation assay via LC-UV (aka temperature programmed liquid chromatography)
described previously by Orton and Doucette in 2013%2!. To summarize, 98 uL of digested

protein diluted with water (if necessary, linear region was 0.01 g/L — 0.1 g/L) were injected
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into a self-packed 1 mm X 10 pm C18 column (5 um octadecylsilyl beads, Waters, MA,
USA) using an Agilent 1200 HPLC series instrument. After a 10 min hold, peptides were
eluted as a single fraction through an instantaneous bump from 5% to 90% acetonitrile.
After 15 min the acetonitrile was instantaneously bumped to 95%, and after 17.5 min the
acetonitrile was instantaneously reduced back to 5% and remained there for the duration of
the run (45 min). As the sample eluted, (t=10.5 min to t=12.5 min) peptides were quantified
using UV absorbance recorded at 214 nm. A calibration curve consisting of trypsin-
digested BSA was generated ranging from 0.02 g/l — 0.1 g/L for protein concentration
calculations. This also served as a desalting step prior to LC-MS/MS, wherein the collected

fraction was subject to complete solvent evaporation prior to analysis.

2.6 Basic TME Operation

Dialysis membrane (pre-wet or dry) was soaked for 20 min in Milli-Q grade water
prior to assembling the TME apparatus. TME electrolyte buffer containing 25 mM Tris and
192 mM glycine (pH 8.3) was made in advance and chilled in a refrigerator (4°C). For
temperature controlled studies, the TME sample cartridge and two buffer chamber pieces
were stored in the freezer (-20°C). When no temperature control was employed, the TME
pieces were at room temperature. Prior to assembling the TME, the sample cartridge and
two buffer chambers must be removed from the freezer (if temperature controlled) and
allowed to warm on the bench for ~5-10 min. This prevents the soaked dialysis membrane
from freezing upon assembly. A detailed description of the pieces and assembly can be

found in Section 2.1.

Once fully assembled, ice-cold electrolyte buffer was added to each buffer chamber

until just covering the sample cartridge holes (~160 mL). SDS-containing protein (see
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Section 2.4 for details on sample composition) is slowly and carefully deposited in 500 pL
aliquots into each of the sample cells. At this point, the TME device is visually inspected
to ensure no air bubbles are blocking the channels from the electrolyte buffer to the dialysis
membrane. Air bubbles are cleared through the use of a Pasteur pipette. An electric field is
applied using a PowerPac™ Basic Power Supply noting that extreme caution must be taken
while the device is in operation (see Section 2.22). The solution temperature within one of
the TME sample cells was continuously monitored throughout the course of the runs using
an Omega CN7500 series temperature/process controller with attached thermocouple.
Voltage, power, and current data were recorded from the power supply readout. For TME
runs conducted without stir bars (>30 mA), the TME power supply was periodically paused
and unplugged to allow manual mixing of the sample cell contents with a pipette
(repeatedly dispense contents 3 times). The frequency of these pause points was
experiment-specific and is as described in each section. Briefly, ~30 second pausing events
were chosen based on keeping the TME sample cell temperature below boiling. Each time
the power supply was paused, the sample chambers were mixed via pipetting up and down

3 times.

For TME runs conducted with a stir bar (as specified), stir bars were placed in each
of the TME sample wells prior to application of electric field. The entire apparatus was
placed on top of a magnetic stir plate to agitate the stir bars within the sample cells. The

stir plate was set to the slowest speed (250 rpm) unless otherwise stated.

TME runs were generally considered complete (in varying amounts of time,
dependent on the strength of the applied electric field) when the residual SDS was < 100

ppm, wherein SDS-depleted samples were recovered to clean, pre-weighed vials. The
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sample mass is recorded to determine the final volume, which increases (by ~100 uL) over
the course of the run and so dilution factors must be considered. Any volume of sample
removed over the course of the run (for MBAS or BCA assay) was also accounted for in

the final volume calculation.

2.7 TME of Proteome Samples

A 3 kDa MWCO membrane was utilized in the TME apparatus for complex
proteome mixtures, and a stir bar was always used unless otherwise stated. The TME device
was positioned on top of a stir plate to agitate the magnetic stir bars inside the sample
chamber. A constant current of 50 mA was applied. Runs were complete when
concentration of SDS was < 10 ppm, wherein SDS-depleted samples were recovered to
clean, pre-weighed vials. The sample cells were optionally re-extracted with 400 pL of

pre-warmed (65°C) 1% SDS where stated.

2.8 Alternate Modes of TME Operation

2.8.1 Constant Voltage

TME depletion experiments were performed at constant voltages of 300, 400, and
500 V with samples of BSA (see Section 2.4 for preparation). At 300 V and 400 V, TME
was run for 30 min total, with manual pausing and mixing after every 5 min of run time
and aliquots of sample removed every 10 min. At 500 V, TME was run for 15 min total,
with manual pausing and mixing at t=5, 10, and 12 min. Aliquots of sample were removed

at the pause points.
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2.8.2 Constant Power

TME depletion experiments were performed at constant powers of 10, 15, and 20
W with samples of BSA (see Section 2.4 for preparation). At 10 W, TME was run for 40
min total run time, with manual pausing and mixing after every 10 min run time, and
aliquots of sample removed at the pause points. At 15 W, TME was run for 20 min total,
with manual pausing and mixing after every 5 min run time. An aliquot of sample was
removed at t=15 min. At 20 W, TME was run for 20 min total, with manual pausing and

mixing after every 2 min run time, and aliquots of sample removed at t=5, 10, and 15 min.

2.9 Cold Formic Acid Re-extraction of TME Sample Cells

Samples of BSA (see Section 2.4 for preparation) were TME depleted at 70 mA for
20 min. Protein samples were removed from the sample cell and transferred to a clean, pre-
weighed vial. The sample cells were rinsed with 500 uL. 80% cold (-20°C) formic acid.
Sample chambers were either rinsed by repeated pipetting up and down 5 times, or the
formic acid was allowed to mix with a stir bar inside the sample chamber for 3 min. The

formic acid was then recovered to a clean vial.

2.10 Assessment of Different MWCO Membranes

Samples of BSA (see Section 2.4 for preparation) were TME depleted at 50 mA for
30 min using a 0.5-1 kDa or a 12-14 kDa MWCO membrane. For the 0.5-1 kDa MWCO
run, pausing and mixing occurred at t=8, 10, 12, 26, and 20 min, while for the 12-14 kDa
MWCO run, pausing and mixing occurred at t=8, 10, 12, 16, 20, and 24 min. For both

experiments, sample aliquots were removed at t=10, 12, and 20 min.
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Samples of ubiquitin (see Section 2.4 for preparation) were TME purified at 50 mA
for 30 min using a 0.5-1 kDa or a 12-14 kDa MWCO membrane. For each membrane,

pausing and mixing occurred after every 4 min run time.

Samples containing both ubiquitin and BSA (0.1 g/L each, see Section 2.4 for
preparation) were TME purified at 50 mA for 30 min using a 12-14 kDa MWCO
membrane. Pausing and mixing occurred after every 4 min run time. SDS depleted samples
were loaded into a YM-30 Microcon centrifugal filter devices (Millipore Sigma) and spun
at 16,200x g for 25 min to separate based on molecular weight. The BSA (retained on the
membrane) was resolubilized off the membrane using 500 puL pre-warmed (65°C) 1% SDS
with 30 min sonication. The ubiquitin was recovered as a 500 pL aliquot in the bottom of

the filter cartridge.

2.11 SDS Back Diffusion into the Sample Cell

Samples of BSA (see Section 2.4 for preparation) were TME depleted at 50 mA for
30 min with a stir bar, resulting in a final SDS concentration below 10 ppm. The power
supply was then disconnected and the stir plate turned off. A 100 puL sample from the
outside anode buffer chamber was taken and levels of SDS quantified via MBAS assay.
The protein samples were left inside the sample chambers, and the TME apparatus
untouched. Aliquots from inside the sample chambers were taken periodically at t=2, 5, 10,
15, 20, 30, 60, 120, and 720 min and the SDS that had diffused back into the sample
chamber from the anode buffer chamber was quantified via MBAS assay. Aliquot volumes
varied depending on the time, samples taken between 0-5 min required no dilution (i.e. 80

uL were taken), but as the concentration of SDS increased in the sample cell over time, less
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volume was taken as dilutions with Milli-Q water were required to remain within the linear

region of the calibration curve (see Section 2.5).

2.12 Protein Localization Within the Sample Chamber During TME

Samples of BHb (see Section 2.4 for preparation) were TME depleted at 50 mA for
20 min without any mixing. Samples of 200 pL were taken by directing the pipette tip
towards the cathode portion of the sample chamber and slowly drawing, while a second
sample was taken towards the anode portion of the sample chamber. Samples were diluted
5 times and protein was quantified via BCA assay (see Section 2.5) and imaged using a

conventional camera.

2.13 Assessment of Temperature-induced Protein Aggregation

Solutions of BSA (1.0 g/L) were prepared with 5000 ppm SDS, or without SDS to
serve as a control. Another SDS-containing BSA sample was subject to TME depletion (30
mA without stirring or pausing, final SDS <100 ppm). The three solutions were analyzed
using a JASCO J-810 spectropolarimeter to obtain circular dichroism spectra from 200-300

nm.

Following circular dichroism spectra acquisition, all three samples were gradually
heated from 22°C to a final temperature of 85°C on a VWR standard heat block
(Pennsylvania, USA). Samples were removed from the heat at various times points and
centrifuged at 16,2000 g (13,000 rpm) for 5 min in a Fisher Scientific accuSpin
microcentrifuge to pellet any precipitated protein. The BCA protein assay kit was used as

described above (see Section 2.5) to quantify the soluble protein still present in the
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supernatant. Samples were diluted as necessary prior to BCA assay with appropriate solvent

(0.5% SDS, Milli-Q water, or TME buffer) to be within the linear region of the assay.

2.14 GELFrEE Fractionation and SDS-PAGE

GELFrEE fractionation of the extracted proteomes (C. reinhardtii or S. cerevisiae)
was on a custom 8-channel GELFrEE system*’. The 15% T polyacrylamide resolving gel
was cast into 0.6 mm id tube gels. The resolving gel was ~1 cm in height (127 pL), while
the stacking gel was ~3 cm in height (300 pL). Protein extract was combined with 5x
sample buffer (0.25 M Tris-HCI, pH 6.8, 10% SDS, 50% glycerol, 5% B-mercaptoethanol,
62.5 mM EDTA, 0.05% bromophenol blue) in a 5:1 ratio and boiled in a heat block at 95°C
for 5 min. The apparatus was propped up on a ~30° angle and samples were aliquoted into
each GELFrEE channel, 100 pL per channel. Based on the initial extracted concentration,
the volume of protein extract used was adjusted to give a total of 300 pug protein per
GELFrEE channel. GELFrEE was run at 200 V using a PowerPac™ Basic Power Supply
and fractions (100 pL/channel) were collected at varying time points as shown in Table 2.2.
Fractions were pooled into 3 final samples consisting of small, medium, and large proteins,
as per Table 2.2. A 20 pL portion of each GELFrEE fraction was loaded into a 10-well
15% T polyacrylamide gel, together with the original unfractionated sample, and resolved
by SDS-PAGE at 200 V on a Bio-Rad mini-PROTEAN system (Mississauga, CA). The
gel was silver stained by the method of Chevallet and colleagues (2006)**? and imaged

using a conventional camera.
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Table 2.2 Time points in which GELFrEE fractions were collected and which fractions
were combined into the final three samples small, medium, and large.

Pooled Fraction Sample # Time collected (min)
n/a 0 30
n/a 1 31
n/a 2 32
n/a 3 33
n/a 4 34

Small 5 36
Small 6 38
Small 7 40
Small 8 42
Medium 9 47
Medium 10 52
Medium 11 57
Medium 12 62
Large 13 72
Large 14 82
Large 15 92
Large 16 102

2.15 Filter-aided Sample Preparation

Filter-aided sample preparation (FASP) initially described by Wisniewski and
colleagues®, was modified slightly for our purposes. FASP was done using 0.5 mL YM-
30 or YM-10 Microcon centrifugal filter devices (Millipore Sigma). To reduce dilution,
solid urea (110 mg, to make sample up to 8 M) was directly added to 150 pL of the SDS-
containing (fractionated or unfractionated) proteome samples, along with 20 pL of 1.0 M
Tris buffer and 6.5 pL of 200 mM DTT (final volume prior to initial spin was 230 pL).
Samples were allowed to incubate with DTT for 10 min prior to first spin. After incubation,
the cartridges were spun at 16,200 X g (13,000 rpm) for 20 min for YM-30 cartridges and
45 min for YM-10 cartridges in a Fisher Scientific accuSpin microcentrifuge. Following
centrifugation, 200 uL. UA buffer (8 M urea in 0.1 M Tris-HCI, pH 8.5) was added to each

cartridge and spun again with the same speed and times. The flow through was discarded.
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Next, 100 uL of ITAA (0.05 M in UA buffer) was added to each cartridge, vortexed for ~30
seconds and incubated in the dark for 20 min. After incubation, cartridges were spun again,
with the same speed and times. Finally, 100 uL of UB buffer (8 M urea in 0.1 M Tris-HCI,
pH 8.0) was added to each cartridge and spun again with the same speed and times. This
step was repeated two more times. Cartridges were transferred to fresh centrifuge tubes and
trypsin was added directly to the cartridge at a 1:50 mass ratio along with 197 uL 0.05 M
ammonium bicarbonate buffer, with overnight incubation at 37°C. Peptides were recovered
the following day by adding 50 puL 0.5 M NaCl and centrifuging with the same speed and

times. Digestion was terminated by addition of 10% (v/v) 10% trifluoroacetic acid (TFA).

2.15.1 Filter-aided Sample Preparation for Intact Proteins

A modified “top down” FASP protocol was developed to deplete SDS from intact
proteins. Following the six centrifugal spins in urea-containing buffers (as described in
Section 2.15), 150 uL of LC-MS solvent (5% acetonitrile in Milli-Q grade water with 0.1%
formic acid) was added to the filter. The cartridges were incubated at room temperature
with sonication for 30 min, after which the spin cartridges were inverted and centrifuged
for the same times and speeds described in Section 2.15 to recover resolubilized intact
proteins. The cartridges were subject to the optional re-extraction with 150 pL of pre-
warmed (65°C) 1% SDS with sonication for 30 min, after which they were inverted and

centrifuged for the same times and speeds described in Section 2.15.

2.16 Acetone Precipitation in a Custom Membrane Filter Cartridge

A custom centrifugal filter device, previously described by Crowell and colleagues

(2015) was used to facilitate protein precipitation®”. The device houses a 0.2 um Teflon

74



membrane filter at the base of a 1 mL spin cartridge, which traps precipitated proteins. To
100 puL of SDS-containing protein, 400 puL of acetone was added and incubated in the
cartridge overnight (-20°C), with the filter plugged to prevent solvent passage. The plug
was then removed, and the cartridge was centrifuged (400X g, 2 rpm, 2 min) to flush the
supernatant. The pellet was washed with 400 pL acetone (400X g, 2 rpm, 1 min). Intact
proteins were recovered by sonicating the filter cartridge for 30 min in 100 pL LC-MS
solvent (plug on), with brief centrifugation to recover the solution (plug off). An optional
re-extraction with pre-warmed (65°C) 1% SDS was included. For bottom-up analysis,
proteins were solubilized from the Teflon membrane of the filter cartridge with 20 pL. 8 M
urea (30 min, sonication). The sample was then diluted to 100 pL and digested in the

cartridge (plug on) as described in Section 2.17.

2.17 Protein Digestion

For digestion, 10 pL of 1.0 M Tris buffer was added to 90 pL of SDS-depleted
sample. Next, 5 pL of 200 mM DTT was added and the sample was incubated (30 min,
60°C) prior to addition of 10 uL. 400 mM [AA (30 min, room temperature, in dark). TPCK-
treated trypsin was added in a mass ratio of 1:50, with overnight incubation in 37°C water

bath. The reaction was stopped with 10% (v/v) of 10% TFA.

2.18 LC-MS/MS of Digested Peptides

Following peptide desalting (Section 2.5), peptides were analyzed on an Orbitrap
Velos Pro (ThermoFisher) coupled to a Dionex Ultimate 3000 LC nanosystem
(Bannockburn, IL), operating in MS mode at a resolution of 30,000 FWHM, scanning in

rapid mode for MS? (66,666 Da/s, at <0.6 Da FWHM). The column was a self-packed
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monolithic C18 (0.1x150 mm, Torrance, CA), coupled to a 10 pm New Objective PicoTip
non-coated emitter tip (Woburn, MA). A two hour linear ramp from water (0.1% formic
acid) to 35% acetonitrile was employed. The Orbitrap was set to data dependent mode (MS

followed by MS/MS of the top 10 peaks).

2.19 LC-MS of Intact Proteins

Ten microliters of the intact protein mixture was injected onto a 0.5X30 cm POROS
R2 column (20 pm, Applied Biosystems), operating at 60 pL/min on an Agilent 1200
HPLC nanopump. The column was interfaced via ESI to a Bruker Compact QTOF
(Billerica, MA) operating in positive mode at 4.5 kV. The LC gradient employed a 30 min
linear ramp from 5 to 60 % acetonitrile (in Milli-Q grade water with 0.1% formic acid).
The QTOF operated in MS-only mode, from nVz350-2200. Nebulizer gas (N2) was flowed

at 6.0 L/min at 180°C. A spectral scan rate of 2x4.00 Hz was used.

2.20 Proteomic Data Analysis

Peptides were identified using the Proteome Discoverer software, searching the C.
reinhardtii database (14339 entries, downloaded 1/09/2018), and allowing modifications
of oxidized methionine or carbamidomethylation at cysteine. Mass tolerance was set to 20
ppm (MS mode) and 0.8 Da (MS/MS mode) with 2 missed cleavages at a peptide false
positive rate of 5%, minimum 2 peptides per protein. Hydrophobicity GRAVY scores were

obtained from www.bioinformatics.org/sms2/protein_gravy.html.
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2.21 Statistical Analysis

All values are reported as a mean + standard deviation from at least three replicates.
Exponential curves and associated uncertainties were obtained through the LOGEST
function in Microsoft Excel. Statistical analysis was done in GraphPad Prism version 7.02
using one-way ANOVA and t-test functions, results of which were deemed significant if

p<0.05. All data was plotted using GraphPad Prism version 7.02.

2.22 Safety Considerations

TME operates under high voltage without approved safety mechanisms. Extreme
caution should be exercised to avoid accidental shock. Prior to handling solutions within

the TME apparatus, the power supply is always disconnected.
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Chapter 3: Understanding the Effects of Joule Heating During TME'

The overall goal for the studies presented in this chapter is to optimize different
parameters associated with Joule heating during TME to maintain a low sample cell
temperature and hence permit operation with stronger applied electric fields. Different
TME operation modes (i.€. constant current, voltage, or power) are assessed in context of
heat generation. Physical aspects of the TME such as the membrane thickness and pore size
are explored. SDS depletion rates for TME operated at currents above 50 mA is also
assessed. These studies begin by creating a consistent and reliable method to compare
different TME experiments which had varying initial conditions, operation modes, or
depletion times.

The decrease in flux across a membrane is broken up into 3 stages, and these stages
can be appropriately modelled over time using an exponential decay function'3>13%145.146,

Similarly, the plots of SDS remaining in the sample cell over time closely resemble

exponential decay plots, as seen in Figure 3.1.

t Portions of this chapter have been published in: Unterlander, N.; Doucette, A. A.;
Accelerated SDS depletion from proteins by transmembrane electrophoresis: Impacts of
Joule heating. Electrophoresis. (2018). DOI: 10.1002/elps.201700410.
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Figure 3.1 Representative SDS depletion over time curve for a typical TME experiment
run at 50 mA constant current for 30 min.

It should be understood that flux of SDS, J¢ps, is different than residual SDS (concentration
of SDS remaining in sample cell), SDS;, however, the two parameters are intimately
related. To relate the two, a simplified version of the NP equation (Equation 1.19), in which
the diffusion and convection terms are considered negligible, can be integrated to reveal
the exponential decay function seen below?!’:

SDS, = SDS,e~* 3.1
where SDS; represents the concentration of SDS at time t (ppm), SDS,, represents the initial
concentration of SDS (5000 ppm), A represents the decay constant, and t represents the

time (s). Here, A is presented as a function of many parameters®!>:

A DzFE -
~ LRT '
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where L is the length of the sample cell including the membranes (cm), and R is the gas

constant (ﬁ) Equation 3.1 is an approximation which assumes a constant temperature

and voltage over time for simplicity. Although not constant, these factors remain relatively

stable, but minor deviations from the exponential model are observed at high values of E.

The decay constant represents the negative slope of the logarithmic plots, and can

be utilized to calculate the half-lives (tl ) for each experiment using the following equation:
2

_In(2)

t1 3.3
3 A

Equation 3.2 clearly depicts the relationship between applied electric field and the
decay constant as being directly proportional. The electric field is proportional to the
applied voltage (V) and inversely proportional to the distance (d, cm) between the

electrodes:

E=- 3.4

The TME experiments presented in this work are mainly conducted at constant current
(unless otherwise stated) however, it should be noted, the average voltage at each current

value increases linearly in close approximation to Ohm’s law, as seen in Figure 3.2.
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Figure 3.2 Ohm’s law plot displaying the linear relationship between voltage and current
in TME. Each TME experiment was run under identical conditions except for varying the
current. Samples initially contained 0.1 g/LL BSA in 5000 ppm SDS. The voltage plotted
is the average observed over the time period 8 to 10 min. The error bars represent the
standard deviation of 3 replicate measurements. The data are fit using a linear regression
with the equation y = 12.707x — 186.92 and an R? = 1.0.

This relationship demonstrates how increasing the applied current can increase the rate of
SDS depletion. Increasing the current provides a proportional increase in the applied
voltage, and it is known from Equation 3.4, an increase in voltage will increase the strength
of the electric field (E). Furthermore, the strength of the electric field is proportional to the
flux of SDS as per Equation 1.19. Moreover, due to the variable nature of each TME
experiment and the existing history of data, utilizing the exponential decay approximation
allows for direct comparison between experiments despite variations in initial conditions.
The SDS depletion data for TME presented in this work will be modeled using the

equations discussed above.

It is understood that the application of an electric field during TME drives the

production of Joule heating, which can be problematic when working with protein
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solutions. Excessive heating causes proteins to aggregate and precipitate, and this effect is
further emphasised when considering the progressive removal of solubilizing agent during
TME. Based on Equation 1.8, the amount of Joule heating observed is proportional to the
square of the strength of the electric field (E). This indicates in order to maintain a
reasonable temperature for proteomic samples, there is a practical upper limit on the
magnitude of the applied electric field. The limit of 40 mA maximum current previously
imposed on the original TME work by Kachuk and colleagues in 2016 related to the
decreased protein recovery observed at increasing TME sample tempertures®. The
temperature in which BSA begins to aggregate and precipitate has been cited as 60°C?%3,
In this regard, 60°C was considered the upper limit of temperature for the following
experiments. As a result, frequent voltage pause events were used by Kachuk and
colleagues to maintain a reasonable sample cell temperature. The pause events were a
simple strategy employed in initial studies to maintain TME cell temperature when
operating at higher currents and were only ~30 seconds in duration. The frequency of pause
events was experiment-specific and is indicated as such. However, it should be noted that
proteins are very chemically diverse and have been known to begin aggregating at lower
(40 to 45°C)*?* and higher temperatures (65°C or more)**>??, A low sample cell
temperature is important for maintaining sample integrity, and key to increasing the rate of

SDS depletion by allowing for an increase in the applied current.

3.1 Varying Modes of TME Operation

The majority of TME experiments are/were performed at constant current however,

most electrophoretic procedures operate using a constant voltage as the driving force for
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migration (i.e. SDS-PAGE, GELFrEE, IEF). This is because there is a linear relationship

between migration speed (velocity, v) and voltage:

_v

= E 3.5

v

where d is the distance between the two electrodes (cm). For applications such as SDS-
PAGE, the resistance increases over time, as the highly conductive ions like Cl° are
electrophoresed out of the gel. Therefore, in a hypothetical constant voltage experiment,
the current will decrease over time as resistance increases (as per Ohm's law V' = IR). This
means, less heat will be generated as the experiment progresses (as per Equation 1.7, H =
I2Rt), which can be a desirable feature. However, a decrease in current means the rate of
migration decreases and the experiment will take longer. When performing SDS-PAGE at
constant current, the migration of sample proceeds at a uniform rate (giving predictable
stop times), but as the resistance increases, the voltage and heat generated will also increase,

which can be detrimental to the integrity and appearance of the gel.

In contrast, the resistance during TME is seen to decreases with time (like a Western

blot transfer), as seen in Figure 3.3.
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Figure 3.3 Plots of TME system resistance as a function of time during experiments run
at constant currents of 30, 50, 70, and 90 mA.

This is possibly due to the ionic strength of the sample chamber changing over time.
Specifically, the sample deposited into the TME device is prepared in water (with SDS) but
without TME electrolyte buffer. As TME proceeds, the electrolyte buffer (25 mM Tris, 192
mM glycine, pH 8.3) is electrophoresed into the sample chamber, which increases the ionic
conductivity and decreases the overall resistance. The lack of heat dissipation inside the
sample chamber also causes a decrease in viscosity and an overall decrease in resistance.
Furthermore, as the dialysis membrane warms it is possible the pore dimensions are being
distorted and easing current passage. The voltage during a constant current TME
experiment also decreases with time, which correlates with the observed resistance
decreasing over time (as per Ohm’s law V = [R). TME is a dynamic system and as the
contents of the sample chamber change, the magnitude of the electric field at a set current
will also change. However, it should be noted the effect of temperature on voltage is

indirect and associated with other factors within the experiment such as contents of

84



electrolyte buffer and geometry of the system. Further experiments are required to clarify

how temperature inside the sample cell impacts resistance and voltage during TME.

A decrease in both voltage and resistance should give an overall decrease in heat
generated at constant current. Although the temperature of the sample cell increases with
time, the magnitude of the increase becomes smaller over time, as less heat is generated
overall. This means the temperature of the TME sample cell should increase more slowly
over time, and possibly even reach a plateau. Alternatively, if TME is operated at constant
voltage, as resistance decreases, the current must increase (recall: V = IR), which leads to
an increase in the heat generated over time; an undesirable trait for preservation of soluble
proteins. Furthermore, if TME is operated at a constant power, as resistance decreases,
current will increase (but less than the increase observed with constant voltage, recall: P =
RI?), which suggests the generation of heat will remain approximately uniform. The trends
in heat generation are clearly depicted in Figure 3.4 which plots the change in temperature
of the sample cell over time for TME experiments run at constant current (A), constant

voltage (B), and constant power (C).
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Figure 3.4 The change in temperature over time for TME experiments run at A) constant

current, B) constant voltage, and C) constant power. TME samples initially contained 0.1
g/L BSA in 5000 ppm SDS.
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The change in temperature for constant current shows a clear trend of decreasing in
magnitude. This supports the concept that at constant current a decrease in the heat
produced within the system should be observed. At constant voltage, the plot depicts an
increase in the magnitude of the temperature difference over time. Also, as expected, TME
at constant power shows no noteworthy trends, suggesting a uniform generation of heat

over time.

The choice of constant current is even more appropriate when we consider how
current is carried by each component in the TME system. The smaller molecules present in
the system (buffer ions, SDS ions, sodium ions) contribute much more to the current than
the macromolecules (proteins). This is corroborated by the mathematical expression,
Equation 3.6, relating ionic conductivity, A;, to an ion’s mobility, p, (which is a function
of the size of the ion, recall Equation 1.5):

A =zFu 3.6
Since, TME is concerned with the migration of small SDS ions, maintaining a constant
current (rate of migration) is an appropriate choice for fastest depletion. Meanwhile,
constant voltage is more appropriate for procedures concerned with the predictable
migration of the macromolecules, where a constant driving force will be applied to all

components in the system.

These principles are based on available electrophoretic theories which mainly
describe gel electrophoresis, and the simple relationships describing electrical circuits. To
ensure, the TME agrees with these relationships, experiments were performed at constant

voltage and constant power, and compared to previous results obtained at constant current.
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3.1.1 Constant Voltage

TME depletion experiments on 0.1 g/L BSA initially at 5000 ppm SDS (0.5%) were
run at 300, 400, and 500 V constant voltage. Figure 3.5 depicts the SDS depletion plotted
as a function of time for each operating voltage. Each depletion curve is fit to an exponential

decay function with equations and half-lives found in Table 3.1.
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Figure 3.5 Residual SDS of 0.1 g/LL BSA initially at 5000 ppm SDS, plotted as a function
of TME run time at 300, 400, and 500 V constant voltage. The data are fit to exponential
decay functions with the error of the fit displayed as the shaded regions within the dotted
lines. Error bars represent the standard deviation from 3 replicate measurements.

Table 3.1 Equations for exponential decay fits of SDS depletion with TME at various
operating voltages, and their corresponding half lives.

Voltage  t1 (min)
2

V) Equation

300 44+08 SDS, = 5000e 0158t
400 37+1  SDS, = 5000e~0187¢
500 20x1 SDS, = 50000347t

As expected, a similar trend of increasing voltage (electric field) gives increasing SDS
depletion rates. At 300 V constant voltage, SDS is depleted to 23 + 20 ppm within 30 min

of run time. The half-life of SDS at 300 V was determined to be 4.4 + 0.8 min, which is
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the same half-life observed by Kachuk and colleagues in 2016 at 50 mA constant
current®. At 400 V constant voltage, depletion to below 100 ppm SDS is achieved within
20 min (91 £ 44 ppm), and after 30 min the residual SDS is down to 17 & 14 ppm. The
half-life of SDS at 400 V was determined to be 3.7 £ 1 min. Furthermore, at 500 V
constant voltage, 35 + 20 ppm is achieved within 12 min of run time, and after 15 min the
residual SDS is 16 + 6 ppm. The half-life of SDS at 500 V was determined to be 2.0 + 1
min. Although SDS is successfully depleted using constant voltage, the protein recovery

is compromised at high voltages (Figure 3.6).
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Figure 3.6 Protein recovery of 0.1 g/LL BSA initially in 5000 ppm SDS plotted as a
function of TME run time at 300, 400, and 500 V constant voltage. Error bars represent
the standard deviation from 3 replicate measurements.

At 300 V constant voltage, the final recovery of BSA was 75 + 23 % after 30 min of run
time. At 400 V constant voltage, the final recovery dropped to 50 + 14 % after 30 min of
run time. Additionally, there are also marked losses in protein recovery observed at 500 V

with a final recovery after 15 min of 54 + 12 %. The pattern of protein loss observed in
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Figure 3.5, can be better explained when the temperature of the TME sample well over time

is considered (Figure 3.7).
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Figure 3.7 Temperature of the TME sample cell, recorded over the course of the runs at
A) 300, B) 400, and C) 500 V constant voltage. The arrows on the x-axis correspond to
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time points where the power supply was temporarily paused, explaining the rapid drop in
temperture at these time points.

Each experiment required a number of voltage pause points to maintain a reasonable sample
cell temperature. These pause points are denoted on the temperature plots by the arrows on
the x-axis and is what gives the plots their non-uniform appearance. During the 300 V
constant voltage experiment, seen in Figure 3.7 A, the TME sample cell temperature
steadily ascended to 51.4°C despite incorporating pause/mix events every 5 min. When
considering the 400 V run (Figure 3.7 B), the large loss in recovery in the first 10 min can
easily be explained by the temperature reaching 87°C within 9 min of TME run time. At
500 V constant voltage, there is a steady decline in protein yield after the first 5 min, which
is supported by the temperature plot in Figure 3.7 C. The temperature of the sample cell
was difficult to maintain despite pause/mix events approximately every minute. Nearly the
entire plot resides above 60°C, which is what contributed to the steady yield losses over a
short period of time. A similar loss in protein recovery is seen at 500 V (compared to 400
V) though the run only required 15 min. Such significant losses can be attributed to the
amount of time the sample cell was >60°C. A combination of high levels of Joule heating
and time promoted the rapid losses observed between t=10 min and t=15 min for the 500

V run.

Returning to the discussion on electrophoretic theory, at constant voltage the current
generated throughout the run confirms a general upwards trend (results not shown),
however, it is worth noting that the maximum current reached by each experiment is
relatively low compared to constant current experiments. For example, the maximum
current reached at 400 V was only 26 mA, but as seen in Figure 3.7 B, the sample well gets

much hotter than if the experiment were run at 26 mA constant current (see Supporting Info
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ref. 65)%°. While the SDS depletion half lives are an improvement upon those published by
Kachuk and colleagues in 2016, the losses in protein are the highest among all the operation
methods (see Supporting Info ref. 65)%. Protein recoveries <55 % are only observed during
TME operated at constant voltage. Additionally, the recoveries observed in Figure 3.6 were
not found to be significantly different from one another (t-test, p>0.05) suggesting poor
recoveries are observed regardless of the magnitude of V. These results and observations,
validate the hypothesis that constant voltage is unsuitable for TME, because there is an

increase in heat generation over time.

3.1.2 Constant Power

TME depletion experiments on 0.1 g/L BSA initially at 5000 ppm SDS (0.5%) were
run at 10, 15, and 20 W constant power. Figure 3.8 depicts the SDS depletion plotted as a

function of time for each operating power and equations for exponential fits and half-lives

found in Table 3.2.
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Figure 3.8 Residual SDS of 0.1 g/l BSA initially at 5000 ppm SDS, plotted as a function
of TME run time at 10, 15, and 20 W. The data are fit to exponential decay functions with
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the error of the fit displayed as the shaded regions within the dotted lines. Error bars
represent the standard deviation from 3 replicate measurements.

Table 3.2 Equations for exponential decay fits of SDS depletion with TME at various
operating powers, and their corresponding half lives.

Power t1 (min)
(W) ’ Equation
10 52+0.8  SDS, = 5000e 0134
15 32+1 SDS, = 50000215t
20 24£2 SDS, = 5000e 0294t

As expected, increasing power gives increasing SDS depletion rates. At 10 W constant
power, SDS is depleted to 96 + 17 ppm within 30 min of run time, and 11 + 2 ppm after 40
min of run time, with a half-life of 5.2 + 0.8 min. At 15 W constant power, SDS was
depleted to 51 + 7 ppm in 20 min, with a half-life of 3.2 = 1 min. Likewise, at 20 W constant
power, SDS was depleted to 86 + 20 ppm within 15 min, and 7 + 2 ppm after 20 min, with
a half-life of 2.4 + 2 min. Unfortunately, the improvements on depletion time are of course

offset by the loss in recovery depicted in Figure 3.9.
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Figure 3.9 Protein recovery of 0.1 g/LL BSA initially in 5000 ppm SDS plotted as a
function of TME run time at 10, 15, and 20 W constant power. Error bars represent the
standard deviation from 3 replicate measurements.
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The protein recovery at 10 W remains relatively stable throughout the course of the
experiment, with an end recovery of 95 + 4 % after 40 min of run time. This yield
corresponds to the minimal Joule heating observed throughout the 10 W run, as seen the
temperature plot in Figure 3.10 A. The sample cell temperature remains below 38.3°C
throughout the entire 10 W run, which agrees with the consistent high protein recovery. In
contrast, the 15 W and 20 W experiments both have noticeable losses in protein yield after
20 min, ending with 84 + 14 % and 76 + 9 % respectively. The temperature at 15 W constant
power (Figure 3.10 B) approached 50°C within 8 min of run time and reached ~60°C by
the end of the run. Though losses are observed at 15 W, the final protein recovery is not
significantly different (t-test, p>0.05) than the 10 W run, indicating maintenance of
temperature below 60°C is important to sample recovery. When considering the steady
drop in protein recovery for the 20 W experiment, the temperature plot (Figure 3.10 C)
shows a dramatic increase up to 80.6°C, and a maintenance of temperature above 60°C for
the duration of the experiment. Although frequent pause points were introduced every ~2
min, control of the TME sample cell temperature was difficult. The final protein recovery
at 20 W was determined to be significantly different (t-test, p<0.05) than the 10 W run,

which correlates with Figure 3.10 C depicting temperature >60°C.
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Figure 3.10 Temperature of the TME sample cell, recorded over the course of the runs at
A) 10, B) 15, and C) 20 W constant power. The arrows on the x-axis in C correspond to
time points where the power supply was temporarily paused.
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As expected, constant power (like constant voltage) also worsened Joule heating
within the sample cell. At constant power, the current increased over time however, not as
much as with constant voltage (as per Joule-Lenz law: P = I?R). For example, at 15 W,
the maximum current achieved was 29 mA, but the temperature of the sample cell was
higher than that observed for a typical 30 mA constant current run (see Supporting Info ref.
65)%. These results suggest maintaining a constant power (and a theoretically uniform

generation of Joule heating) is not the optimal operation mode for best results with TME.

Each operation mode depletes SDS from the protein sample, and the rate of SDS
depletion increases as the strength of applied voltage or power is increased. However,
substantial losses in sample yield are observed for both operation methods. It has been
shown heat generation during constant current experiments is the smallest (see Figure 3.4),
and the experiments presented above demonstrate a decrease in sample yield compared to
previous constant current data. For the remainder of experiments presented in this thesis,
constant current was utilized to operate TME, mainly to minimize the generation of Joule

heat.

3.2 Single Layer vs Double Layer MWCO Dialysis Membrane During TME

A point of high resistance is the dialysis membrane interface and modifying its
parameters could provide changes in the resistance. The membrane employed during TME
is from a roll of dialysis tubing. As originally disclosed by Kachuk and colleagues in 2016,
the dialysis tubing was placed on either side of the sample chamber, partitioning the sample
from the two electrolyte buffer chambers on either side®. This setup therefore places two
layers of dialysis membrane on either side of the sample cell. Conventional dialysis

employs a single layer of membrane tubing, so it is reasonable to assume that TME should
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function with a single layer of the tubing. Assuming a constant resistance across the
membrane, a single layer would decrease the overall thickness of the membrane, which in
turn reduces the work done by the electric field to move a charged particle, as per the
equation below:

W = qEd cos 8 3.7
where IV is the work done by the electric field, and 0 is the angle between the electric field
and the path of the charged particle. Although this is a simplified explanation, the concepts

of heat production and work are closely related!?%!3!

, and it is appropriate to conclude they
are correlated here. To provide evidence for this hypothesis, a simple experiment was

conducted in parallel comparing SDS depletion rates at 50 mA, with a double layer and a

single layer of membrane.

Figure 3.11 depicts the temperature of the sample cell measured in real-time with a

single or double layer of dialysis membrane.

30- + Double
20- - Single

0 5 10 15 20 25 30 35 40
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Figure 3.11 Temperature of the TME sample cell, run at 50 mA for 40 min with a single
layer or double layer of dialysis membrane (0.5 — 1 kDa MWCO) covering each side of
the sample cell cartridge. Initial sample contained 0.1 g/L BSA in 5000 ppm SDS. The
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red arrows correspond to the time points where the power supply was temporarily paused
(~30 seconds) during the double layer run to allow additional heat dissipation.

When using a single layer of dialysis membrane, a dramatic effect on temperature within
the sample cell was observed. With a double layer of dialysis membrane, 65.2°C is reached
within 5 min of run time, and regular voltage pausing events were performed throughout
the run to maintain reasonable sample cell temperatures, though reaching a final
temperature of 78.9°C (dangerously high in terms of both protein yield, and safety). In
contrast, the single layer TME run doesn’t reach 60°C until 17 min and displays a much
slower increase in temperature, which resulted in fewer pause events required. This finding
is corroborated by significant differences (t-test, p<0.05) in average resistance over time,
4.7 £ 0.3 kQ for the single layer run, and 8.8 = 0.2 kQ for the double layer run (1.8 times).
For context, the resistance across the system without membranes was determined to be ~4.3
kQ, and with one membrane (2 layers) ~6.5 kQ. The resistance is nearly halved when using
a single layer of membrane. These values verify why lower temperatures are observed and

suggests reducing resistance will permit the ability to operate at higher currents.

Reducing the thickness of the membrane has the potential to impact its retentive
ability. A thinner membrane could result in more protein losses through the membrane
during TME. However, as seen in Figure 3.12, the protein yield remains >90% and

statistically similar between the two treatments (t-test, p>0.05).
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Figure 3.12 Protein recovery of samples containing 0.1 g/L BSA initially at 5000 ppm
SDS after 40 min of TME run time using a single layer or a double layer of dialysis
membrane (0.5 — 1 kDa MWCO). Error bars represent the standard deviation from 3
replicate measurements.

No significant changes in SDS depletion rates were observed over the course of 40

min when using a single layer of dialysis membrane (Figure 3.13).
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Figure 3.13 The residual SDS of'a 0.1 g/L BSA solution initially containing 5000 ppm
SDS, plotted as a function of TME run time with a single layer or a double layer of
dialysis membrane (0.5 — 1 kDa MWCO). The data are fit to exponential decay functions
with the error of the fit displayed as the shaded regions within the dotted lines. Error bars
represent the standard deviation from 3 replicate measurements.
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Table 3.3 Equations for exponential decay fits of SDS depletion with TME using a single
or a double layer of dialysis membrane (0.5 — 1 kDa MWCO) and corresponding half-
lives.

t1

Treatment (mizn) Equation

Single 3.5+£2 SDS, = 5000e 0197
Double 40+2 SDS, = 5000e 0171t

Beginning with 5000 ppm SDS, both the single and double layer conditions reduced the
level of SDS to below 100 ppm in under 20 min of TME run time (101 + 2 ppm and 50 +
20 ppm respectively). At 30 min, the residual SDS in the single layer run is lower than that
of the double layer run by ~15 ppm, however, considering the starting value (5000 ppm)
both samples could be considered equivalently “pure” at this point. After 40 min the levels
of residual SDS are within error for both the single and double layer (5 =2 ppm and 7 £ 2
ppm respectively). Switching to a single layer of dialysis membrane did not significantly
change the half-life (3.5 = 2 min for the single layer vs 4.0 + 2 min for the double layer).
The marginal differences between SDS depletion rates can easily be explained when
considering the basic equation describing flux through a porous membrane:

er?

L, = .
P = Bo. 3.8

where ¢ is the volume void fraction of the membrane, &§,, is the membrane thickness, and
r is the pore radius. This equation describes the hydraulic permeability of a membrane (i.e.
ability for a material to transmit a fluid) as inversely proportional to the thickness of the
membrane. Therefore, a reduction in the thickness should increase the ability for the
membrane to transfer fluid and solutes within that fluid (such as SDS). This also supports

the observed increase in resistance seen when the membrane is thicker.
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Although minimal changes in SDS depletion rate were observed, the most important
result is seen in the temperature and resistance data. It can be concluded that there is no
decrease in TME depletion performance (in terms of SDS depletion rate and sample yield)
when operating with a single layer of dialysis membrane. However, there are substantial
changes to the temperature of the TME sample cell, which directly correlates to the overall

resistance within the system being approximately halved.

3.3 Loss of Protein During TME

One of the main concerns when operating TME is the protein losses directly
associated with Joule heating. It is assumed that heating promotes protein aggregation,
adsorption onto the membrane, and perhaps even precipitation. SDS promotes
solubilization but completely denatures a protein’s tertiary structure, which exposes its
hydrophobic regions. This exposure further promotes the tendency of proteins to aggregate
as SDS is removed from the sample. To gain a clearer understanding of whether these truly
are the methods of sample loss during TME, an experiment was conducted to evaluate the
decrease in solubility of a protein sample after the SDS has been removed. Samples of BSA
(0.1 g/L) prepared in water without SDS, or in 5000 ppm SDS, or following SDS depletion
by TME (30 mA, final SDS <100 ppm) were gradually heated in a heat block to 85°C.
Figure 3.14 displays the protein remaining in solution following heating for the specified

times.
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Figure 3.14 Samples of 0.1 g/L BSA prepared in water (negative control) or in 5000 ppm
SDS (positive control), or following SDS depletion by TME (30 mA for 1 hour, final
SDS <100 ppm) were gradually heated in a heat block to 85°C. The protein remaining in
solution following heating is plotted on the right y-axis. The left y-axis is plotting the

temperature of the heat block during the experiment. Error bars represent the standard
deviation from 3 replicate measurements.

The negative control was the solution of BSA prepared in the absence of SDS, and the
positive control was the solution of BSA in the presence of 5000 ppm SDS. As expected,
the presence of a solubilizing agent allowed the SDS-containing protein to remain in
solution throughout the heating process. The protein sample prepared in water is seen to
precipitate out of solution as the sample is heated (Figure 3.14, blue curve). While, the
SDS-depleted protein (Figure 3.14, black curve) begins to aggregate at a lower temperature,
and to a greater extent over the course of 180 min. This indicates that the denatured but
SDS-depleted protein sample is most susceptible to temperature-induced aggregation. In
addition, this figure provides supporting evidence for the critical temperatures associated

with TME protein loss. The SDS-depleted sample begins to precipitate after 30 min, which
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corresponds to a temperature of ~60°C. However, BSA is a single protein and behaves
differently than a complex mixture (such as a proteome) would in this environment. The
MW, hydrophobicity, and amino acid content can all contribute to varying levels of heat
stability above and below 60°C??7. Overall, SDS-depleted denatured protein samples will
aggregate and precipitate more readily upon heating, and at lower temperatures than native
BSA. This study has confirmed the importance of maintaining sample cell temperatures
below 60°C and illustrated the magnitude of impact Joule heating can have on the recovery

of sample during TME.

3.4 Use of Cold Formic Acid to Rinse TME Sample Wells

Protein loss during TME due to Joule heating is a potential problem, most notably
when operating at high currents. With only a single layer of membrane as a barrier, and
much higher applied forces acting on the proteins, there is additional risk of sample loss
out of the sample chamber. It is hypothesized the sample loss during TME pertains to
proteins which are still inside the sample cell but have aggregated and adsorbed onto the
membrane, which makes them difficult to recover. However, it is theoretically possible for
some protein to have passed through the membrane. To provide a clearer picture of how
sample is being lost, a re-extraction step is added to the clean-up procedure. Once TME has
completed depletion, the sample is removed from the sample chamber and any remaining
protein is resolubilized in appropriate solvent. It has been previously shown that rinsing the
sample cell with 80% (v/v) cold formic acid®® can recover some of the precipitated proteins,
providing an increase in protein identification with MS®. TME experiments were run at 70
mA constant current for 20 min with initial recoveries between 72-83% (blue bars in Figure

3.15 A). As described, the sample chambers were rinsed with formic acid to recover any
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remaining proteins missed when the initial sample was removed. The green bars in Figure
3.14 A depict the additional 12-20% protein recovery collected from the formic acid re-
extraction, likely lost to aggregation/adsorption. This experiment was then repeated, but
the formic acid step included a stir bar mixing the formic acid for ~5 min. As seen in Figure

3.15 B, the new final recoveries after rinsing with a stir bar all reach 100%.

A) Bl Initial Recovery
B Formic Acid Wash

100-
80-

% Protein Recovery
B (@)
.2

20-
0_'
N Vv % ™
TME Well Number
B)

100-

o}
?

N
?

% Protein Recovery
N (e}
2. <

<

N ) o) ™
TME Well Number

Figure 3.15 Initial protein recovery of samples containing 0.1 g/L BSA after SDS-
depletion with TME at 70 mA for 20 min, and protein recovery after a rinse with 80%
cold (-20°C) formic acid with a) no stirring, and b) with stirring for 5 min. Error bars
represent the standard deviation from 3 replicate measurements.
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It is clear from these figures, mixing inside the sample chamber is an important step in fully
recovering all protein that may have come out of solution during the run. The requirement
of mixing indicates some unfolded and aggregated proteins may have found their way into
the pores of the membrane. Even though regenerated cellulose membranes are considered
hydrophilic, and assumed to carry no net charge, there is still some interaction between the
protein and the membrane. This theory is corroborated in the work done by Sheldon and
colleagues in 1991, which states unfolded BSA can accumulate on the surface and within
the bulk of regenerated cellulose MWCO membranes of pore sizes much smaller than
BSA??8, Additionally, it has been shown that an unfolded protein is more likely to deposit
onto the membrane surface and have a larger negative impact on flux than a globular
protein'*!, which is likely because of its increased Stokes radius®*. Although the cited
results were collected without the influence of an electric field, it is a safe assumption that
any drift velocity associated with the movement of protein in TME would further aid a

protein’s insertion into the membrane.

As SDS is depleted from the sample, it is known (from circular dichroism Spectra
Figure 3.16) the protein remains in an unfolded, non-globular state, and is therefore much
more likely to adsorb onto the membrane and lower overall flux and increase resistance.
Mechanical perturbation in combination with a formic acid rinse is an effective strategy to
recover proteins which have become deeply embedded or strongly adsorbed onto the

membrane after depletion.
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Figure 3.16 Circular dichroism spectra of a 0.1 g/LL SDS depleted BSA sample, initially
at 5000 ppm SDS (depleted using TME at 30 mA constant current for 1 hour), a 0.1 g/L
sample of BSA in 5000 ppm SDS (positive control), and a 0.1 g/L. sample of BSA in
water (negative control).

3.5 SDS Back Diffusion with Removal of Electric Field

Conventional dialysis works on the principle of passive diffusion, and molecules
move until equilibrium is established. Equilibrium occurs when the concentrations of said
molecule (or solute) are the same on both sides of the membrane. It has been shown that
conventional dialysis cannot completely purify a sample of the protein-bound SDS
molecules, and only depletes the free in solution SDS. This is because the free energy of
binding between SDS and protein cannot be overcome passively, no matter how long the
dialysis procedure continues''®. Because of this, dialysis was often used to determine
binding ratios like SDS to protein (determined to be 1.4 g SDS/g protein)* or the binding

of proteins to small molecule solutes or cofactors®*

. Additionally, previous experiments
by Kachuk in 2016 show an assembled TME apparatus in the absence of an electric field

(essentially conventional dialysis) only depletes 60% of the SDS after 1 hour®!. The goal
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of TME is to achieve purity levels appropriate for downstream MS analysis (<100 ppm) in

less than 1 hour, meaning conventional dialysis is not appropriate.

TME differs from conventional dialysis because it operates to the point where the
concentration of SDS inside the sample chamber is much lower than that on the outside
anode buffer chamber. As the concentration of SDS decreases in the sample chamber, the
possibility of SDS back diffusing (in relevant quantities) into the sample chamber grows.
At the end of a typical TME experiment (starting SDS conc. is 5000 ppm), the final
concentration in the anode buffer chamber is ~65 ppm, while the final concentration in the
sample chamber is below 10 ppm. This means, once the electric field is no longer applied,
the SDS molecules have the potential to diffuse from the anode chamber back into the
sample cell with a rate proportional to the concentration difference (as per Fick’s law of
diffusion, see Equation 1.10). As seen in Figure 3.17, once the electric field is removed,
the increase in SDS in the sample chamber over time is rapid, increasing to 98 ppm within

10 min (plotted on right y-axis).

107



-~ SDS in Sample Cell (ppm)
-= SDS in Buffer Chamber (%)

100 -1400 &
o ] I w
S ] - —.
= g5 /{_1200 =
2 : -1000 o
— ] L QO
5 9 1800 3

] : o
5 65 600 ®
Y ] @)
n ] 400 @
D 80__ - ~~
p A
5¢————————————— 70 \3/
0 50 100 150 70

Time (min)
Figure 3.17 Quantification of the diffusion of SDS over time from the anode TME buffer
chamber back into the sample cell after depletion is complete and the electric field is
turned off. The red plot (squares) is quantifying the % SDS remaining in the anode
chamber over time (left y axis), while the black plot (circles) is quantifying the increase in

SDS (ppm) in the sample chamber over time (right y axis). Error bars represent the
standard deviation from 3 replicate measurements.

Considering the sample was originally below 10 ppm after depletion, this is a significant
level of back diffusion in a short period of time. During depletion, as the level of SDS in
the sample chamber approaches lower limits, only a small amount of back diffusing is
required to contaminate it. The red curve in Figure 3.17 (left y-axis) bears a close
resemblance to a traditional dialysis curve in which the percent of solute remaining is
plotted over time. It can be seen, the concentration of SDS in the sample chamber reaches
a plateau around 1 hour at ~1100 ppm and remains statistically unchanged for the remaining
11 hours of the experiment, indicating the back diffusion of SDS has reached some form
of equilibrium. This value is very high considering the concentration in the anode chamber

after depletion was ~65 ppm. As mentioned, diffusion is based on concentration differences
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of free solutes, and does not provide enough energy to facilitate the diffusion of protein-
bound SDS. Therefore, as SDS diffuses back into the sample chamber, it re-binds to the
protein and becomes unavailable for further diffusion, thus pushing the “equilibrium”
further towards the sample chamber. SDS will diffuse back into the sample chamber until
the protein binding sites are full and the concentration of free SDS is equal on both sides
of the membrane. Based on a ratio of 1.4 mg SDS/mg protein and 0.05 mg protein in each
well, ~0.07 mg of SDS will be completely bound within each well and will not contribute
to the establishment of equilibrium. This indicates ~0.5 mg of SDS free in solution in each
sample chamber (~2 mg total), in equilibrium with the buffer chamber (containing ~8 mg
total). These numbers indicate a non-equilibrium state, but there may be other factors
influencing the observed levels back diffusion, such as overall ionic strength of the sample
chamber compared to the outer chambers. This experiment illustrates the need to remove
the SDS depleted sample from the TME immediately upon completion, and the importance
of this step increases as the level of sample purity increases. Additionally, this experiment

further validates how ineffective conventional dialysis is at depleting protein-bound SDS.

3.6 SDS Depletion Rates at Higher Currents

It has previously been shown for TME that operating at higher current density will
increase the rate of SDS depletion®>. However, at higher currents excessive Joule heating

encourages protein aggregation and membrane fouling®. It was for this reason, the TME
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was limited to operation at 40 mA, to maximize protein recovery. Due to the low operation

current, SDS depletion would require ~45-60 min to achieve the desired purity of <10 ppm.

The goal of the following work was to increase the depletion rates of TME to less
than 1 hour of operation time. To do so, the operating current was increased up to a
maximum of 90 mA, and SDS depletion rate was observed. For the purposes of this study,
the effects of Joule heating on protein recovery were not discussed yet. In addition, the
desired purity for these experiments was increased from 10 ppm to <100 ppm, to help
reduce the effects of prolonged exposure to Joule heating. Assuming a 5000 ppm starting
concentration of SDS, achieving <100 ppm corresponds to >98% depletion, which is still
outperforming many alternative depletion methods. In addition, it should be stressed 100
ppm is considered acceptable for standard downstream MS analysis®**°. The threshold
levels of 10 ppm and 100 ppm SDS were previously put forward by the Doucette group,
and are both amenable to downstream analysis. Desired purity levels depend on sample
type, LC-MS instrumentation, and what type of information is required (i.e. identification
VS quantitation). Additionally, TME is one of the only available methods which provides
“tunability” to the purity level of the sample, and this can be advantageous for maintenance
of high sample yields. Figure 3.18 depicts SDS depletion with TME of a 0.1 g/LL BSA
solution (initially at 5000 ppm SDS) at 30, 50, 70, 80, and 90 mA constant current. Table
3.4 depicts the equations for the exponential fits seen in Figure 3.18 and corresponding
half-lives, along with half-lives from the previous study by Kachuk and colleagues in 2016

for comparison®’.
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Figure 3.18 The residual SDS of a 0.1 g/LL BSA solution containing 5000 ppm SDS,

plotted as a function of TME run time at currents ranging from 30-90 mA. The data are fit

to exponential decay functions with the error of the fit displayed as the shaded regions
within the dotted lines. Error bars represent the standard deviation from 3 replicate

measurements.

Table 3.4 Equations for exponential decay fits of SDS depletion with TME at various

operating currents, and their corresponding half-lives.

Current t1 Present study  t1 Kachuk et al, 2016%°
(mA) ’ (min.) ’ (min.) Equation
0 n/a 77 n/a
20 n/a 12 n/a
30 6.8+ 1 8.9 SDS, = 50000102t
40 n/a 59 n/a
50 34+1 4.4 SDS, = 50000201t
70 20+1 n/a SDS, = 5000e~9:33%¢
80 1.5+1 n/a SDS, = 5000e 0465t
90 1.1£1 n/a SDS, = 50000616t

When considering operation at 50 mA, SDS was reduced to 75 + 15 ppm within 15 min of
TME operation, which corresponds to 98.5% depletion. When the current is increased to
70 mA, 82 + 8 ppm (98.4%) is achieved within 10 min of operation time. Similarly,

increases to 80 mA and 90 mA required even shorter operation times (t=8.5 min. and t~6.4
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min respectively) to achieve <100 ppm. It is difficult to directly compare the above results
as each experiment was terminated at a different final concentration of SDS. However,
based on the equations of the exponential fits, a plot depicting the time required to reach

100 ppm at each current is seen in Figure 3.19.
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Figure 3.19 Plot depicting the time required by TME to reach 100 ppm for different
operating currents. The curve is fit using a quadratic function with the equation y =
0.00849x% — 1.53x + 76.3 and an R? = 0.995.

This plot clearly shows a decrease in the time required as the applied current is increased,
and interestingly, the trend is non-linear. A quadratic function is used to fit the data, with
an equation of y = 0.00849x% — 1.53x + 76.3 and an R? = 0.995. The data validates an
increase in current provides increase in depletion rates (increase in SDS flux). However, it
is clear, further increases in current provide progressively smaller improvements to run

time. It is unclear as to why this relationship exists, but it can be hypothesized excessive
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levels of Joule heating experienced at high currents contributes to significant membrane

fouling which ultimately slows depletion.

These values improve on the original 60 min operation time (see Table 3.4), but
considerable amounts of Joule heating necessitated many pause/mixing events to avoid
precipitation, membrane fouling, and potential boiling of the sample. This requirement

made actual total run times ~10% longer than indicated on the x-axis.

From Table 3.4 the expected trend of reduction in the SDS half-life as current is
increased can be seen. The relationship is expected to be proportional as per Equation 1.19,
but a non-linear relationship is observed. When the decay constants are plotted as a function

of current, the relationship trends towards a quadratic function (Figure 3.20).
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Figure 3.20 SDS depletion decay constants at varying currents from TME runs of the
present study compared to SDS depletion decay constants of the previous study®. Each
data set is fit to a non-linear second order polynomial curve with equations y =

8.91 X 10™°x2 — 0.00241x + 0.0868 for the present study and y = 1.37 x 10™°x2 +
0.00205x + 0.00951 for the previous study. Error bars represent the standard deviation
from 3 replicate measurements.
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This relationship is seen with the current study and with data from the previous TME
studies®®. There are a number of possible reasons the expected linear trend is not observed.
To begin, at lower current densities diffusive transport may provide more of a contribution,
which explains why the 2016 study curve appears “more linear” in nature compared to the
current study®. For the current study, the contributions of convective flux could be
considered. The high degree of Joule heating produced at higher currents bring appreciable
levels of temperature fluctuation, which promotes increased convective transport. A similar
trend of non-linearity is observed in the literature in Kasting’s model of ion transport, which
models diffusion and electro-migration'?S. Additionally, the trend of non-linearity is
observed for similar electrophoretic membrane-based processes like EME'?? and
electrodialysis'®*%!, In these studies the deviation from the expected trend is attributed to
on-going changes in ionic content of the donor and acceptor solutions over time, as well as,
large increases in Joule heating which lead to a decrease in solution viscosity, and hence

an increase in ionic mobility!?>182231,

3.7 Twelve Kilodalton vs One Kilodalton MWCO Dialysis Membrane

Previous changes to the parameters defining the membrane (i.e. thickness) resulted
in significant changes in resistance within the system. Just as the thickness of the membrane
affected the overall resistance of the system, the diameter of the pores in the membrane
have an influence as well. A lower overall resistance will produce less Joule heating and
allow for operation of TME at higher currents. Previous SDS depletion studies were
conducted using dialysis membranes with MWCOs of 0.5-1 kDa, 3.5 kDa, and 6-8 kDa,
and no trend in SDS depletion rate or protein yields were observed®'. All membrane sizes

successfully depleted SDS to the desired level, but no conclusions could be drawn about
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the effectiveness of a particular pore size over another®!. Theoretically, an increased pore
size should also provide a larger diffusion coefficient, by increasing &, the volume void
fraction of the membrane (Equation 1.20), and decreasing ¢, the reduced pore diameter
(Equation 1.22 and Equation 1.23). Although, contribution to overall flux by diffusion is

small and it is unlikely to provide any meaningful changes in SDS flux.

Here, TME is operated using membranes with pore sizes of 12-14 kDa MWCO and
0.5-1kDa MWCO to assess the impacts on resistance and Joule heating. As seen in Figure
3.21, the larger pore size is associated with lower observed sample cell temperatures

throughout the run.
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Figure 3.21 Real time temperature of the TME sample cell during SDS depletion using a
0.5-1 kDa MWCO dialysis membrane or a 12-14 kDa MWCO dialysis membrane. The
black and blue arrows correspond to points where the power supply was temporarily
paused.

Although, both MWCO sizes were given three pause events throughout the course of the
run to allow for additional cooling, it is clear TME operated with a 12-14 kDa membrane
remains cooler overall. The lower observed temperatures with the 12-14 kDa MWCO
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membrane correlate to lower TME system resistance. The average resistance observed for
the 0.5-1 kDa membrane was 6.3 kQ, and 5.6 kQ for the 12-14 kDa membrane. It should
be noted these values correspond to overall system resistance (2 membranes, one on either
side of the sample cell cartridge) and are not specific to resistance observed across the
membrane at the anode interface. Nonetheless, the only differences between the 0.5-1 kDa
membrane run and the 12-14 kDa membrane run was the pore size of the membrane,

therefore the difference in resistance observed can be attributed to this change.

Perhaps in complete parallel with the membrane thickness experiments, differences
in temperature and resistance were observed, but no noteworthy decreases in SDS depletion
rate or sample yield were seen. Figure 3.22 depicts the SDS depletion curves for TME

operated at 50 mA with a 0.5-1 kDa membrane or a 12-14 kDa membrane.
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Figure 3.22 The residual SDS of a 0.1 g/LL BSA solution containing 5000 ppm SDS,
plotted as a function of TME run time at 50 mA constant current using a dialysis
membrane with a 0.5-1 kDa MWCO or a 12-14 kDa MWCO. The data are fit to
exponential decay functions with the error of the fit displayed as the shaded regions
within the dotted lines. Error bars represent the standard deviation from 3 replicate
measurements.
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It could be hypothesized that larger pore diameter can be associated with faster movement
of SDS, which would appear as an increase in depletion rate compared to 0.5-1 kDa MWCO
membrane. However, the SDS depletion rates for each pore size have minimal differences
between them. The final concentration of SDS at 30 min of operation time is statistically
the same, whether the 0.5-1 kDa MWCO membrane or the 12-14 kDa MWCO membrane
is used with final values of 25 + 4 ppm and 38 + 9 ppm respectively. It is known from the
equation describing diffusivity at infinite dilution, D° (see Equation 1.24), diffusivity will
increase with increasing temperature, which means the actual observed diffusivity, D, will
also increase. Therefore, the slower flux seen with a smaller pore size, might be mitigated
by the increase in heat throughout the run which increases the flux indirectly. An increase
in Joule heating decreases viscosity and increases both ion mobility and diffusivity. This is
a likely explanation as to why minimal differences are observed between the two
membranes for SDS depletion. The 12-14 kDa MWCO membrane appears faster initially
(t=0 to t=20), but as the run continues to 30 min, the sample with the 0.5-1 kDa MWCO
membrane warms and an increase in flux is observed, hence both experiments finish at near
identical residual SDS values. Future experiments assessing how membrane warming

impacts SDS depletion rates could help clarify the presented hypothesis.

When employing membranes with larger pore sizes for TME it is important to
consider how the retention of small MW proteins will be affected. This is especially
important when considering that top down MS experiments are generally most successful
with proteins <30 kDa?*2. Though, ideally the TME should be universally applicable to
proteins of all sizes within a proteome. Given that BSA has a MW of 66.5 kDa, it is unlikely

it will be affected by increasing the MWCO to 12-14 kDa. However, when considering a
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protein like ubiquitin, which has a MW of 8.5 kDa, it is possible the retention will decrease.
It should be noted the MWCO values associated with dialysis membranes are ranges based
on an average Stokes radius rather than a strict cut off. Additionally, the Stoke’s radii of
most proteins increases after denaturing (typically by factors of 1.6-2.2 for monomeric
proteins)*?. Furthermore, the hydrodynamic radius of a protein also increases when
complexed with SDS, for example the hydrodynamic radius of BSA increases by a factor
of 2.7 when bound to SDS?**. Nonetheless, Figure 3.23, displays a yield of 21 + 7% for
ubiquitin after TME using a 12-14 kDa MWCO membrane, while the yield using the 0.5-1

kDa MWCO membrane is significantly higher at 75 = 15% (t-test, p<0.05).
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Figure 3.23 Final protein recovery for TME depletion on 0.1 g/L ubiquitin initially in
5000 ppm SDS using a 0.5-1 kDa MWCO dialysis membrane or a 12-14 kDa MWCO

dialysis membrane. Error bars represent the standard deviation from 3 replicate
measurements.

It is unclear whether the losses observed are due to ubiquitin passing completely
through the membrane pores or being just large enough to become lodged within the pores.
However, the exclusion of protein mixtures from nanoporous membranes has been

observed even with a pore size more than twice as large as the protein diameter?**. With
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this in mind, another experiment was performed to try and boost the retention abilities of
the membrane towards ubiquitin. A protein sample containing 0.1 g/L BSA and 0.1 g/L
ubiquitin was depleted using TME with a 12-14 kDa MWCO membrane and subsequently
separated using a 30 kDa MWCO centrifugal filter cartridge, which allowed ubiquitin to
flow through, while the BSA was retained on the filter. Separation allowed for separate

protein-specific yield measurements seen in Figure 3.24.
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Figure 3.24 Final protein recovery for TME depletion of a mixture of 0.1 g/L BSA and
0.1 g/L ubiquitin initially in 5000 ppm SDS using a 12-14 kDa MWCO dialysis
membrane. After depletion, protein samples were separated based on MW using a 30 kDa
MWCO centrifugal filter cartridge, to get separate yield measurements for each protein.
Error bars represent the standard deviation from 3 replicate measurements.

The final yield of ubiquitin was 41 + 9% and the yield of BSA was 87 + 10%. It can be
seen the presence of other proteins has an impact on the ability of ubiquitin to adsorb to or
pass through the membrane. The recovery of ubiquitin was approximately doubled when
BSA was present in equivalent quantities. Although different to TME, the reduction in flux
of one macromolecule due to the presence of another is a well understood phenomenon in
nano- and ultrafiltration membrane processes and is mainly due to pore-blocking,
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133,134,140235-238 " T short, the most retained

concentration polarization, and adsorption
species (here it is BSA), forms a dynamic membrane on the surface of the filtration
membrane essentially creating a new membrane surface where the working pore size is
dictated by the particles themselves (BSA molecules)*®. The formation of a cake layer on
the membrane surface is also the prevailing reason why there is often minimal noticeable
difference in flux or purity when changing the size of the pores for most filtration
procedures®*’. Although there is much less protein present in TME systems, there is
evidence in the literature for dilute protein solutions also experiencing fouling
phenomena®¥®. Additionally, it has been proposed the initial stages of membrane flux

decline can occur within seconds of the process beginning, which suggests TME is

vulnerable to these mechanisms, just as other membrane filtration processes are!**.
3.8 Chapter 3 Conclusions

The experiments presented in this chapter demonstrate how changing the
parameters of the membrane can have profound impacts on the levels of Joule heating
experienced. A thinner membrane and a larger-pored membrane can both provide a
decrease in the overall resistance observed across the system, and hence a decrease in the
levels of Joule heating experienced. This could allow for safe operation of TME at higher
currents. Additionally, no statistically significant change in SDS depletion rates was
observed after changing the membrane thickness and pore size. Though, larger pore sizes
gave poor recovery for smaller proteins. This is likely due to poor retention or enhanced
adsorption and pore-blocking. This phenomenon can be lessened when a mixture of
differently sized proteins is used with a larger pored membrane. It is hypothesized the larger

proteins form a dynamic layer in front of the membrane (due to concentration polarization)
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which aids in retention of smaller components and discourages unfavourable and/or
irreversible interactions with the membrane surface. TME is designed for use on proteomic
samples which contain thousands of different components that could contribute to the

formation of a dynamic membrane.

Moreover, the potential for SDS depletion time to be shortened significantly is
displayed by increasing the applied current up to 90 mA. Extremely fast depletion times
(<15 min) and extremely low half-lives (down to 1.1 + 1 min) are observed at 90 mA, and
show large improvements over the previous studies on TME®. However, more strategies
to combat Joule heating at these high current levels are still required to achieve optimal
operation. Further discussions into the complete impacts of high current TME operation on
protein recovery and other possible strategies to mitigate high levels of sample heating will

be presented in the next chapter.
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Chapter 4: Alleviating the Effects of Joule Heating During TME'

4.1 Impacts of Joule Heating at Higher Currents

Operation of TME at higher currents brings on new challenges associated with Joule
heating and protein sample solubility. Various strategies for heat dissipation, including pre-
chilling the TME device and electrolyte buffer, as well as intermittent manual
pausing/mixing are laborious and limited in their capacity to manage heat. This chapter
presents a simple and automated solution to the problems of heat generation during TME
at higher operating currents. The implications of which will be observed experimentally
and correlated to mathematical expressions from Chapter 1 for SDS flux and observed

resistance.

Returning to the depletion experiments seen previously in Figure 3.18, although
much higher rates of depletion are observed compared to the previous study in 2016%, the
temperature and protein recovery plots illustrate the severe impacts of Joule heating. Figure
4.1 displays the real time temperature data for TME when operated at constant currents

ranging from 30 to 90 mA.
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t Portions of this chapter have been published in: Unterlander, N.; Doucette, A. A.
Accelerated SDS depletion from proteins by transmembrane electrophoresis: Impacts of
Joule heating. Electrophoresis, 2018. DOI: 10.1002/elps.201700410.
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Figure 4.1 Real time temperature data for TME on 0.1 g/L BSA (initially in 5000 ppm
SDS) using A) 30 mA, B) 50 mA, C) 70 mA, D) 80 mA, or E) 90 mA constant current.
The arrows correspond to points where the power supply was temporarily paused. These
runs correspond to those which yielded the results of Figure 3.18.

Increasing the TME current to beyond 50 mA, requires multiple pause events throughout
the run, which are depicted in Figure 4.1 as arrows along the x-axis. Additionally, it can be

noted, as the current is increased past 50 mA, the sample cell temperature breaches the
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60°C limit multiple times throughout a run, despite many pausing events. As the current is
increased from 70 mA through to 90 mA, the frequency of pausing events increases to the
point where pausing is required every 1-2 min to avoid boiling the sample, making these
runs impractical. With significant increases in Joule heating being experienced inside the
TME sample cell, it follows that protein yields will decline. As seen in Figure 4.2, the
protein yields progressively drop as the current is increased, and progressively lower as the

operating time increases.
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Figure 4.2 The percent protein recovery of BSA initially at 0.1 g/L in 5000 ppm SDS
plotted as a function of TME run time at currents ranging from 30-90 mA. These runs
correspond to those which yielded the results of Figure 3.18 and Figure 4.1. Error bars
represent the standard deviation from 3 replicate measurements.

The observed results are consistent with Equation 1.7 (H = I?Rt) relating heat generated
to applied current and time. Interestingly, the run at 90 mA finishes with a significantly
higher (t-test, p<0.05) overall yield than the 80 mA run and this is attributed to the fact that

a run at 90 mA only requires 10 min of TME rather than 15 min. The highest final yields
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are seen with the 30 mA and 50 mA constant current runs (84 + 9% and 85 + 5%,
respectively), in which the temperature remains below 60°C for the entirety of the runs
(Figure 4.1). Maintenance of temperatures below 60°C during the 30 mA and 50 mA runs
gave significantly higher final yields compared to the 70 mA and 80 mA runs (t-test,
p<0.05). It has already been shown that any “lost” protein can be recovered with a simple
80% cold formic acid rinse (see Figure 3.15) though potential for membrane fouling may
decrease SDS depletion rates. In the 70 mA run, the temperature has increased well beyond
60°C 3 times within the first 10 min, demanding 3 pause points. Pause points are
incorporated throughout the run, but there was still difficulty in maintaining a reasonable
sample cell temperature. This explains the significantly lower (t-test, p<0.05) final protein
yields observed at 70 mA (62 + 12%) and those observed at 80 mA (56 + 5%). The 90 mA
run finishes with comparable yields (t-test, p>0.05) to the 30 mA and 50 mA runs however,
the duration of the run is much shorter. The 90 mA run has ~20% loss of protein within 9
min, while the 30 mA and 50 mA runs show only a minor decrease in protein recovery over

the time period of 30 to 60 min.

Some additional evidence for the importance of heat dissipation during TME comes
from the previously unrealized importance of thorough mixing. Previous studies reported
pausing the voltage and thoroughly mixing the sample chamber prior to sampling from
TME to obtain a representative sample®. It was unknown at the time how important the
mixing step was to overall heat dissipation as well as SDS depletion success. As seen in
Figure 4.3 previously published temperature plots collected for a 50 mA TME run report

much lower sample cell temperatures compared to present 50 mA temperature plots®.
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Figure 4.3 Temperature of the TME sample cell over time as measured in the previous
TME study® which employed pausing and mixing throughout the experiment compared
to the temperature measured in the present study, with no pausing or mixing. Both
samples contained 0.1 g/L BSA initially at 5000 ppm SDS, both run at 50 mA constant
current. Temperature in the previous study was measured using a Fisher Scientific
stainless-steel thermometer probe (Cat. no. 15-077-23), whereas the present study was
measured using an Omega CN7500 series temperature/process controller with attached
thermocouple.

The difference between these experiments is the use of pausing and mixing throughout the
course of the run. The previous study emphasized the need for pausing and mixing prior to
sampling from TME in order to obtain a proper representative sample. However
unknowingly, this necessity was keeping the TME sample cell much cooler. As can be seen
in Figure 4.3, the temperature of the sample cell at 50 mA gets significantly hotter without
any pausing or mixing, and surpasses 60°C after 15 min. Additionally, previous
temperature data was obtained with a Fisher Scientific temperature probe (Cat. no. 15-077-
23) which had a diameter of 40 mm, making the size of the probe inappropriately large

compared to the volume being measured. It is likely the temperature probe, being so much
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larger than the sample, was inadvertently cooling the sample while measuring it as well.
The current studies employed a much smaller thermocouple wire attached to an Omega

CN7500 series temperature/process controller.

Further evidence for the importance of mixing is given when the behaviour of the
proteins within TME is examined without any form of pausing or mixing throughout the
run. The proteins can be seen to localize towards one side of the sample chamber based on
their charge, which is to be expected when an electric field is applied. Figure 4.4 displays
hemoglobin protein (naturally red-brown coloured) samples removed from either side of

the TME sample chamber after 20 min of run time at 50 mA.

Figure 4.4 Solutions of bovine hemoglobin (0.5 g/L) removed from the TME sample cell,
following SDS depletion at 50 mA for 20 min without any mixing or pausing. Both
solutions come from the same TME sample cell, with the vial on the left being obtained
by directing a pipet tip towards the cathode side of the sample cell, and the vial on the
right towards the anode side.

It can very clearly be seen that the hemoglobin solution has localized toward the anode-
side of the sample chamber. The TME electrolyte buffer is at a pH of 8.3, which would

give bovine hemoglobin (pI=6.8) a net negative charge even after all SDS is depleted**!.
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Upon application of an electric field, anions migrate towards the anode, which is exactly
what is observed. Each sample was quantified via BCA assay showing 85 + 5% of the
sample was in the anode sample, while only 24 + 4% was in the cathode sample. The build
up of protein macromolecules toward one side of the sample chamber can be very
detrimental to the integrity of the membrane (i.e. clogging, fouling) and add additional
resistance across the membrane, especially considering the anode-side is also the side the

SDS is migrating out through??®,

The results presented so far suggest a vital need for mitigation of Joule heating. The
previous studies employed chilling of the TME disassembled pieces (-20°C) and chilling
of sample and electrolyte buffer solutions (4°C) prior to assembling and running®!. These
strategies are also utilized in the studies presented in this thesis to help delay the impacts
of Joule heating, but it is clear more control over temperature is still required. Although
somewhat effective at permitting TME operation at higher currents, the introduction of
multiple, strategically placed, pause points fails to control temperature enough to maintain
sample yield. Moreover, the requirement of pausing introduces the need for human
intervention, and increases the required run time. One of the main benefits of TME over
the vast majority of SDS depletion techniques is automation, and that feature is being lost
here. One suggestion could be a temperature program in which the TME voltage is
automatically paused when a critical temperature value is reached. The main problem with
this strategy is illustrated in Figure 3.17, outlining the impacts of SDS back-diffusion from
the anode buffer chamber back intro the sample chamber upon removal of the electric field.
In addition, automated voltage pausing still does not address the clear need for mixing

during TME. Thus, a new, fully automated, simplistic, and constant approach must be
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taken. A simple and automated way to increase heat dissipation is the addition of a stir bar

inside the sample chamber (see Figure 2.5).

4.2 Combating Joule Heating with Mixing Strategies

The addition of a stir bar during TME positively impacted the levels of Joule heating
inside the sample chamber. TME experiments at 30, 50, and 70 mA were performed with
a stir bar, or with manual pausing and mixing, or with no mixing at all. Figure 4.5 depicts
the corresponding temperature plots using these different mixing strategies for TME runs

on 0.1 g/l BSA (initially in 5000 ppm SDS).
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Figure 4.5 Real time temperature data for TME on 0.1 g/L BSA (initially in 5000 ppm

SDS) at A) 30, B) 50, and C) 70 mA, using various mixing strategies to manage the

sample cell temperature. The blue arrows correspond to times where the power supply
was temporarily paused.
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The 30 mA temperature plot seen in Figure 4.5 A displays the temperature for a sample
with a stir bar and a sample without any mixing or pre-chilling of the TME device. Both
curves reach a plateau temperature, but there is a very clear difference between the two
treatments. The sample without mixing or pre-chilling plateaued at a temperature of ~40°C,
while the sample with the stir bar plateaued at ~30°C. Also, the plateau is reached much
slower in the sample containing the stir bar suggesting a slower build up of heat. Although
a positive benefit of the stir bar was observed for the 30 mA run, there was little concern
about the overall temperature during this run in the first place because sample cell

temperature, even without any mixing, stays well below the 60°C threshold.

Utilization of a stir bar at 50 mA is seen to have dramatic effects on the levels of
Joule heating (Figure 4.5 B). It was clearly demonstrated earlier that the 50 mA TME runs
required frequent pausing events to ensure a reasonable sample cell temperature (see
Figures 4.1 and 4.3). When no pausing events are employed, the temperature continues to
rise for the duration of the 30 min to 71.2°C. However, when a stir bar is used for
continuous mixing throughout the run, a dramatic decrease in temperature is observed.
With a stir bar the temperature of the sample cell reaches a plateau at ~35°C within 4 min
and remains stable for the duration of the run. Overall the sample cell stays cooler when

utilizing a stir bar compared to no mixing or manual mixing.

Running the TME above 50 mA constant current was previously considered
impractical because the excessive Joule heating demanded too many pause events and
reduced sample yield. Additionally, before any mixing strategies, runs above 50 mA were
nearly impossible because the risk of boiling the sample or burning the membrane. This is

clearly demonstrated in the no mixing, no chilling temperature plot for 70 mA in Figure 4.5
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C. Within 1.5 min the sample cell temperature has reached 83.3°C and would likely
continue to rise to dangerous levels had the run continued. As shown earlier, with manual
mixing the TME sample cell chamber remained at a more manageable temperature, but
raised above 60°C several times throughout the run, with a final temperature of 75.1°C.
However, with the use of a stir bar, manual intervention is no longer required. As seen in
Figure 4.5 C, the generation of heat when using a stir bar is more gradual compared to no
mixing. When using a stir bar, the temperature curve appears to be approaching a ‘plateau-
like’ region. Although the observed sample cell temperatures are higher than the 60°C
threshold, it has minimal effects on sample recovery. This is likely due to the run only
requiring 10 min to complete, which isn’t enough time to observe any significant yield
losses (see Figure 3.14). Overall, the rate of heat generation when using a stir bar is smaller

than that observed with manual mixing or no mixing.

It is clear from the data presented above that the use of a stir bar for constant mixing
inside the sample chamber lowers Joule heating. The cooling effects of a stir bar can be
explained rather simply. When a heated solution is left stagnant, the only mode of heat
dissipation is transfer to the walls of the container or to the surrounding environment. This
is known as pure conduction or natural convection. When stirring is introduced to a heated
solution, a faster rate of cooling is observed because the rate of convection is increased.
Stirring, or any form of forced convection, helps quickly bring the hottest portions of the
solution towards the surface where the most heat transfer can take place. In mathematical
terms, the greater the heat differential between two surfaces (the solution and the

environment in this case) the faster heat will escape. Therefore, by bringing the hottest
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portion towards the surface of the liquid, the temperature differential is maximized (i.e. the

temperature difference between the solution and the environment is highest).

There is also another mechanism, specific to membrane processes, in which a stir
bar can reduce the observed levels of Joule heating. As seen in Figure 4.4, with no mixing
inside the TME sample chamber, there is substantial levels of protein build up on the
membrane surface. This is a direct result of the membranes ability to retain protein within
the sample cell, which leads to concentration polarization. This can promote protein
aggregation, adsorption onto the membrane surface, and pore-blocking, which decreases
the permeability of the membrane, leading to an overall increase in resistance within the
system. Equation 1.7 describes the proportional relationship between resistance and heat
generated. The observed levels of TME system resistance with and without a stir bar can

be seen in Figure 4.6 below.
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Figure 4.6 Average resistance observed across the TME system for three different
applied currents with and without a stir bar. Each set of bars corresponds to a different
applied current from 30 mA to 70 mA. Error bars represent the standard deviation from 3
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replicate measurements. The asterisks represent statistically significant differences as
determined by t-test (p<0.05).

There is a significant decrease in the average resistance measured across the TME
system when a stir bar is utilized. At 30 mA, the average resistance without any mixing
strategy is 5.9 £ 0.4 kQ, while the average resistance with a stir bar is 4.5 + 0.3 kQ.
Similarly, at 50 mA the average resistance across the TME system is 9.6 + 0.2 kQ without
mixing, and 8.2 + 0.1 kQ with constant mixing from a stir bar. The trend follows when
running at 70 mA as well, with the average resistances across the system were determined
tobe 10+ 1 kQ and 11 + 0.4 kQ with and without a stir bar respectively. Though, it should
be noted, a 70 mA TME run without any mixing is impossible, as such, the “no stir” run at
70 mA employed a manual pause and mix strategy. The decreases in average resistance
observed between these experiments is attributed to the stir bar removing high levels of
build up against the membrane, which increases the porosity and hence easing the flow of
current across the membrane. Stirring and other types of forced convection are well
documented strategies to help boost the performance and durability of industrial membrane
processes by preventing membrane fouling, adsorption, and flux decline due to

concentration polarization!33-236-242-244,

4.3 Effects of Mixing Strategies on Protein Recovery

The main advantage of maintaining a lower TME sample cell temperature is
preservation of sample solubility thus providing a higher total sample recovery upon
completion of the run. As seen in Figure 4.7, there is a significant difference in the final
protein recovery for the 50 mA and 70 mA runs when a stir bar is used for mixing (t-test,

p<0.05).
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Figure 4.7 The protein recovery of BSA initially at 0.1 g/L in 5000 ppm SDS plotted as a
function of TME run time at A) 30, B) 50, and C) 70 mA constant current using various
mixing strategies to manage the sample cell temperature. These runs correspond to the
temperature plots of Figure 4.5 and the SDS depletion plots of Figure 4.8. Each data point
for the stir bar runs represents a separate TME experiment, run for the specified time.
Error bars represent the standard deviation from 3 replicate measurements.
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The 30 mA run also trended towards higher yields with a stir bar but show no statistically
significant differences (t-test, p>0.05). The final yield for the 50 mA run with a stir bar
showed no protein losses with a final yield of 101 + 4% after 20 min. This result correlates
nicely with the temperature plot seen in Figure 4.5 B, where the temperature remains
steadily below 60°C when mixing with a stir bar. In contrast, the runs utilizing manual
mixing or no mixing showed a steady decrease in yield after 10 min, with ~15% loss at the
end of the runs. Perhaps the most dramatic difference can be seen in the 70 mA run seen in
Figure 4.7 C, where a 30% difference in recovery is seen between the two treatments. As
seen before, manual mixing at 70 mA gave a steady loss in recovery after the first 5 min,
ending with ~40% sample loss. However, when a stir bar is utilized there is very minimal
loss in yield, with a final recovery of 94 = 5%. These plots illustrate the effectiveness of a
stir bar at managing the Joule heating experienced inside the sample chamber enough to
permit TME operation at higher currents. In addition, constant stirring reduces build up
against the membrane, preventing pore blockage which has been shown to reduce observed
resistance across the system. Moreover, a stir bar can reduce protein aggregation and

prevents adsorption onto the membrane providing further benefits to protein recovery.

4.4 Effects of Mixing Strategies on SDS Depletion Rates

Based on the results shown thus far, it has been hypothesized the addition of a stir
bar in TME promotes heat dissipation, and prevents protein build up against the membrane,
hence preventing adsorption, pore-blocking, and other mechanisms of flux decline. The
prominent reasons for including a stir bar in industrial membrane processes is to prevent
flux decline, not temperature control. In this regard, it is reasonable to consider the rate of

SDS depletion could be positively impacted by the presence of a stir bar during TME.
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As seen in Figure 4.8 and Table 4.1 there are significant differences (t-test, p<0.05)

observed in the rate of SDS depletion when a stir bar is utilized for 50 mA and 70 mA TME

runs.
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Figure 4.8 The residual SDS for TME experiments operating at A) 30, B) 50, and C) 70
mA constant current using various mixing strategies to manage the sample cell
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temperature. These runs correspond to the temperature plots of Figure 4.5, and the protein
recovery plots of Figure 4.7. Each data point for the stir bar runs represents a separate
TME experiment, run for the specified time. The data are fit to exponential decay
functions with the error of the fit displayed as the shaded regions within the dotted lines.
Error bars represent the standard deviation from 3 replicate measurements.

Table 4.1 Equations for exponential decay fits and half-lives of SDS depletion of 0.1 g/L
BSA (originally in 5000 ppm SDS) with TME at 30, 50, and 70 mA using various mixing
strategies.

Stir bar (250 rpm) Manual mixing No mix, no chill
I t1 Equation t1 Equation t1 Equation
(mA) 2 2 2
30 57+ SDS; = n/a 6.8+ 1 SDS, =
0.8 5000e 1% n/a 5000e 010
50 2.1+ SDS; = 34+ SDS; = 39+ SDS; =
1 5000e 933 1 5000020 0.6 5000e~0-18
70 1.8+ SDS; = 2.0+ SDS; = n/a n/a
1 5000e93% 1 5000e~%33¢

At 30 mA the half-life is reduced from 6.8 + 1 min to 5.7 + 0.8 min with the incorporation
of a stir bar. There is a trend towards faster depletion rates however, no statistically
significant difference can be stated (t-test p>0.05). At 50 mA, minor differences between
the rates of SDS depletion are observed when manual mixing and no mixing are utilized
(half-lives of 3.4 £ 1 min and 3.9 £ 0.6 min respectively). This could suggest the
implementation of more pause/mixing events to see a more pronounced difference.
However, when a stir bar is utilized, the half-life reduces to 2.1 £ 1 min, and a dramatic
difference can be seen in the SDS depletion plot in Figure 4.8 B. With a stir bar, SDS
depletion at 50 mA only requires 20 min of TME operation rather than the 30 min originally
used. When considering the 70 mA runs, the half-life drops from 2.0 + 1 min to 1.8 + 1 min

when a stir bar replaces manual mixing. Although a decrease in the half-life observed, the
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difference is less dramatic than that observed for the 50 mA runs. This could indicate
another limiting factor though difficult to determine what based on the data. Nevertheless,
forced convection can be seen to enhance SDS flux, and a stir bar should be utilized for
best results. There are a number of reasons why a stir bar could promote SDS to cross the
membrane. Concentration polarization, as discussed earlier, is a known contributing factor
to flux decline in filtration processes. Bellhouse and Lewis in 1988 were the first to
demonstrate improvements to permeate flux using a concept called “vortex” mixing to
separate proteins from blood plasma®*’. Although different than a stir bar, creating
oscillatory flow currents in their sample prevented blood cells from obstructing the
membrane pores. It has been shown the effects of electrophoretic force and vortex mixing
have an additive effect on the increase in flux**, and an increase in the rate of stirring gives

d242

an increase in the flux observed™“. A wide range of other literature sources corroborate

these findings and promote protein agitation as a key strategy to membrane-based

pI‘OCGSSCSle’ 140,146,190,228,242,245-249

As seen above, a stir bar can act as an anti-fouling measure to prevent a significant
and constant dynamic protein membrane layer from forming on the surface of the
membrane and decreasing overall flux. However, a baseline SDS depletion rate without the
interference from proteins has not been determined up to this point. Therefore, TME was
run at 50 mA constant current with a stir bar at 250 rpm on a sample of 5000 ppm SDS
with no protein (i.e. 0 g/LL BSA). The results, seen in Figure 4.9, were unexpected, with an
increase in half-life from 2.1 = 1 min to 4.2 = 1 min. The 0.1 g/LL BSA run plotted in Figure

4.9, is from Figure 4.8 B and plotted for comparison.
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Figure 4.9 Residual SDS of a sample initially containing 5000 ppm SDS with 0 g/LL BSA
compared to a 0.1 g/ BSA sample also initially containing 5000 ppm SDS. Both samples
were depleted at 50 mA constant current with a 250 rpm stir bar. The 0 g/L run had the
equation SDS; = 5000e~%165¢ which gave a half-life of 4.2 + 1 min. The data are fit to
exponential decay functions with the error of the fit displayed as the shaded regions

within the dotted lines. Error bars represent the standard deviation from 3 replicate
measurements.

This unexpected decrease in SDS depletion rate in the absence of protein is not fully
understood, however, it is hypothesized that the protein, being so much larger/heavier than
SDS molecules, may act to anchor the SDS at a region near the dialysis membrane.
Anchoring may help the SDS reach the diffusion layer at the membrane surface instead of
being constantly pushed around the sample cell by the forces of the stir bar. It should be
noted this is just a hypothesis and further experiments should be considered (see Chapter

6).

An increase in stirring rates during industrial protein filtration processes tends to
give an increase in overall permeate flux**?. With that in mind, it is plausible to believe that
flux of SDS in TME can be enhanced simply by increasing the speed of stirring from the

lowest setting (250 rpm) to a higher setting. Considering this hypothesis, TME was used to
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deplete a 0.1 g/L BSA sample initially at 5000 ppm SDS with a stir bar at 250 rpm, or a stir
bar at 2500 rpm. Figure 4.10 displays the SDS depletion curves for the BSA sample with
normal stirring and fast stirring, and Table 4.2 depicts the calculated half-lives and

corresponding exponential decay equations.
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Figure 4.10 The residual SDS for TME experiments operating at 50 mA on a sample of
0.1 g/L BSA initially at 5000 ppm SDS with a stir bar at a speed of 250 rpm or 2500 rpm.
The data are fit to exponential decay functions with the error of the fit displayed as the
shaded regions within the dotted lines. Error bars represent the standard deviation from 3
replicate measurements.

Table 4.2 Equations for exponential decay fits and half lives of SDS depletion at 50 mA
on 0.1 g/L BSA initially at 5000 ppm SDS using TME with a stir bar at a speed of 250
rpm or 2500 rpm.

Treatment t1 Equation
2
Stir bar 250 rpm 2.1+1 SDS, = 5000e 0122t
Stir bar 2500 rpm 89+04 SDS, = 5000e 0078t

Unexpectedly, the rate in SDS depletion is seen to decrease significantly (t-test, p<0.05)

with a faster stirring speed. With a stir speed of 2500 rpm, the half-life increases from 2.1
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+ 1 min to 8.9 £ 0.4 min (~5 times higher). In a study done by Do and Elhassadi in 1985 it
was found an increase in stirring from 300 rpm to 1600 rpm gave increases in overall
permeate flux when using an Amicon stir cell ultrafiltration device on BSA samples. What
differs in this study to TME is the Amicon stir cell is pressurized giving an overall bulk
flow of sample towards the ultrafiltration membrane, while the stir bar sits directly above
the membrane continuously reducing concentration polarization and removing any cake
layer that forms. TME lacks this force pushing a bulk flow of solvent towards the
membrane, so any significant motion pushing/pulling SDS away from the membrane could
have a negative effect on flux. The forces created by a stir bar at 2500 rpm (at 90° to the
membrane) could be preventing SDS from reaching the membrane, therefore negatively

impacting SDS flux.

4.5 Chapter 4 Conclusions

The results presented in this chapter clearly highlight the benefits of constant
stirring during TME. The stir bar helps to maximize heat dissipation through simple forced
convection mechanisms, providing substantial decreases in sample cell temperature and
removing the requirement for manual pausing and/or mixing throughout a TME run.
Additionally, the stir bar provided significant decreases in average system resistance, which
correlated with the overserved decrease in Joule heating. Furthermore, a stir bar helps to
continuously remove any protein build up at the membrane surface which has been shown
to increase porosity, prevent adsorption and pore-blocking, which significantly increases
sample yield and SDS flux out of the sample cell. Utilizing a stir bar with TME can permit
operation at 70 mA, without any required pausing or supervision, completing depletion to

<100 ppm in <10 min operation time while maintaining a sample yield of 94 + 5%.
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Alternate parameters such as stirring speeds and effects of the presence of protein within
the system were also explored. Though, no clear conclusions can be drawn about why
changing these parameters negatively impacted SDS depletion rates, and further

experiments (discussed in Chapter 6) are still required.
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Chapter 5: High Current TME on Complex Protein Samples'

5.1 SDS Depletion of Proteomic Samples via TME with Constant Stirring

Prior results presented in this thesis concerning TME were completed on a simple
system containing 1 or 2 protein standards. As mentioned, proteins are very diverse
macromolecules and protein recovery can vary widely depending on amino acid content,
hydrophobicity, size, etc. BSA is a highly water-soluble protein, so these results are not
completely representative of a more complex sample, such as an entire proteome.
Removing SDS from complex protein mixtures can be quite different, and highly dependent
on the sample identity. Concentrations of free and protein bound SDS will vary with sample
contents and complexity. Required depletion times will also vary widely depending on how
strongly SDS interacts with a given protein. It has been demonstrated in the literature that
SDS displays a variety of different binding rates and mechanisms for different proteins,
which indicates SDS removal may occur at different rates>>7-9256:29:230.251,

With this in mind, a complex sample may contain a host of other materials which
can negatively impact SDS flux through the membrane. Various undissolved materials or
contaminants that would not be present in a single protein sample, such as cellular debris,
buffer constituents, lipids, DNA, complex sugars €tc. In fact, the intended purpose of TME
is for complex proteomes with extremely variable contents, so it is appropriate to examine

its performance with this type of sample. It has already been shown in Chapter 3 Section

3.7, even the addition of a single protein (ubiquitin and BSA, see Figure 3.24) can give

t Portions of this chapter have been published in: Unterlander, N.; Doucette, A. A.;
Membrane-based SDS Depletion Ahead of Peptide and Protein Analysis by Mass
Spectrometry. Proteomics, 2018. DOI: https://doi.org/10.1002/pmic.201700025.
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significant changes to the retention qualities of the membrane. To assess the difference in
performance of TME on complex protein mixtures, unfractionated and GELFrEE

fractionated S. cerevisiae protein extracts were TME purified and the depletion of SDS was
measured over time. Additionally, to evaluate the impacts of a stir bar, the unfractionated
samples were TME purified with and without the use of a stir bar. As seen in Figure 5.1
A and Table 5.1, the SDS depletion rates for a proteome sample are significantly lower than

that of a 0.1 g/L BSA sample depleted at the same constant current.
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Figure 5.1 A) The residual SDS for TME experiments operating at 50 mA constant
current on an unfractionated (5000 ppm SDS, 0.1 g/L) or GELFrEE fractionated (~2970
ppm SDS, 0.13 g/L) S cerevisiae protein extract. The GELFrEE fraction seen above
corresponds to a pooled set of protein samples with MW ranging from ~37 kDa to 50
kDa. Additionally, the unfractionated proteome samples were TME purified with and
without a stir bar (250 rpm) inside the sample chamber. The data are fit to exponential
decay functions with the error of the fit displayed as the shaded regions within the dotted
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lines. B) Protein recovery after depletion for each sample seen in A. The asterisks signify
statistically significant differences between protein yields as indicated via t-test (p<0.05).

Table 5.1 Equations for exponential decay fits and half-lives of SDS depletion at 50 mA
on unfractionated and fractionated S. cerevisiae proteome samples with and without a stir
bar.

t1 (min)
Sample 2 Equation
S cerevisiae proteome — No stir 6.2+1 SDS; = 5000e~0112¢
S cerevisiae proteome — Stir bar (250 rpm) 54+1 SDS, = 5000e~0%-12%¢
S cerevisiae GELFrEE Fraction — Stir bar 39+2 SDS, = 5000e~177¢
(250 rpm)

The unfractionated proteome sample without stirring required the longest time for depletion
(45 min to reach <100 ppm) and had the highest half life value of 6.2 & 1 min. The final
concentration of SDS after 60 min of TME run time was 4.2 £ 1 ppm. When a stir bar is
added to the unfractionated sample <100 ppm is reached within 30 min and the half-life
lowers to 5.4 + 1 min. The concentration of SDS reached 33 + 2 ppm within 45 min, and
<2 ppm within 60 min (recall: limit of quantitation for MBAS: 2 ppm). However, when
compared to the half life value obtained with a BSA sample (2.1 = 1 min), these are still
significantly (t-test, p<0.05) slower rates of depletion. A number of factors could be
contributing to the drop in SDS flux across the membrane when a more complex sample is
depleted. In a proteomic sample, the build up of constituents on top of the membrane is no
longer of uniform composition, and likely giving many different working pore sizes which
the SDS must travel through to reach the MWCO membrane. Highly hydrophobic lipids,
and large DNA pieces can also be adsorbing onto the membrane and blocking SDS from
passing through. Additionally, electrostatic interactions between different proteins of
opposite charge can create regions of very tight, densely packed protein layers slowing

overall flux'%2%23,
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The GELFrEE fractionated proteome sample provides the fastest rate of all the
proteome samples with a half life of 3.9 min. The fractionated sample required only 20 min
to reach 69 =+ 8 ppm and reached <2 ppm after 45 min of depletion. The faster rate observed
for this sample is likely due to the extra purification achieved during GELFrEE
fractionation. Many of the interfering substances (lipids, DNA, complex sugars, €tc.), and
some of the initial 5000 ppm SDS is electrophoresed out of the gel before the sample is
collected. However, the proteome sample, although fractionated, still has a slower rate of
SDS depletion than the BSA samples seen earlier. GELFrEE fractionated samples, are
collected in running buffer (192 mM glycine, 25 mM Tris, 0.1% SDS), meaning they differ
in sample composition compared to the BSA samples from Chapter 3 and 4 which were
prepared in water. The slower rate of SDS depletion seen with a fractionated sample (as
compared to BSA) is attributed to the extra buffer constituents. It was previously shown,
the addition of excess charged species (50 — 200 mM NaCl) to the protein sample,
negatively impacted SDS depletion rates®>? however, further experiments are required to
fully understand these effects (see Chapter 6).

The binding mechanisms between SDS and proteins are protein-specific, sometimes
requiring a multi-step process to reach equilibrium?>-%31 It was previously hypothesized
that this variation in SDS interaction strength could indicate certain proteins within the
proteome require more or less time to become purified®!. However, if the applied electric
field is of a magnitude sufficiently higher than the binding energy of SDS and protein, it is
unknown whether a significant impact on depletion would be observed.

Interestingly, the voltage over time for a proteome sample compared to BSA sample
is quite different and could help clarify some of the differences in SDS depletion observed.

Figure 5.2 depicts the voltage plotted over time for the depletion experiments in Figure 5.1,
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each run at 50 mA with a total initial protein concentration of 0.1 g/L. The black BSA curve

is plotted for comparison purposes.
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Figure 5.2 Voltage over time for TME run at 50 mA on a GELFrEE fractionated S
cerevisiae proteome extract with a stir bar (250 rpm), and an unfractionated S. cerevisiae
proteome extract with and without stirring (250 rpm). The black curve represents a 0.1
g/L BSA (initially in 5000 ppm SDS and water) TME depletion experiment plotted for
comparison purposes.

A significantly lower voltage is observed for all proteome samples compared to the 0.1 g/L.
BSA sample (prepared in 5000 ppm SDS and water). This is the expected trend when
considering the difference in sample contents between a proteome and BSA. As mentioned,
the GELFrEE fractionated proteome contains high levels of GELFrEE running buffer,
providing an increase in ion concentration and hence an increase in conductivity. A higher
conductivity gives a direct decrease in resistance, which means voltage will also decrease.
This sample contains the highest concentration of ions and can be seen to have the lowest
voltage. Interestingly, each curve displays a sharp drop in resistance between 0.5 and 2 min.
This drop is largest for the BSA sample (in water and SDS), second largest for the proteome

samples (in 50 mM Tris and SDS), and smallest for the GELFrEE fraction (in running
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buffer and SDS). It is suggested this drop may represent the “equilibration” between the
ions in the sample chamber and the ions in the buffer chambers. The GELFrEE fraction
shows the smallest drop because the running buffer for GELFrEE very closely resembles
the TME buffer.

As for SDS depletion rates, the voltage is also known as the “electromotive force”,
and when there is less of this “force” the SDS is depleted at a slower rate. As the
concentration of ions increases, the current is “carried” through the system easier, which
means less “electromotive force” is required. This translates to less force pushing on SDS
anions and a lower rate of depletion.

When considering the protein yields for each sample (Figure 5.1 B), the expected
trends are observed. TME on a stirred 0.1 g/L BSA sample with a recovery of 101 + 4% is
plotted as a bench mark. The stirred GELFrEE fractionated proteome sample gave the
highest yield with 80 = 18%. Some yield loss is to be expected because maintaining the
solubility of relatively hydrophobic proteins within the sample is difficult upon removal of
SDS. However, a yield of 80% is considered relatively high among other depletion
methods®*!1%2, Additionally, although trending towards lower, the yield for the GELFrEE
fractionated proteome sample was not found to be statistically different when compared to
the BSA sample (t-test, p>0.05). The unfractionated proteome sample had significantly
higher (t-test, p<0.05) yields when a stir bar was employed (74 + 4 %) compared to an
unstirred sample (51 + 6 %), due to the same reasons discussed in Chapter 4. The stir bar
helps promote heat dissipation through forced convection which decreases overall observed
Joule heating and hence overall protein aggregation/precipitation. In addition, constant
sample agitation discourages protein precipitation or build up on the membrane surface,

which prevents membrane fouling, adsorption and pore-blocking. This provides an overall
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decrease in observed system resistance, which further decreases the amount of Joule
heating generated.

As expected, the lowest yield was seen in the unfractionated, unstirred proteome
sample, with nearly half the sample being lost. Overall, lower yields are observed for
complex proteome samples when compared to BSA, which is to be expected. The large
variation in protein solubility, thermal stability, and MW in a proteome sample speaks to
the fussy nature of the sample, especially after the removal of a solubilizing/stabilizing
agent like SDS. This “lost” protein can be recovered in full with the use of a formic acid
rinse step (see Table 5.2).

Table 5.2 Initial recoveries and formic acid rinse recoveries for each sample SDS
depleted in Figure 5.1 A.

Initial recovery Formic acid rinse Total Combined
Sample (ng) recovery (ug) Recovery (%)
GELFTEE Fraction 51.9 14.6 102.1 +£2
Proteome Stirring 32.8 16.8 99.1+2
Proteome Unstirred 25.5 24.7 100.5+ 1

The formic acid rinse is utilized here to resolubilize any protein aggregates or precipitate
remaining after the sample is removed from TME when depletion is complete. The formic
acid provides full recovery of the proteome samples suggesting the majority of loss is due
to aggregation or adsorption onto the membrane rather than lost through the membrane or
irreversibly broken down. Overall yields for proteome samples ranging between ~60-80%
are considered appreciable yields, when compared to the other available SDS depletion

methods80,92,93,2537255 )

5.2 TME vs Other Membrane-based SDS Depletion Methods in BUP

As mentioned earlier, there are a wide range of SDS depletion techniques available

(see Section 1.1.5.3). However, many methods lack the capacity to remove both free and
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protein-bound SDS, and those that can often sacrifice sample yield to do so®. Despite the
documented successes of TME achieving >98% SDS depletion and maintaining
exceptionally high protein yields (>95%)°>?!>, its implementation in the proteomics
community is shadowed by more familiar/‘popular’ methods of depletion. For BUP
workflows, FASP is the preferred method of SDS depletion, while acetone precipitation is
favoured for TDP. To benchmark the performance of TME, protein recovery and residual
SDS of proteome samples is compared to these two prevalent methods.

To begin any proteomic analysis of a complex biological sample, separation to
reduce sample complexity is a crucial first step. Here, GELFrEE* is used to fractionate the
extracted proteome of C. reinhardtii prior to depletion and MS analysis. The separation is
pictured in the SDS-PAGE gel in Figure 5.3.
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Figure 5.3 SDS-PAGE of GELFrEE fractionated C. reinhardtii. Lane 1 contains the
labelled MW ladder. Lanes 2-8 contain the GELFrEE fractions, with boxes showing the
fractions that were pooled to create the final 3 samples (small, medium, and large) for
SDS purification. Lane 9 contains unfractionated C. reinhardtii as a control.

Fractions collected from GELFrEE were pooled to create 3 discrete samples (small,

medium, and large) with MW approximately centered on 15, 25, and 50 kDa. Each sample
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was divided and SDS depleted via TME, FASP (10 kDa or 30 kDa MWCO), or acetone
precipitation in a 0.2 pum filter-based spin cartridge. The MW distribution of all MS-
identified proteins in each pooled GELFrEE fraction is provided as a box and whisker plot
in Figure 5.4.
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Figure 5.4 Box and whisker plot depicting the distribution of MW of all identified
proteins in each pooled GELFrEE C. reinhardtii fraction (small, medium, and large).

The small fraction shows a median around ~24 kDa, the medium fraction ~30 kDa, and the
large fraction ~50 kDa. The overlap in MW seen between the small and medium fraction
in the SDS-PAGE gel in Figure 5.3 is corroborated by the overlap of the boxes for the small
and medium fractions in Figure 5.4.

Although the maximal level of residual SDS which permits LC-MS analysis is often
quoted at 0.01% (100 ppm)®, there is still some MS signal suppression and SDS adducts
at this level, especially with intact proteins. Additionally, the FASP and acetone

precipitation protocols cannot be easily modified in response to removing more or less
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SDS, unlike TME where runtime dictates the level of purity. Thus, for optimal and fair
comparison across each method, 10 ppm residual SDS was the goal for these studies. As
depicted in Figure 5.5, all strategies depleted SDS from ~5000 ppm to the desired level

(>99.8% removal) or lower.
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Figure 5.5 Residual SDS after purification of GELFrEE fractionated C. reinhardtii
samples (pictured in Figure 5.3) by TME, acetone precipitation, or FASP. SDS was
quantified via MBAS assay. The initial SDS was 5000 ppm for all samples. Error bars
represent standard deviation from three replicates and the asterisks indicate statistical
significance as determined by t-test (p<0.05).

TME depleted SDS to 5 + 2 ppm, 10 £ 3 ppm, and 6 + 3 ppm, for the small, medium, and
large fractions respectively. While, FASP depleted SDSto 2 = 1 ppm, 5 + 3 ppm, and 1 +
2 ppm, for the small, medium, and large fractions respectively. These values were not found
to be statistically different from those obtained with TME (t-test, p>0.05). In contrast, the
purity achieved via acetone precipitation was significantly better than the two other
methods (t-test, p<0.05), and the residual SDS was below the MBAS assay limit of

quantitation (2 ppm). Although differences between the level of purification can be seen
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between the methods, it’s imperative to note the magnitude of the difference is microscopic
compared to the starting value of ~5000 ppm and has no impact on the capacity of MS to
characterize the proteome mixture. All methods deplete SDS well below a threshold of 10
ppm, indicating that all methods are equally capable of purifying proteins.

The differences between the methods becomes much more apparent when the
protein recovery is analyzed. From Figure 5.6 it is clear TME provides significantly higher
sample yield of the three methods (t-test, p<0.05), with recoveries ranging between 89-
94%.
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Figure 5.6 Protein recovery of GELFrEE fractionated, SDS-depleted C. reinhardtii
samples, as quantified by LC-UV quantification. Error bars represent standard deviation

from 3 replicates, and the asterisks denote statistical significance as determined by t-test
(p<0.05).
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Low and/or variable peptide yields from FASP have been previously
documented®®°*236-257 " with success often depending on trivialities such as type and
quantity of digestion enzyme, and brand of filter cartridge used. Using the 30 kDa MWCO
FASP cartridge, moderate protein recoveries of 57 + 1% and 48 + 9% were achieved for
the medium and large fractions respectively. Though the recovery for the small fraction
was much lower, at 25 £ 6%. This was expected considering the small fraction contains
many proteins with a MW <30 kDa (see Figure 5.3). Using the 10 kDa MWCO FASP
cartridge a higher recovery was achieved for the small fraction, at 59 £ 10%. It should be
noted, an SDS extraction (1%, 65°C) of the FASP membranes post sample elution
recovered the bulk of the unrecovered sample®>. This confirmed much of the lost yield
experienced with FASP can be attributed to denatured proteins adsorbing to the filter and
becoming less accessible to enzymatic digestion or resolubilization. When considering the
yields for acetone precipitation, it is seen to range between 53-57%, similar to those
obtained with FASP. There are a number of factors that can affect the protein recovery for
both FASP and acetone precipitation inside a 0.2 um centrifugal filter. Larger pored
membranes run the risk of having proteins pass through the membrane or become so deeply
embedded it becomes difficult to resolubilize them. In addition, proteins are extremely
chemically diverse and show different inclinations towards precipitation. Some proteins
may not precipitate as efficiently and are discarded along with the supernatant, also the 0.2
um filter may not catch all the protein aggregates and are lost through the filter. Another
limiting factor in sample recovery when conducting acetone precipitation is the re-
solubilization solvent, choosing a solvent compatible to all proteins within a proteome is
nearly impossible, certain proteins will solubilize much easier than others. That being said,

an LC-MS compatible solvent must be chosen, which usually contain some quantity of
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organic solvent, often providing poor solubilization of highly hydrophobic proteins, like
membrane proteins. However, Doucette and colleagues (2014) demonstrated solubilization
with 80% cold formic acid is an effective solvent for hydrophobic proteins giving yields
after precipitation >90% without significant protein modification®®. For traditional acetone
precipitation (i.e. without a centrifugal filter), yield losses associated with imprecise
pipetting techniques must also be considered. Acetone precipitation is famously known as
a simple technique but it requires an experienced hand**. However, the employment of a
spin filtration cartridge removes this problem. Although yield losses were observed for both
FASP and acetone precipitation, the losses may be irrelevant if enough prototypic peptides
are present to reliably make an identification for bottom-up studies. Regardless, TME gives
the least loss in sample and this translates to higher confidence when making an
identification of unique sets of proteins which may have been lost with other purification
methods (discussed more below). Furthermore, quantitative proteomic experiments rely on
the ability to obtain consistent and high sample yields?>* 26!,

The total numbers of identified peptides and proteins across the three methods for

each GELFrEE fraction are summarized in the bar graphs in Figure 5.7 A and B.
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Figure 5.7 Total number of C. reinhardtii A) peptides and B) proteins identified from
each GELFrEE fraction after SDS-depletion with TME, FASP, or acetone precipitation. It
should be noted, FASP with 10 kDa MWCO was utilized for the small fraction, whereas
FASP with 30 kDa MWCO was used for the medium and large fractions.

The higher yields associated with TME in Figure 5.6 translate to higher numbers of peptides
and proteins identified in the medium GELFrEE fraction (1997 peptides and 413 proteins).
For the small fraction, FASP identified the most peptides (1672), but when considering the

proteins identified, FASP and TME had nearly identical numbers (304 and 307,
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respectively). In the large fraction, acetone precipitation clearly identified the most peptides
(1637), which gave an increase in the numbers of proteins identified (281, vs253 TME and
219 FASP). In total, the higher yields observed with TME in Figure 5.6 gave higher total
protein identifications (973), when compared to FASP (877) and acetone precipitation
(890), but not to a degree proportional to the mass of protein recovered. Though, based on
these bar graphs, it is difficult to distinguish any depletion method as performing better
than the others. A similar trend is observed when the identity of each peptide and protein
is compared across the three methods. As seen in the Venn diagrams in Figure 5.8, there is
significant overlap in both the proteins (71.1%) and peptides (58.1%) identified by each

method.

Acetone Acetone
Precipitation Precipitation

Figure 5.8 Venn diagrams comparing the identified A) proteins and B) peptides from all
three C. reinhardtii GELFrEE fractions after SDS-depletion with TME, FASP, or acetone
precipitation.

Acetone precipitation identified a much higher number of unique peptides (676), while
FASP identified the lowest (291). When looking at unique proteins, TME identified 3 times
more (93) compared to FASP (29), and twice as much compared to acetone precipitation

(50). Although differences exist in these Venn diagrams, due to the large peptide and
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protein overlap observed, the same conclusion can be drawn that all three membrane-based
SDS depletion methods yield similar results.

Closer examination of the identified proteins for each method show TME provides
higher yields for proteins <30 kDa compared to FASP and acetone precipitation (Figure

5.9), despite the fact that the smallest MWCO option (10 kDa) was used for the FASP

samples.
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Figure 5.9 Histogram comparing SDS depletion methods (TME, FASP, and acetone
precipitation in 0.2 um centrifugal filter) according to MW range of the MS-identified
proteins post clean-up.

This is attributed to the utilization of a much smaller (3 kDa) MWCO membrane in TME,
allowing for the retention of many much smaller proteins that may be lost through larger
FASP membranes. The inability to retain low MW proteins with FASP is a documented
problem in the literature?$>-264, Consequently, as seen in Figure 5.9, FASP is more suited
to proteins 30-40 kDa. However, it should be noted the methods with which SDS is carried

through the membrane in FASP and TME are fundamentally different (i.e. centrifugal force
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Vs electromigration) and a comparison of their MWCO retention features is open to doubt.
With FASP, it is possible for proteins smaller than the effective pore size of the membrane
to be retained since a denatured protein occupies a larger hydrodynamic radius?6>. At MW
>40 kDa, the number of identified proteins is comparable for each of the three methods
however, FASP gives the lowest counts for each bin. When considering acetone
precipitation, a similar trend is observed for low MW proteins. This can be attributed to the
fact that low MW proteins do not precipitate as effectively as larger proteins. This
phenomenon is documented in many precipitation procedures including acetone
precipitation. For example, acetonitrile precipitation is often used to enrich protein extracts
with low MW proteins by precipitating the larger proteins*¢®2%’. Additionally, the classic
method of protein precipitation via “salting-out” is often used to separate protein solutions
by rough MW?%, In general, based on these results, TME performs more favourably for
lower MW proteins, which are often underrepresented in proteomic studies?¢® 27,
Following SDS depletion with any method, a major concern is the loss of
hydrophobic proteins through aggregation and precipitation. Any protein which has been
denatured has a much higher propensity to aggregate and precipitate out of solution, but
hydrophobic proteins are considerably less stable in aqueous solutions. This is a major
concern for all methods, especially TME, where the sample is recovered in SDS-free
solution. For acetone precipitation, hydrophobic proteins are much less likely to
resolubilize out of the pellet into SDS-free LC-MS solvent. Similarly, for FASP, the
hydrophobic proteins are much more likely to irreversibly adsorb onto the regenerated
cellulose membrane, preventing resolubilization or proper digestion. Despite the potential
for losses, Figure 5.10 shows successful detection of hydrophobic proteins for all three

methods.
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Figure 5.10 Histogram comparing the GRAVY score for the proteins identified using
TME, FASP, or acetone precipitation as the SDS depletion method. A more positive score
indicates a higher degree of protein hydrophobicity, while a more negative score indicates
a more hydrophilic protein.

Here, hydrophobicity is determined based on GRAVY (grand average of hydropathy)
score. The GRAVY score for a given protein is calculated by summing the hydropathy
values of all amino acids in a protein divided by the number of residues in the protein
sequence. Each amino acid is assigned a hydropathy value based on its partitioning between
two immiscible liquid phases®”®. Generally speaking, the more positive a GRAVY score,
the more hydrophobic a protein is. As seen in Figure 5.10, TME identified a higher number
of hydrophobic proteins (182, ~19%), while FASP and acetone precipitation identified 162
(~18%) and 154 (~17%) respectively. TME maintains a temperature-controlled sample,
which could translate into higher numbers of hydrophobic proteins remaining in solution

throughout depletion. Although higher, the differences are minimal and it is difficult to
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establish whether this result is TME-specific. When, considering the entire distribution of
identified proteins, all three strategies provide similar results, covering a wide array of
proteins with varying hydrophobicity levels.

Although each method performs comparably on many fronts, the higher sample
yields observed with TME translated into higher PSMs per protein identified. PSMs are
defined as the total number of identified peptide sequences for a single protein (including

274 Generally speaking, PSMs provide an

redundant ones), based on the fragment spectra
indication of protein quantity. Each PSM is a unique event, therefore a higher PSM count
for an identified protein indicates more peptides from that protein reached the MS?”. The

number of PSMs for each common protein identified between FASP and TME, and acetone

precipitation and TME, were plotted in Figure 5.11 A and B.

163



Z

FASP PSMs

0 10 20 30 40 50 60 70
B) TME PSMs
40-
30-

N
@

—_—
@

Acetone Precipitation PSMs

o

0 10 20 30 40 50 60 70
TME PSMs

Figure 5.11 A) Peptide spectral matches of identified proteins observed for FASP vs
TME purified samples and B) peptide spectral matches of identified proteins observed for
acetone precipitation VS TME purified samples. A linear regression of the data is
displayed for each. The equation for the regression in A) was y = 0.4243x + 2.977, and
the equation for the regression in B) was y = 0.4347x + 2.292.

It is clear from the slopes of the regression lines (0.42 and 0.43) TME-purified proteins are
generally detected with approximately 2.5-fold greater number of PSMs per protein. Higher

protein recovery with TME gave higher PSMs per protein, but perhaps a more dramatic
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difference between the methods could be elucidated if the samples were fractionated more

thoroughly or more quantity/replicates were injected into the MS.

5.3 TME vs Other Membrane-based SDS Depletion Methods in TDP

In addition to surveying the performance of these depletion techniques in a bottom-
up workflow, a top-down study was also performed. For simplicity, intact protein detection
was performed on a solution of six standard proteins (see Table 2.1) ranging in MW from
9-29 kDa. TME and acetone precipitation inherently allow both bottom-up and top-down
MS analysis without any further modification to the technique. In TME intact proteins are
recovered in SDS-free solution, while in acetone precipitation intact proteins are
resolubilized from the precipitated pellet into SDS-free solution. To perform intact protein
experiments, the digestion step can simply be omitted. The digestion step in FASP is
thought to be required as this is how the proteins are recovered off the filter membrane once
depleted of SDS (digested peptides are small enough to penetrate the membrane and pass
through). However, for the purposes of this study, a novel “intact FASP” method was
created where the digestion step is omitted and the proteins are recovered off the membrane
as intact proteins. Although inclusion of multiple digestion enzymes has been shown to
enhance protein recovery during FASP?’S, it should be known the centrifugal filters
employed in FASP protocols are also routinely used for the concentration and recovery of
intact proteins above a certain MWCO size.

Considering the “intact FASP” approach had not previously been reported, the
possibility of being unable to recover intact proteins from the FASP membrane with LC-
MS compatible solvent (5% acetonitrile, 0.1% formic acid in Milli-Q water) was

considered. The sample recovery of the standard protein mixture after SDS depletion with

165



10 kDa and 30 kDa MWCO FASP filters was first assessed. Regardless of MWCO size,
the cartridges gave statistically similar results averaging ~80%, which was found to be
comparable to the performance of TME and acetone precipitation with the same standard
protein mixture?. When using more complex samples, like C. reinhardtii proteome
extracts, yields off the membrane were lower, but comparable to conventional bottom-up
FASP (47% with 10 kDa, 20% with 30 kDa)*>. It is hypothesized the lower yields
associated with the 30 kDa MWCO membrane are resulting from the larger pores allowing
intact proteins to penetrate deeper into the membrane, preventing full re-solubilization.
SDS-PAGE experiments confirmed any unrecovered C. reinhardtii proteins were still
present on the membrane, and could be recovered after a more rigorous wash of the FASP
membrane with 1% SDS?%.

Once the “intact FASP” approach was confirmed to provide acceptable sample
recoveries, the LC-MS of intact proteins could proceed. Following SDS purification with
each strategy to a concentration of SDS < 10 ppm, each sample was subject to LC
separation prior to MS analysis. An equivalent sample containing the 6 protein standards
(see Table 2.1) and no SDS served as a control. Figure 5.12 depicts the total ion
chromatograms (TIC) containing 7 distinct protein peaks labelled (I) — (VII) (hemoglobin

dissociates into a and  chains which elute independently).
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Figure 5.12 Total ion chromatograms showing the reversed phase separation and
subsequent MS detection of 7 intact protein standard: (I) ubiquitin, (IT) cytochrome c,
(III) lysozyme, (IV) myoglobin, (V) hemoglobin a, (VI) carbonic anhydrase, (VII)
hemoglobin B. The control sample was prepared in the absence of SDS, while all
remaining traces were obtained following SDS removal (final SDS conc. <10 ppm)
including the “intact FASP” purification protocol.

The intensities observed for each chromatogram apart from the control are very similar.
Each method displays a small fraction of intensity decline compared to the control sample.
Additionally, minor differences between each spectrum show certain proteins respond
differently to each depletion method. For example, 30 kDa MWCO FASP displays the
lowest intensity for the 3 smallest proteins (MW 8-14 kDa) in the standard mixture (I)-(I1I),
which is expected considering the larger pore size. Additionally, TME and acetone
precipitation show smaller intensity for hemoglobin 3 (VII) compared to the control, which
is one of the most hydrophobic proteins out of the standard mixture (see Table 2.1). It is

likely maintaining solubilization of this protein was difficult upon removal of SDS during
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these methods. Alternatively, additional signal suppression could arise from increased
residual SDS levels on hemoglobin B. It is possible, due to its hydrophobicity, SDS binding
interactions with hemoglobin [ are stronger, leading to increased signal suppression.
Although minor differences were detected in the LC chromatograms, each protein can be
visualized, regardless of the method, and their detection via MS was still successful. The

MS charge state envelopes for 3 selected proteins can be found in Figure 5.13.
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Figure 5.13 MS charge state envelopes for ubiquitin, myoglobin, and carbonic anhydrase
after SDS depletion with each method as follows: row 1 = FASP (30 kDa MWCO), row 2

=FASP (10 kDa MWCO), row 3 = acetone precipitation, row 4 = TME, row 5 = control
(initial SDS = 0 ppm).

It is clear from the appearance of the charge state envelopes for ubiquitin,
myoglobin, and carbonic anhydrase that each SDS purification strategy yields high-quality

ESI MS charge state envelopes for intact proteins. This is to be expected considering the
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similar protein recovery and SDS purity (<10 ppm SDS) across all three methods with
intact proteins. Each charge state envelope is nearly indistinguishable from the control
sample (5) in terms of spectra intensity and appearance. There is minimal presence of
interfering SDS adducts across the three methods, and negligible levels of baseline noise.
The spectra for carbonic anhydrase displays the most noise in the baseline for all methods,
with FASP (30 kDa) having the highest levels. Each purification strategy successfully
detected all proteins, though it should be noted, the final eluting protein (hemoglobin )
had reduced signal intensity for all purification methods, which is to be expected because
it is the most hydrophobic protein (see Table 2.1). The appearance of the charge state
envelopes and the successful detection of all 7 proteins validate the applicability of all these

membrane-based SDS depletion methods for top-down proteomic workflows.

5.4 Chapter 5 Conclusions

SDS depletion is a key step prior to MS analysis, and there are many strategies
available. Some of the more favoured methods available (FASP and acetone precipitation
in a Teflon membrane filter) employ membrane filtration to achieve sample purity and set
an excellent benchmark for emerging membrane-based methods like TME. An assessment
of the performance of these three methods in both bottom-up and top-down proteomic
workflows found successful results with all methods. However, TME generally achieves
essentially surfactant-free samples with consistently higher yields over those observed with
FASP and acetone precipitation. All three methods identified similar numbers of peptides
and proteins and displayed significant overlap in the identity of each. Perhaps larger
differences between the three methods could be revealed if more GELFrEE fractions were

analyzed or replicate MS/MS runs were performed. Nonetheless, higher yields with TME
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translated to grater PSMs per protein and higher detection of low MW proteins. In the top-
down studies, all three methods performed comparably, with minimal differences between
them. The work shown in this chapter, shows TME performs just as well, if not better, as
the favoured methods of SDS depletion in the field, and its use will promote incorporation

of SDS in proteomics workflows for both BUP and TDP studies.
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Chapter 6: Conclusion

6.1 Conclusions

The speed, sensitivity, and high-throughput capabilities of modern MS instruments
have made them essential tools in proteomics workflows. In addition, SDS is undoubtedly
the most favoured reagent in protein extraction and separation/fractionation, but its
detriments to downstream analysis (LC-MS) are unfortunately evident (see Section
1.1.5.2). As such the development of SDS-depletion techniques has become a relevant and
active research area. There are many methods available for the removal of SDS (see Section
1.1.5.3), but many fail to remove both the free and protein-bound SDS while maintaining
high sample yields. Recently, this group developed a novel electrophoretic, membrane-
based SDS removal method called TME (see Section 1.1.5.4). The technique is robust and
reproducible, successfully depleting SDS from both simple and complex protein samples
to levels acceptable for LC-MS analysis (<100 ppm) while maintaining >90% protein
yield®. In addition, SDS depletion from samples enriched with hydrophobic membrane
proteins has been demonstrated with TME. The originally developed TME was successful,
but it required lengthy (1 hour) operation times, along with rigorous sample mixing
throughout the depletion process to prevent overheating. The requirement for sample
mixing lengthened the time required for depletion, necessitated manual intervention, and
contributed to error/sample loss. In addition, little was understood about the electrophoretic
properties of TME, and how Joule heating (a feature common to all electrophoretic

processes) effects depletion and sample yield.
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Initial investigations on TME highlighted the necessity for a theoretical model of SDS
depletion over time. The variable nature of each TME experiment and the existing history
of data, made comparison between experiments difficult and unreliable. Chapter 3 begins
by proposing an exponential decay approximation derived from a simplified NP equation,
relating the flux of an ion to the strength of the applied electric field. The exponential decay
function is commonly used to model flux decline in other membrane processes and allows
for direct comparison between TME experiments with varying initial conditions (via half-
lives). As an example, a similar electrophoretic device reported by Tuszynski and Warren
in 1975, demonstrated SDS depletion to below 10 ppm, similar to the present study'®.
However, their approach demonstrates an SDS depletion half-life of 60 min. From the

results reported by Kachuk and colleagues, a half-life of 5.9 min was calculated®. In this

thesis, the lowest half-life was seen to be 1.1 min.

It is understood from previous studies that high levels of Joule heating limits TME
operation to lower current (<40 mA) and contributes to protein aggregation and yield loss.
It was initially thought that different TME operation modes (i.€. constant power, current,
or voltage) had little impact on performance. It was demonstrated here that operation at
constant current gives a decrease in the heat generated over time, whereas constant voltage
gives an increase, and constant power remains uniform. Thus, it can be concluded that

constant current is in fact the preferred method of TME operation.

Protein aggregation during TME is a significant problem that is worsened when SDS is
removed and Joule heating increases temperatures to above 60°C. SDS-depleted protein
samples were demonstrated to aggregate and precipitate more readily upon heating, and at

lower temperatures than native BSA, or SDS-containing BSA. This demonstrated the
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importance of maintaining a continuous low sample cell temperature during TME
operation. Although potentially problematic, multiple experiments show that a simple
formic acid re-extraction of the sample cell can retrieve any unrecovered proteins after SDS
depletion (lost to aggregation/adsorption). However, it is still the preferred alternative that
proteins remain in solution throughout the TME run; protein aggregation on the membrane
likely increases the resistance by restricting the pores, thus lowering the rate of SDS

depletion.

Reducing the overall system resistance is also an important step in minimizing the
levels of Joule heating, and the region with the highest resistance in TME is the membrane.
By halving the membrane thickness and increasing the pore size, a significant decrease in
the TME cell resistance was observed in the system, which directly correlated to the sample
cell temperature becoming much lower. Additionally, these changes to the membrane gave
no significant changes to SDS depletion rates nor protein recovery. Though smaller proteins
showed diminished recovery with larger-pored membranes, this effect could be lessened
by the addition of other differently-sized proteins to the sample cell. Lower temperature
and system resistance can allow for safe operation of TME at higher currents (i.e. +50 mA).
However, manual mixing was also shown to be ineffective at regulating temperature at high
operating currents, and frequent pausing of the power supply leaves samples vulnerable to
significant levels of SDS-back diffusion. More strategies to combat Joule heating at these

high current levels are still required to achieve optimal operation.

Chapter 4 begins by establishing that the TME sample cell temperatures were
severely underestimated in previous studies. This result was followed by an illustration of

protein localization against the membrane surfaces within the TME sample cell when no
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mixing is performed. Constant stirring with a stir bar inside the TME sample cell was
proposed to help dissipate heat, and prevent significant protein build up against the
membrane surface. A stir bar was shown to significantly reduce observed sample cell
temperatures for 30, 50, and 70 mA runs, completely removing the requirement for manual
pausing/mixing events. Lower sample cell temperature also correlated to significantly
lower levels of system resistance, and significant improvements to sample yield. A stir bar
helps to increase porosity, prevent adsorption, and pore-blocking by continuously removing
any protein build up at the membrane surface, which has been shown to increase sample
yield and SDS flux out of the sample cell. TME with a stir bar permits operation at 70 mA,
without any required pausing or supervision, completing depletion to below 100 ppm in
fewer than 10 min while maintaining a sample yield of 94 & 5%. It was also shown that the
absence of protein and fast stir speeds can be detrimental to SDS depletion rates. Though,
no clear conclusions can be drawn about why changing these parameters gave negative

effects on SDS depletion rates, and further experiments (discussed below) are still required.

The results presented in Chapters 3 and 4 were completed on simple systems
containing 1 or 2 protein standards, but proteins are very chemically diverse and these
results are not completely representative of an entire proteome. With this in mind, the
performance of TME on unfractionated and GELFrEE fractionated S. cerevisiae protein
extracts was assessed. As expected, TME operates less effectively with a complex
proteome mixture, likely due to the high levels of buffer constituents, lipids, biopolymers,
cellular debris, etc. In addition, protein-protein interactions can strongly influence the
“working” pore size experienced by SDS. The most successful sample was the fractionated

S cerevisiae with a stir bar, owing to this sample containing the lowest level of
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contaminants. In addition, large decreases in voltage as compared to BSA (made in water)
were observed for these samples. The decrease in voltage was attributed to differences in
solvent components (i.e. running buffer or Milli-Q water), and likely contributed to the
lower depletion rates observed.

For the remainder of Chapter 5, TME performance was compared to two more
favoured and well-established depletion methods, acetone precipitation and FASP. To
maximize reliability and reproducibility, acetone precipitation was performed inside a
custom two-stage centrifugal filter cartridge for this study. Additionally, a novel “intact
FASP” protein clean-up method was proposed and successfully utilized during the TDP
study. Comparison to these methods sets an excellent benchmark for emerging membrane-
based methods like TME. An assessment of the performance of these three methods in a
BUP study on C. reinhardtii and a TDP workflow with a standard protein mixture was
presented. All three methods reliably depleted SDS to < 10 ppm, and TME consistently
maintained significantly higher sample yields. All three methods gave very similar numbers
of peptides and proteins identified, as well as significant overlap in the identity of each.
Nonetheless, higher yields with TME translated to a greater number of PSMs per protein
and increased detection of low MW proteins. Despite potential for losses, all three methods
displayed successful detection of hydrophobic proteins, as determined by GRAVY score,
with TME identifying the greatest number. In the intact protein studies, all three methods
performed comparably, with minimal differences in quality/appearance of TIC and charge
envelopes observed. The work presented in this chapter, shows TME performs just as well,

if not better, than the favoured methods of SDS depletion in the field.
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As MS instrumentation continues to develop, its implementation in proteomics
workflows is becoming more commonplace. This necessitates the development of new and
effective front-end protein sample processing techniques. The introduction of TME by this
group in 2016 demonstrated its success as an SDS-depletion method, but also revealed
limitations in terms of depletion time (1 hour), and management of high levels of Joule
heating. This thesis presents multiple different strategies to improve temperature
management during TME. Changes to the membrane, operating mode, and addition of a
stir bar significantly reduced the levels of Joule heating allowing for TME operation at
higher currents. Proper temperature management with a stir bar also gave significantly
improved sample yields, as well as increased SDS depletion rates. The improvements to
TME presented in this thesis put forward a reliable and completely automated platform for
SDS removal. Its demonstrated success (as compared to other popular methods) will
promote incorporation of SDS in proteomics workflows for both BUP and TDP studies in

the future.

6.2 Suggested Future Work

This thesis presents an improved understanding of the fundamental variables
governing SDS-depletion in TME as well as significant improvements to TME
performance over the original. Nonetheless, there are some questions that remain
unanswered, as well as new possible research paths revealed.

First, further investigations into the effect temperature has on voltage, system
resistance, and membrane porosity are required. In general, it is understood, high levels of
heating promote protein aggregation, membrane fouling, and a decline in flux/yield which

is undesirable for TME. Conversely, moderate warming can decrease solution viscosity,
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which decreases resistance (and heat generation), which increases ion velocity. In addition,
warming could increase the porosity of the membrane, further aiding overall flux and
further reducing resistance. The impacts of heating during TME are still not fully
understood, and experiments in which the temperature of TME is held constant (cold vs
warm) could help provide insights on how SDS flux is influenced.

Further studies are also required in regards to larger-pore membranes. A clear
decrease in both system resistance and temperature are observed when a larger pored
membrane is utilized. Though no effect on SDS depletion rates were observed, and
diminished protein yields for low MW proteins was observed. Proteins have a significantly
larger hydrodynamic radii when denatured and there are many industrial processes which
successfully retain proteins of sizes much smaller than the designated MWCO. With that,
it is unclear whether the diminished yields of ubiquitin (8 kDa) during TME with a 12-14
kDa MWCO are from lack of retention or large levels of membrane adsorption. Perhaps a
formic acid rinse of the sample cell could recover the missing yield, and a more definitive
conclusion could be drawn about the retention qualities of larger-pored membranes with

small proteins in TME.

Next, some questions about the performance of TME with a stir bar were left
unanswered. It is unclear why TME performance changes on a SDS sample which contains
no protein. A depletion experiment with no protein and no stirring could identify whether
the observed result is related to the stir bar. In addition, an experiment comparing SDS
depletion on a very small protein VS a very large protein could provide merit for the

proposed “anchoring” hypothesis. Moreover, a TME experiment on an extremely dilute
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protein sample (approaching 0 g/L) could also help to understand why the presence of
protein increases depletion rates.

Furthermore, a better understanding of TME performance on complex protein
mixtures is warranted. It is hypothesized the differences occur due to multiple different
interfering contaminants, but this requires further experiments to confirm. Perhaps an
experiment comparing SDS-depletion of a BSA sample made in running buffer (instead of
Milli-Q water) to a GELFrEE fractionated sample could help identify if these buffer
constituents slow SDS depletion rates. Although the samples being compared would still
be a proteome VS a single protein. An alternative experiment could be comparison of SDS
depletion rates on a GELFrEE fractionated sample and a GELFrEE fractionated acetone
precipitated sample. The acetone precipitation step would remove any contaminants and
buffer constituents, allowing for resolubilization in Milli-Q water with SDS. Additionally,
large differences in voltage were observed between a single protein and a complex
proteome sample. It is hypothesized this also comes from the high levels of buffer
constituents in the proteome samples. However, an experiment comparing SDS-depletion
rates and voltages of BSA prepared in Milli-Q vS BSA prepared in TME electrolyte buffer

could help identify if the buffer constituents are influencing the results.

Finally, there are some TME parameters that were not evaluated in this thesis but
merit exploration including modifying the overall dimensions of the system to increase
the surface area:volume ratio. This could provide improvements to heat dissipation (like
CE) and increases in SDS flux by increasing the proportion of the sample exposed to the
membrane surface. Other modifications could include overall miniaturization of the system

to accommodate small sample volumes and reduce the consumption of electrolyte buffer
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and membrane. Modifications to the electrolyte buffer volume, buffer components, pH, and
concentration may provide ability to operate at higher currents and increase temperature
tolerances. Lastly, modification of the off-line TME system presented in this thesis to an
“on-line” flow through system could help increase heat dissipation, prevent SDS back
diffusion, further remove any human intervention, and promote interfacing between

downstream technologies like GELFrEE or LC-MS.
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Appendix A: Electronic Supplements”

File S1: Complete list of peptides identified from C. reinhardtii with each SDS depletion
method

File S2: Complete list of proteins identified from C. reinhardtii with each SDS depletion
method.

* These files can be accessed through DalSpace
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