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Abstract

Transmembrane electrophoresis (TME) is an electrokinetic method designed to remove
sodium dodecyl sulfate (SDS) from protein samples prior to mass spectrometry analysis.
Proteins in solution are stored behind dialysis membranes while the electromotive force
of an applied electric field drives the charged surfactant off the proteins and across the
membrane. For optimal MS analysis, SDS must be depleted below 10 ppm. Assuming
5000 ppm SDS in the original sample, this implies greater 99.8% detergent removal. An
actively cooled TME (AC-TME) system is presented that employs water-circulating
tubes to mitigate Joule heat build up and to maximize the rate of SDS depletion. The AC-
TME device was operated in constant current mode (40-400 mA), while monitoring the
applied voltage, system temperature, pH, and measuring the residual SDS in the sample
and final protein recovery. The soluble supernatant of the SDS-depleted samples is easily
recovered while an in-situ TME digestion protocol was developed to ensure recovery of
hydrophobic proteins in a format amenable to MS analysis. LC-MS/MS of the resulting
fractions was performed, with comparative analysis of the soluble and TME-retained
proteins to identify trends in the numbers and types of proteins recovered in each of the
obtained fractions. Compared to the conventional-TME system AC-TME provides
superior protein recovery and a higher rate of SDS depletion. These favorable results are
explained by the capacity to operate AC-TME at significantly higher voltages while
maintaining a temperature that maximizes protein retention in the solution phase. To
further remove the potential for protein loss through TME purification, an in-situ TME
trypsin digestion protocol was also developed and demonstrated here. Thermally
aggregated proteins are therefore retrieved and amenable to an optimized bottom-up MS
workflow to identify purified proteins. LC-MS/MS characterized a significant number of
proteins ranging in size, hydrophobicity, abundance across the soluble, supernatant, and
residual protein pellet in-situ TME fractions. SDS was depleted below 10 ppm in under
10 minutes in a fully automated platform. The improved protein purification device and
protocol presented removes one of the major bottlenecks in proteome analysis, enabling
the use of SDS-based workflows in a robust and high throughput format, for proteomic

LC-MS analysis.
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Chapter 1 Introduction

Proteomics is the large-scale analysis of proteins expressed by a specific biological system
with a defined set of conditions.! The goals of proteomics extend to an understanding of
the complex mixture of proteins in a proteome, including their functions, levels of
expression, interactions, modifications, and their effects.>® Mass spectrometry is currently
the most frequently used platform for proteome characterization, being capable of
sensitive, high throughput analysis. However, mass spectrometry (MS) is but one
component in a complex analytical workflow employed for proteome analysis. Equally
vital to the process are methods for protein isolation, purification, and separation ahead of
MS.*3 These front-end sample preparation steps therefore dictate the success of an MS
analysis. Considering the requirements of front-end protein manipulation ahead of MS,
detergents such as sodium dodecyl sulfate (SDS) have played an integral part in multiple
aspects of the proteomic experiments, including their extraction, enrichment, solubilization
and mass-based separation. Unfortunately, detergents are rarely amenable to MS analysis.
For this reason, detergent-depletion techniques are critical to facilitate the analysis of
proteins in MS workflows. The optimization of a rapid and effective detergent depletion

strategy is the topic of the current thesis.

1.1 Proteomics

The term ‘proteome’ was coined in the mid 1990°s by Marc Wilkins as a shorthand
notation of, “the PROTEin complement expressed by a genOME. ’® The proteome describes
the total set of protein isoforms and modifications expressed by a genome, cell, tissue,

organism, or system of interest.® These molecules are not only responsible for initiating a



large proportion of the chemical activity within cells, but also serve key structural roles.
The field of proteomics arose to complement genomics and transcriptomics; while a gene
is considered constant and even messenger RNA (mRNA) cannot disclose the differing
functions of a given protein depending on post-translational processing, the proteome is a
far more dynamic system.’~!* The identification of specific post-translational modifications
(PTMs) which can chemically alter the functional activity of a protein is a prominent goal
of proteomics analysis, as PTMs are often implicated in disease and thus bear significant

15-19

value to the pharmaceutical industry for drug target discovery, characterising

20-24 25,26

biomarkers, elucidating biological mechanisms, and finding new treatments for

diseases such as cancer.!?73°
The term “proteoform’ is used to describe any chemically distinct form of a protein,

resulting from amino acid sequence manipulations or modifications.?!

During
transcription, eukaryotic organisms can produce mRNA containing a rearranged sequence
of codons via intron excision and exon splicing. Additionally, proteins amino acid
sequences can be altered with a multitude of distinct chemical moieties including
methylation, acetylation, phosphorylation, glycosylation along with over 200 other
processes,> the net effect being a potential change in the physicochemical properties of the
protein. Protein functions and interactions can be altered by PTMs and regulate cellular
activity by changing the conformation, charge states, steric properties, and solubilities of
protein molecules.!%3%333* The complexity of the proteome relative to the genome is even
greater when considering that PTMs can act in tandem to tailor the activity of a specific

protein. For example, it has been shown that gene regulation is highly influenced by

specific PTMs expressed on histones, which are an integral component of nucleosomes for



DNA packaging.’® While gene-level analysis has already revolutionized our understanding
of biological systems, proteomics has even greater potential to examine the dynamic nature
of living systems.

Though proteome characterization can provide valuable information, it is
considered a far more challenging analytical system than its genome counterpart. One of
the surprising findings of the Human Genome Project was that the human proteome
contains ‘only’ approximately 22,000 directly coded proteins. However, owing to PTMs,
alternate splicing events, and allelic variations, the resulting proteome is estimated to be
anywhere from 100,000 to over 1 million distinct components.*®3” Furthermore, proteomic
samples display a wide variation in concentration of individual proteins, with upwards of
10 orders of magnitude difference between the least and most abundant components of a
plasma sample.’®3° Naturally, the concentration of each sample component is not static;
the proteome of a biological organism responds rapidly to changes in environment, stage
of growth, or other factors. The chemical diversity, dynamic range and changing nature of
the proteome all demand extremely sensitive, selective, and fast analytical instruments to
profile such complex mixtures. Mass spectrometry has therefore revolutionized proteomics
as a high-throughput and sensitivity sample analysis platform, noting that it is also reliant
on quantitative sample extractions, separations, and purifications to ensure high quality

measurements.**4!

1.1.1 Mass Spectrometry Workflow for Proteomics Analysis
A MS instrument measures the mass-to-charge ratio (m/z) of ionized analytes in the
gas phase, providing the potential to not only identify but also quantify the various proteins

present in a sample. Multiple types of mass spectrometers exist, tailored to the analysis of



different types of analytes depending on the specific combination of ion source and mass
analyzer. The foundation and development of MS traces back to the early 20" century,
though modern instruments are far more advanced and implemented in a variety of
platforms. The history of MS began in 1912 at the University of Cambridge by Sir Joseph
John Thomson, together with his research assistant, Francis William Aston when they
constructed and recorded a parabola spectrograph to distinguish unique isotopes of neon.
Ions were separated based on their differing parabolic trajectories manipulated by magnets
on either side of an evacuated chamber and detected either using a fluorescent screen or
photographic plates.*> MS has expanded tremendously to encompass unique types of mass
analyzers which impart separation of ions according to their mass to charge ratio (m/z),
with considerably higher resolution, sensitivity, mass range and scan speed. These
instrument developments permitted the application of MS to numerous compound classes.

An example of a typical MS-based proteomics experiment is outlined below, noting
that there are now multiple unique approaches to proteome analysis which may omit one
or more of the stages described. Prior to MS analysis of the sample, proteins must first be
isolated. Therefore, the first stage of the workflow may involve cellular lysis, disrupting
the membranes and solubilizing the proteins (often with the aid of chemical additives).*
Following this, for what is known as the ‘bottom up’ approach to MS analysis,* proteins
are digested, typically with an enzyme such as trypsin, into shorter (peptide) segments
which are considered easier to solubilize, separate, and analyze by MS. Given the
complexity of the sample, the peptide mixture is next separated ahead of MS, typically by
liquid chromatography, which conveniently can be directly coupled to MS. The favored

approach for coupling LC-MS is a soft ionization technique known as electrospray



ionization (ESI), which transitions the charged analytes to the gas phase for MS analysis.*®
MS analysis of a proteomic sample involves acquiring both the mass of the original (intact)
peptide, as well as the formation and mass determination of fragment ions through a
process known as tandem mass spectrometry.*® Following data acquisition, various
computational approaches are available to analyze the MS data, translating spectral files
into amino acid sequence information indicative of the proteins present in the sample.*’
While improved mass spectrometry instrumentation has been expanding its capabilities for
proteome characterization, it should be realized that many of the key stages of a proteomics
workflow are not directly connected to the MS instrument. For example, ineffective cell
lysis, or poor protein solubilization would lead to sample losses, while the presence of
matrix interferences which suppress ESI ionization can bias the detection of analytes. Thus,
regardless of the sensitivity or scan speed of today’s state-of-the-art MS instrumentation,
such limitations in front-end sample preparation will impact the quality of the resulting

data.

1.1.2  Peptide Ionization and Mass Analysis

In 1989, John Fenn pioneered the application of electrospray ionization (ESI) to
enable the analysis of extremely large molecular weight proteins by mass spectrometry.*
ESI is considered a soft ionization process, meaning that analytes undergo minimal
fragmentation during ionization, which permits MS analysis of larger, more thermally label
molecules in their intact form. ESI is ideal for ionizing peptides and proteins, as it typically
generates multiply charged ions to permit analysis of compounds with extremes in
molecular weight. This was of particular benefit given the upper mass limit of early

quadrupole mass analyzers (typically on the order of m/z 2000). ESI also facilitates high-



throughput analysis of mixtures, given its capacity to directly couple with the continuous
elution of solvent from a liquid chromatographic separation. With ESI, the analytes of
interest are typically present in an acidified, mixed aqueous and organic solvent (with
acetonitrile / water / 0.1% formic acid being the most typical of a proteomics experiment).
As such a solvent system is also typical of reversed phase separation, ESI therefore presents
an ideal interface between chromatographic separation and mass spectrometry.
Furthermore, ESI can be implemented at the nano-flow regime*® (sub microliter per minute
flow), enabling higher sensitivity analysis,*” and becoming today’s mainstay approach to
proteome characterization.

A mechanistic description that outlines the transition of analytes from solution to
gas-phase ions is described below and shown in Figure 1.1. An understanding of this
process is essential to the larger goals of this thesis, which explores the elimination of
matrix interferences (namely surfactants) which can suppress the ESI process when present

in the sample.

ESI Capillary Initial liquid droplets
Spray Tip —— MS Inlet
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Figure 1.1 Schematic depiction of the general ESI source, cgerating in positive ion
mode, ejecting analyte solution containing charged ions that yield gas phase ions entering
the MS instrument.



Beginning from the perspective of a reversed phase separation, the eluting analytes
are present in an acidified mobile phase (acetonitrile/ water) and are sprayed into open
atmosphere from the end of a capillary where the solvent encounters a voltage potential
difference of typically 1.5-5 kV that disperses the sample solution into an aerosol of highly
charged droplets in atmosphere,®® depicted in Figure 1.1. The solvent droplet repeatedly
evaporates, aided by high temperature, disintegrating, and becoming smaller.’! Charged
analytes will electrostatically repel each other as the solvent is evaporated until the
Rayleigh limit is reached and the surface tension of the droplet is overcome by the
Coulombic force of repulsion and the droplet disintegrates into a smaller offspring of
droplets, known as Coulombic fission. This process repeats and offspring droplets carry
approximately 2% of the parent mass and 15% of the parent charge.>? As the droplets shrink
it loses approximately 90% of its mass increasing the mass to charge ratio until the ions are
released from solution and enter the MS inlet as gas phase ions.>> The mechanism that
finally releases the analytes from solvent molecules is still debated and several theories
have been developed to model the mechanism.* The ion evaporation model suggests
droplets reach a given size and the electric field at the surface of the droplets generated by
charged analytes becomes strong enough to emit the solvated ions out of the droplet.
Alternatively, the charge residue model implies that droplets become so small they
essentially contain a single charge analyte molecule until all solvent evaporates leaving the
residual ion.> It is suspected that unfolded, hydrophobic proteins are ejected from droplets
sequentially as one chain terminus gets expelled into the gas phase, known as the chain

ejection model.



The composition of the sample including the type of solvent used are critical for
successful ESI process. The pH of the solution will impact the conformation of proteins
and peptides in solution, which directly impacts the charge state distribution on these
molecules.> Importantly, a low pH will lead to the protonation of N-terminus of basic
residues, such as lysine and arginine). The type of solvent is known to impact the ionization
of proteins and peptides in ESI-MS. The polarity, gas-phase basicity, and surface tension
of the solvent impact the Rayleigh- limit charge of droplets in ESI, directly impacting the
maximum charge states and charge state distributions (CSD) of peptide fragments. Other
additives aim to increase the CSD of peptides and proteins termed charge-enhancing or
“supercharging” additives, like dimethyl sulphoxide (DMSO) or m-nitrobenzyl alcohol.*®

Detergents are commonly used reagents in protein chemistry. Membrane proteins
for example will commonly require detergent treatment to aid in their solubilization in
aqueous solvents (membrane protein isolation is discussed in Section 1.3.1). It is well
reported that detergents will interfere with ESI-MS (the impacts of residual detergents on
other aspects of the proteomics workflow are expanded in Section 1.4).°” With respect to
ESI, coulombic interactions between surfactants and oppositely charged analytes results in
surfactant-peptide ion adducts that do not transfer to gas phase.’® Surfactants will alter the
surface tension of nanodroplets in ESI, impact the charge envelope of peptides, and
generate adducts and background ions, all of which result in suppressing the analyte
signals. While MS analysis is pivotal to high-throughput proteome characterization,
residual surfactants present in the sample have the potential to severely impact the detection

process, unless appropriate sample purification is available.



1.1.3 Bottom-Up, and Top-Down Proteomics Approaches

The typical proteomics workflow described in the previous section is generally
referred to as bottom-up proteomics (BUP), referring to the analysis of peptide fragments
following enzyme (or chemical) digestion. Bottom-up proteomics is currently the more
common approach.’®-®!Alternatively, MS analysis can be conducted on intact protein
sequences, either as denatured molecules or in their native conformation. Analysis of intact
proteins is known as top-down proteomics (TDP).®* The value in TDP is the potential to
detect complete proteoforms including PTM’s as opposed to fragments of amino acids to
infer a given protein molecule. Regardless of method (BUP or TDP), the amino acid
sequence of the protein is ionized and characterized by way of MS fragmentation and
analysis (i.e., tandem mass spectrometry). However, the greater complexity of chemical
structure for intact proteins, their wide dynamic range, and potentially limited solubility
implies that the manipulation of intact proteins is more challenging than that of their

peptide counterparts.®*64

1.2 Protein Solubility

Maximizing a protein’s solubility is one of the most vital conditions enabling MS
characterization. Protein solubility is a function of its molecular structure, which is closely
dictated by its cellular localization, which in turn relates to its function. Proteins can be
described through their primary structure, namely the order of amino acids in a
polymerized chain. In their native environment, proteins will adopt higher order, three
dimensional structures which not only maximize their solubility but lend the protein their

functional characteristics. Secondary protein structures are classified as interactions in the



primary chain resulting in local folds, most common types known as a-helices and -sheets
shaped by hydrogen bonding between carbonyl and amino groups. The tertiary structure of
proteins arises from the interactions of amino acid functional R groups. These have a
variety of interaction types depending on the characteristics of the amino acid. The
combination of amino acid residues, resulting a-helices and B-sheets, R group interactions,
and disulfide covalent linkages that contribute to a proteins tertiary structure.

In aqueous solution proteins will adopt a conformation such that their polar regions
envelope and shield the bulk of the hydrophobic regions. In doing so, the polar amino acid
groups are exposed and allowed to interact with the aqueous environment through
hydrogen bonding, ionic-, and protein-solvent interactions. These interactions increase the
proteins overall solubility by forming an ordered layer surrounding the protein called a
hydration sphere.%¢7 A protein’s higher order structure can be disrupted (denatured) where
the hydrogen bonds maintaining the proteins’ tertiary structure are broken. Protein
denaturation is a dynamic process and can be reversible but can also lead to irreversible
and insoluble aggregation. Changes to a protein’s conformation can directly impact its
solubility. Factors that will influence a proteins conformation include pH, temperature,
ionic strength, and the presence of additives such as surfactants.®®’? Discussion of SDS-
protein denaturation is described in Section 1.2.2. To quantitatively prepare samples it is

important that the physicochemical properties of the solvent favor protein solubility.

1.2.1 Thermal Denaturation and Protein Aggregation
High temperatures are known to impact protein structure and solubility via thermal
denaturation. The partial unfolding of the protein’s native structure can expose

hydrophobic protein residues that form intermolecular structures leading to aggregates.
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These protein aggregates are dominated by hydrophobic sites of the amino acid sequence
creating intermolecular interactions. Protein aggregates are still partially susceptible to
proteolysis reactions and can generate sufficient digested peptide fragments to permit MS
identification. However, accurate quantitative analysis may be compromised.”

Yan et al. (2004) investigated the heat-induced unfolding and aggregation of
hemoglobin molecule using FTIR spectra to monitor hemoglobin’s thermal transitions.
They reported a sequence of temperature-dependent protein denaturing events over a range
of 30-70°C.” Hemoglobin denaturation below 44°C was dominated by conformational
changes of a-helices warping tertiary structure.’ This study also showed that heat-induced
structural changes were extended to protein chain structures as temperatures reached 60°C
and above that B-sheet structures became denatured. Of interest is that the formation of
protein aggregates was found to start occurring in the range of 44-54°C indicating it may
be specific regions of the proteins sequence that influence formation of aggregates.

Thermal denaturation has also been shown to change protein profiles and generate
polydisperse protein bands and spots in SDS-PAGE gels and heavily interferes with MS
analysis.”*7" The temperature of 60 °C is considered the upper limit that a proteomic

sample can be exposed to before thermal aggregation becomes significant.”*7778

1.2.2 Sodium Dodecyl Sulfate

The anionic detergent sodium dodecyl sulfate (SDS) is popular in proteomics
research, as seen for example through its role in sodium dodecyl sulphate-polyacrylamide
gel electrophoresis (SDS-PAGE) separation.”” SDS, commonly found in household and
cosmetic cleaners and as an emulsifying agent, is a favored solubilising agent in biological

and crystallography studies involving proteins.’*® SDS is a synthetic organosulfate
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molecule and an anionic surfactant consisting of a sulfate group attached to a dodecane
chain with a sodium counterion, see Figure 1.2. At low concentrations, SDS molecules
exist as free monomers in solution. The critical micelle concentration (CMC) is the
concentration of detergent at which point the individual molecules start to self-associate
and aggregate, forming larger structures known as micelles.® The CMC for SDS in pure
water at 25°C is 0.0082 M with each micelle containing ~62 SDS molecules
(approximately 18 kDa)®¢

SDS is commonly used as an amphiphilic detergent in proteomics to denature,
solubilise, and separate proteins via ionic and hydrophobic interactions. SDS binds to
proteins with high affinity in a concentration-dependent manner where different interaction
and binding types exist over a wide concentration range.”>*”"*° The anionic sulfate group
binds positively charged amino acids such as lysine and arginine, while the alkyl chain
binds to hydrophobic side chains.”>?*? In 2009, Bhuyan examined protein-SDS binding
isotherms and reported three effective concentrations where SDS interacts with proteins.”
At submicellar concentrations, monomeric detergent molecules bind to high-energy,
hydrophobic regions on proteins. Leucine, isoleucine, and valine are reported to form
hydrophobic clusters that block solvent from penetrating into these clusters. Secondly, SDS
begins to cooperatively bind on the proteins surface leading to denaturation and changes in
proteins tertiary and secondary structure. Above the critical micelle concentration (CMC)
detergent molecules aggregate into micelles that dominate the SDS-protein interactions.
The denatured protein covered in micellar SDS rosettes is termed the “necklace model.”**
The dynamic and varying interaction of SDS with proteins yields two discrete protein

structural changes. The binding ratio of SDS to proteins is impacted by the sequence of
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amino acids, temperature, and buffer matrix composition.’®*> The SDS-protein binding
ratio varies in the published literature from approximately 0.5-2 gram of SDS per gram of
protein.”! However, the most commonly reported study of SDS to protein binding
(Reynolds, 1970) describes an approximately constant mass ratio of 1.4 g SDS per gram
of protein.”® This results in a near constant (negative) charge to mass ratio of SDS-bound
proteins, and is the basis for SDS-PAGE and GELFrEE separations where proteins

denatured by SDS are separated in a gel membrane based on their relative masses.”%

Figure 1.2 Structure of sodium dodecyl sulfate with the hydrophobic 12 carbon alkyl
chain and hydrophilic organosulfate headgroup with monoisotopic mass 288.1371 Da.

1.3 Sample Preparation Strategies for MS Based Workflows

Following cellular lysis and extraction, protein solubility of the most hydrophilic
components in the sample can typically be maintained by the protein’s structural
conformation. However, detergents are frequently employed to augment protein solubility,
particularly for hydrophobic proteins. Membrane proteins are of low abundance relative to
the size of a full proteome, however their impact in biology is far reaching. Detergent-
based workflows can make these proteins preparation and manipulation simple procedure.
They play roles in the organization and localization of a cell’s components and organelles
and importantly in the cell’s interactions with its environments via signal transduction, cell
97-100 1p,

recognition, and intercellular joining and are commonly implicated in disease.

2020, Lu et al. used the application of MS based genomics and proteomics to detect
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abnormal membrane protein and microRNA expressions as lung cancer metastasis
biomarkers.'”! The short non-coding RNA molecule, has-miR-137, was detected as a
biomarker from MS proteomics experiments, as several of its indirect protein targets were
isolated in membrane protein enriched high-metastasis cell lines.!?!:192

Classed into ionic, non-ionic, and zwitterionic detergents ionic detergents such as
SDS, sodium deoxycholate, and sarkosyl are regularly used for complete protein
denaturation. SDS has shown to improve whole proteome and membrane protein studies.'*
Non-ionic detergents are characterized by their uncharged headgroups and are considered
milder as they disrupt protein-lipid interactions but do not denature proteins as strongly, a
common example is Triton X-100. MS-compatible detergents are typically a non-ionic
variety like MS-compatible degradable surfactant (MaSDeS) that Chang et al. (2015)
reported successfully solubilized a variety of complex proteome samples from swine
tissues and improved the detection of membrane and nuclear proteins compared to
controls.!* Zwitterionic detergents, like 3-[(3-cholamidopropyl)dimethylammonio]-1-
propanesulfonate (CHAPS) have headgroups containing equal negative and positively
charged species leading to a net neutral charge.!® Thus, they lack conductivity and cannot
be used for electrophoretic mobility, like SDS, but they will disrupt protein-protein

interactions and can be used to denature proteins, commonly applied for isoelectric

focusing.

1.4 SDS Incompatibilities and Limitations with LC-MS

Detergents play key roles for extracting, isolating, and preserving protein samples,

but typically will interfere with near all other aspects of proteomic workflows including
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both LC and MS platforms, deteriorating chromatography and signal quality and
proteolytic digestions.!?*!"” The common anionic surfactant SDS has a maximum
concentration threshold of 0.01% (100 ppm) SDS above which the surfactant is
incompatible with proteomic workflows.!% SDS also interferes with trypsin digestion as it
denatures proteins, including enzymes, disrupting their structural conformation and
subsequently activity.!®!'" Ghosh (2008) reported that concentrations as low as 0.08%
SDS are sufficient to denature trypsin and decrease its proteolytic activity.!''?

Kawasaki and Suzuki (1990) showed that increasing concentrations of SDS from 0
to 0.1% slowed the elution of peptides from reverse phase (RPLC) columns, reducing the
separation of peptides and broadening their signal peaks.'!'* SDS binding to positively
charged residues on the proteins, like arginine and lysine residues, yields the proteins with
greater net hydrophobicity.'!'* At higher concentrations, SDS will adsorb onto the surface
of alkyl-bonded stationary phases of RPLC columns and subsequently yield a net negative
charge that further impacts retention times.'!> In 2015, Ortiz-Bolsico et al. determined that
adsorbed SDS remained constant (~2.6 umolxm) through the acetonitrile concentrations
of 5-20% above which SDS-column interaction slightly decreases.!'®

Perhaps the most significant impact of SDS on the proteomics workflow is seen
through the electrospray ionization process, by altering the surface tension of
microdroplets.'%!1117 This therefore interferes with the normal generation of ions through
Coulombic fission of ESI droplets. Surface active agents like SDS, at concentrations above
0.01%, have been shown to fully suppress MS signals.!"19118119 Eor example, in 2015,
Kim et al. showed MS signal deterioration at 0.01% SDS noting the formation of adducts

in the MS spectrum which was also reproduced by Kachuk et al. in 2016.'°712° The main
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impacts of SDS on MS analysis includes the lowering of analyte signal intensities, the
formation of adducts structures, and the increased presence of background ions that may
obscure and even suppress sample signals and potential shifts in the expected charge
envelopes. Mass spectral data becomes cluttered by detergent adducts rendering it difficult
to interpret with multiple studies publishing confirming these detriments.'!121:122

In summary, SDS is considered an ideal additive for improving protein
manipulation during front-end preparations, but unfortunately is also detrimental to
multiple downstream aspects of the proteomics workflow, including digestion, separation,
and detection. This therefore presents the proteomics researcher with three options: avoid
using SDS altogether, employ a very low concentration of SDS and dilute the solution if
necessary, or employ SDS at appropriately high concentrations for the early stages of the

proteomics workflow, followed by an effective protein purification strategy to eliminate

SDS and avoid the detrimental impacts it causes during MS analysis.

1.4.1 Sample Cleanup Strategies to Remove Residual SDS

SDS removal is challenging, without impacting the recovery of proteins due to the
strong interactions between protein and detergent. Removing SDS from hydrophobic
(membrane) proteins also increases the risk of sample loss as the proteins may no longer
remain soluble without the detergent.!”>"'?> The interest in separating detergents from
protein and biological samples has existed even before the formalization of the field of
proteomics. 031267129
Column-based methods for SDS removal are popular for their simple design and

user interface whereby SDS contaminated samples are passed through the column, which

ultimately has the goal of separating protein from SDS. Numerous mechanisms of
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separation have been developed and commercialized. Reverse phase (RP) LC separates
protein according to their relative hydrophobicity.!**!*! While RP columns have been
reported to isolate proteins from SDS, the success of depletion is limited as the surfactant
can continue to interact with proteins.!3>!3 Membrane protein separation is challenging
with RP since hydrophobic proteins are susceptible to self-aggregate and can precipitate
once the detergent concentration is lowered.!*® Hydrophilic interaction liquid
chromatography (HILIC) uses an ionic resin that interacts with water becoming hydrophilic
that separates polar compounds. In 1993, Jend et al. published an SDS removal based on
HILIC using trace enrichment before sample proteolysis.'** Some HILIC applications have
been published that target PTM analysis.!*>!3¢ Jon exchange chromatography techniques
rely on differences in the net charges between proteins and surfactant micelles. Sze et al.
(2018) report a weak cation exchange online removal system that permits in-solution
digestion of protein samples containing SDS, whereas other methods must deplete SDS
prior to proteolysis.!*” Size exclusion chromatography (SEC) can only deplete free SDS
(in solution). Protein-bound SDS molecules, as well as larger micelles, depending on the
column’s pore size, and will not be removed, making SEC unsuitable for MS-based
workflows.

Numerous column-based protein purification kits are available commercially.
Typically, these make use of an affinity resin packaged into a small spin cartridge that
operates in a centrifuge. These cartridges retain proteins while the detergents are washed
away. Commercial spin columns have been compared, whereby the Pierce Detergent

Removal Spin-Column appears to generate the most favorable results.!2”-!3
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A variety of additives have been reported to adsorb detergent molecules. Metal-
organic-frameworks are a nanotechnology attracting attention for its favorable chemical
properties suited to removing detergent contaminants on mass.'*® Dolochar has been used
as an adsorbent additive to remove SDS.'*’ Polystyrene adsorbents are rapid and efficient
at removing N-Lauryl sarcosine detergent, but has not been applied to SDS.!4142
Cyclodextrin has been applied by Quirino in 2018 to bind SDS forming CD-SDS inclusion
complexes that are funneled to waste prior to MS and as a result reduce the amount of SDS
monomers and multimers signals.!?3143

Membrane filtration techniques are effective at removing SDS while retaining
larger proteins. Dialysis is only effective to remove free (unbound) SDS and generally
takes a long time.'** For MS analysis, protein-bound SDS must also be removed.
Commercial products including Slide-A-Lyzer®, Pierce™ 96-well microdialysis plates,
SnakeSkin™ Dialysis Tubing, with various specified MWCO’s can be employed, but the
result will be an incomplete purification.

As an evolution of simple membrane filtration, Filter Aided Sample Preparation, or
FASP!'#3146 is a popular protocol published by Wisniewski et al. in 2009 that also
highlighted the benefits of using SDS in proteomics workflows. FASP retains proteins
above a MWCO filter, but also disrupts SDS-protein interactions with inclusion of 8 M
urea. Following multiple lengthy centrifugation steps, the SDS can be successfully
removed.'*” Since the advent of FASP, several competing strategies for SDS removal have
been reported, most of whom achieve the required purity for MS analysis. Examples

include single-pot, solid-phase-enhanced sample preparation, or SP3 for short, and

suspension trapping (STrap).!4815!
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The solubility of SDS is diminished by inclusion of potassium salts causing it to
precipitate. KCI precipitation is reported to deplete >99.9% SDS from peptide samples by
ion substitution-mediated precipitation whereby potassium binds DS~ forming KDS
leaving peptide samples free of SDS.'?"15% The approach is however ultimately limited by
the solubility of KDS. Alternatively, a long-standing practice, solvent-based protein
precipitation is used to isolate, purify, and concentrate samples.*"’%!155 Several techniques
exist for precipitating proteins and isolating from contaminants and there are many
comparative studies in the literature.'*>!>® Protein precipitation has been demonstrated to
remove, reliably and rapidly, both free- and protein bound detergent yielding pure proteins
but is criticized for being susceptible to variance from one lab to the next.

Acetone precipitation can overcome the binding energy of the protein-bound SDS
and purify to a high level. A rapid and consistent precipitation protocol is reported by
Nickerson (2020) with high purity and recovery of 98 £+ 1%. They report improved
precipitation efficiency with near-homogeneous recovery of all the proteins by using a
combination of 80% acetone with high salt concentration and temperature.*' The ProTrap
XG was developed by Crowell et al. in 2015 to facilitate acetone precipitation whereby
aggregated proteins are centrifuged and retained on a polytetrafluoroethylene membrane
as SDS and acetone pass through, leaving pure sample with 99.75% detergent
removed.'>-160

Electrophoresis-based SDS depletion methods use an applied electric field to
influence and move the negatively charged detergent molecules. SDS-PAGE is a gel-based
electrophoretic technique that uses SDS to denature and confer negative charges to then

separate protein mixtures under an applied electric field in a polyacrylamide matrix. This
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traps the proteins in the gel allowing for the removal of SDS through a series of organic
solvent washes. The trapped proteins can then be digested after which the smaller peptides
are extracted.'®! Of the physico-chemical techniques that have contributed to the study of
proteins, and expanded the field of proteomics, electrophoresis has been of primary
importance. In 1975, Tuszynksi and Warren used the application of electrophoretic dialysis
to drive off protein-bound SDS. They modified an electrophoresis gel destainer with
dialysis tubing to retain proteins while charged detergent molecules (SDS) were stripped
from the samples. Detergent contaminated cytochrome ¢ and BSA after 11 hours achieved
much higher purity than dialysis would offer by applying 20 mA of constant current to the
samples. More recently, Quirino et al. (2020) have also developed an electro-kinetic based
platform for rapid SDS removal focused on peptide purification. Utilizing an agarose gel
filled micropipette tip with cathodic electrode and the apparatus is suspended in electrolyte
that holds an anode. Samples are loaded on top of the gel, where they are retained for easy
recovery, while the smaller detergent molecules are pulled off the samples by the force of

an electric field producing pure peptides.'®> 164

1.5 Transmembrane Electrophoresis

Transmembrane electrophoresis is an instrumental approach for SDS depletion
developed in this laboratory!®>1 to provide a reliable method for depleting protein-bound
SDS without compromising sample yield. Analogous to electrodialysis, an electric
potential is applied across a MWCO membrane directing charged analytes to pass through
the membrane while retaining the larger MW proteins, a schematic depiction is shown in

Figure 1.3. The conventional TME platform was originally described by Kachuk and
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colleagues (2016) and then modified by Unterlander and Doucette (2018) to better control
Joule heating and understand how the theory behind TME,!%>1® TME has since been
applied to both BUP and TDP workflows.!®” TME has previously shown to reliably remove
protein-bound SDS to below 10 ppm while maintaining yields of 90 -99.9% depending on
the sample composition.'®>!% However, one of the significant limitations of TME is the
excess Joule heat which limits the magnitude of the applied electric field. Recall (Section
1.2.1) that higher temperatures (>60°C) have a direct impact on protein aggregation, thus

potentially lowering sample yield.

Figure 1.3 Depiction of the TME device with buffer chambers (1), sample cell (2), SDS-
protein sample solution, (3) sample inlet (4), MWCO membranes, (5) silicon gaskets, (6
and 7) cathode and anode buffer chambers, (8) and system retaining clamps that hold the
TME device together and maintain the water-tight seals. This figure was used with
permission from Kachuk et al. (2016).1%

Unterlander (2018) improved the original TME design by first investigating the
theory and mechanism governing how TME functions.!®® The original version of TME
required one hour of run time to deplete samples to 100 ppm of SDS and efforts to expedite

this by increasing the strength of the electric field were unfruitful. Specifically, Joule

heating, caused by the high application of constant currents resulted in thermal aggregation
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of proteins causing lower yields and thus limited the performance of TME. Efforts to
overcome the high temperatures initially required that the TME applied voltage was
periodically paused, and that the sample was mixed via pipetting to disperse the Joule heat
being formed during electrophoresis. This was not only laborious but added significantly
to the total time required for SDS depletion. Further attempts to mitigate the formation of
high temperatures were made by chilling the TME device to -20°C and using pre-cooled
electrolyte solution (4°C). Finally, implementing stir bars inside the sample wells to
continuously stir the sample aided in dispersing heat.

A theoretical model describing the relation between the applied electric field and
SDS depletion rate is provided here. The movement of an ion in an electric field and
passing across a membrane is the sum of the diffusion, electromigration, and convection
forces that govern mass transport in electrophoretic systems described from the Nernst-

Plank (NP) equation:

Jeotat = —Dg + D%CE + vsC Equation 1.1

2
Where J is the diffusion flux, D is the diffusivity of the analyte (%), c is the concentration
of the analyte, x is the position, z is the valence of the ionic species, e is the elementary
charge, kg is the Boltzmann constant, £ the electric field (%), vs 1s the velocity of the

solvent, and 7 is the temperature (K). A novel way to describe the residual SDS remaining
in the TME solution was first described by Unterlander in 2018 to model the residual SDS
inside the TME sample cell. Although, not synonymous with the flux of SDS the two are
related via NP equation. The flux of SDS is related to the strength of the applied electric
field using an exponential decay function derived from the NP equation:

SDS; =SDSy-e™! Equation 1.2
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where SDS; is the concentration of SDS at time 7 (ppm) and SDSo is the initial concentration
(typically 5000 ppm), ¢ is time (s), and 4 is the decay constant. This decay constant (4) is a

function of several parameters shown below:

_ DzFE
LRT

A Equation 1.3

Where F is Faraday’s constant (ﬁ), L is the length of the sample cell including the

membranes (cm), and R is the gas constant (ﬁ). The simplified equation modeling

residual SDS is based two major assumptions: both the temperature and the voltage
throughout a TME run are constant. While these factors remain relatively stable at lower
applied currents the assumptions do not hold for higher applied currents, resulting in higher
Joule heating. As temperature changes, the rate of SDS depletion no longer follows the
predicted exponential function. The decay constant (1) is related to the half-lives (#,) of

SDS decay as per the equation below:

In (2)
il

by, = Equation 1.4

The half-lives provide a quantitative approach to discuss TME system optimization.
For example, with the original TME reported by Kachuk, the SDS depletion rate was
described through a minimum half-life of 5.9 min while Unterlander reported a half-life of
1.1 min,'65-166

Updates to the design of TME were made to further reduce the limitations of the
TME system, by mitigating the impacts of Joule heat formation. Stir bars inside the sample
wells allowed for improved heat dissipation to the adjacent buffers, allowing continuous
operation at higher electric fields without the need to pause the power supply and prevent

sample overheating. Given that TME is the central topic of this thesis, a detailed description

of the underlying electrophoretic process is described in the next section.
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1.5.1 Mechanisms Underlying Electric-Field Based Methods

Electrophoresis is a powerful tool for the separation of mixtures, the determination
of purity, and can be applied for small as well as large scale preparations.'®17
Electrophoresis is the movement of charged particles under the influence of an applied
electric field.!”! An electrophoretic system consists of two electrodes of opposing charge
that are immersed in and connected to a conducting medium. An electric potential can be
generated between the two electrodes and charged ions migrate from the anode to the
cathode and ions in the electrolyte will maintain the current. Reduction occurs at the
cathode, with water reducing to form hydrogen gas and hydroxide ions. Oxidation at the
anode results in forming protons that react with water to form hydronium, together with
oxygen gas, and electrons. Charged species within the solution will also migrate to either

the anode or cathode depending on their charge state (anions migrate to the positively

charged anode; cations to the cathode) expressed by the parameter electrophoretic mobility,
2
(%). This is expressed in terms of the Coulomb force, F. (ﬁ), being exerted onto the

analyte that is driving it to migrate towards electrode per Equation 1.5:
Fe=qxE=zeE Equation 1.5
Here, ¢ (units in Coulombs, C) represents the product of the charge number, z, and

the elementary charge, e, multiplied with the electric field, E. The opposing force to
Coulomb’s force is the drag force, Furag (k‘z—'zm), exerted onto the particle which is expressed
by Stoke’s law (Equation 1.6) and is a product of the analyte’s velocity, v (%n), and the

_ . k
frictional coefficient, f (Tg).

Farag =fxv=6mnrxv Equation 1.6
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The frictional coefficient, f, accounts for the molecules size, shape, and viscosity of

the medium being used for electrophoresis and is more specifically expressed as 6znr,

kgm

where # is the dynamic viscosity of the solution ( ) and 7 is the ionic radius (m) of the

s2

analyte. lons migrate at different rates according to their charge, size, the magnitude of the

electric field, and the viscosity of the matrix. The velocity, termed drift velocity, va.i# (%),

that a particle reaches during electrophoresis occurs when the Coulomb force, F. (ﬁ),

exerted by the electric field is greater than the drag force, Furag (m), that molecule

SZ
experiences provided by Equation 1.7 below:

zeE

Vrift = Equation 1.7

6nnr
The speed at which particles of different and varying sizes in a specific medium migrate
towards an electrode depends on their sizes and charges and the specific medium and

electric potential being used.

1.5.2 Joule Heat

Under the influence of an applied electric field, charged molecules in solution will
migrate and subsequently generate heat through frictional forces. This production of heat
is also known as Ohmic or resistive heating, described below:

H=VIt Equation 1.8
where, H is the heat produced (J), V' is the applied voltage, / is the applied current (4), and
t 1s time (s). This equation can be expressed to reflect the relationship between Joule heat
and resistance:

H =I?Rt Equation 1.9
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where, R is the resistance (£2). Joule heating leads to an increase in temperature in the
sample chamber in the transverse and longitudinal directions. Excess Joule heating can
have several negative impacts within the sample channel, with the extreme case resulting
in boiling of the solution, result in bubble formation which most likely will cause a short
in the system and terminate the experiment. At lower temperatures, heat-induced protein
aggregating is also a concern. Resistive heating cannot be eliminated; it is a consequence
of high applied electric fields together with the resistance of the sample. Rather, the
management of Joule heating is crucial for efficient, and importantly, reproducible

electrokinetically driven separation systems.

1.6 Research Objectives

MS technology has advanced to a point where the front-end sample preparation can
be considered the major bottleneck in a proteomic workflow. This is particularly true for
TDP applications but is still an important concern in BUP workflows. SDS is a favored
additive in membrane protein analysis but compromises downstream analysis if not
effectively eliminated from the sample. Several SDS depletion protocols are available,
through to varying degrees of success. Some are ineffective at removing SDS below critical
levels (0.01%). Others result in considerable protein loss. Still others are lengthy, difficult
to automate and cause concerns in terms of reproducibility.

TME is capable of high protein purity together with high recovery, in a
reproducible, fully automated fashion.!*-16%161 Since its initial disclosure, improvements
have been made allowing TME to operate at higher electric fields (typically the current is

maintained at a constant value, with 70-90 mA being the upper limit). Higher electric fields
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imply faster SDS depletion, although protein recovery due to high temperature aggregation
became an increasing concern. Herein, a modified TME device is described, and is referred
to as active-cooled transmembrane electrophoresis (AC-TME).

Chapter 3 introduces active-cooled transmembrane electrophoresis (AC-TME).
This approach is designed to mitigate the impact of Joule heat and facilitate higher
operating currents for faster rates of SDS depletion. The design parameters, buffer systems,
and operating characteristics are tested on their impacts on the speed of purification
compared to protein yield are discussed. The performance of AC-TME at purifying
membrane proteins is correlated to the mathematical expressions presented with
conventional TME. The limits of AC-TME are tested at high applied current and evaluated
using LC-MS/MS. A novel AC-TME trypsin proteolysis protocol is presented, designed to
eliminate loss of protein aggregates that adhere to the inside of the sample-wells during
operation. The sample recoveries after AC-TME runs are compared with cytosolic and
membrane enriched protein fractions, purified at high operating currents.

Chapter 4 is conclusions and provides summary of the results and their implications
is presented alongside recommendations for future directions and continuation of this

research with perspective on recent advances in the field of proteomics.
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Chapter 2 Materials and Methods

2.1 Chemicals and Reagents

Bovine serum albumin (BSA) protein standard, N-p-tosyl-L phenylalanine
chloromethyl ketone (TPCK)-treated trypsin (T8802) were purchased from Sigma
(Oakville, ON). Yeast (Saccharomyces cerevisiae) were propagated from a sample of
Fleischmann’s® traditional dry active yeast and Atlantic salmon (Salmo salar) proteome
extract was sourced from fillets muscle, and both were purchased at a local grocery store.
Milli-Q water was purified to 18.2 MQ-cm from a Sartorius Arium Mini Water Purification
System (Goettingen, Germany). YPD growth medium was purchased from Thermo Fisher
Scientific (Ottawa, ON). HPLC grade solvents (acetone, methanol, ethanol, acetonitrile,
chloroform), as well as methylene blue, and the Pierce™ BCA protein assay were
purchased from Thermo Fisher Scientific (Ottawa, ON). SDS-PAGE gel casting and
staining reagents, urea, dithiothreitol (DTT), and iodoacetamide (IAA) were from Bio-Rad
(Mississauga, ON). Sodium dodecyl Sulfate (SDS) and formic acid were sourced from
Fluka (Mississauga, ON). Trichloroacetic acid (TCA), trifluoroacetic acid (TFA), and all

other chemicals used were sourced from Sigma.

2.2 AC-TME Device Design and Assembly

The AC-TME design was based on the previously published TME systems and was
constructed in house.'%>!% The device consists of a central sample cartridge that holds the
proteins with a top inlet to load samples into the cartridge cells, as shown in Figure 2.1

(labelled 9). The five holes in the sample cartridge each form a sample cell by placing
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Spectra/Por® RC 3.5 kDa MWCO dialysis tubing (Fisher Scientific, Ottawa, ON) on either
side of the sample cartridge and using four silicon gaskets cast from a Sylgard 184 silicone
elastomer kit (Dow Corning) for a watertight seal. A 0.5 cm PTFE-coated magnetic stir bar

(Fisher) was placed in each sample cell before assembling.

Figure 2.1: Photo displaying the parts required to assemble the AC-TME device. (1)
Active-cooling buffer chamber tubes, (2) submersible water pump, (3) roll of 3.5 kDa
dialysis tubing, (4,5) cathode and anode buffer chambers, (6) brackets to hold the
assembly together, (7) silicone gaskets, (8) magnetic stir bars, and (9) sample cartridge.
Components not shown here are the power supply and stir plate, clear 2 inch vinyl tubing
connecting the active-cooling buffer chamber tubes (1) to the submersible pump (2), and
the safety box that holds the AC-TME unit during operation.

The anode and cathode buffer chambers were machined from polyoxymethylene (Delrin®)
and the sample cartridges from PTFE (Teflon™) to the specifications and dimensions
presented in Figure 2.2A, B. Holes (0.5 cm) to mount the 5 mm standard pin electrode

leads (the same used provided with the Bio-Rad Mini-Protean® SDS PAGE system) were

drilled into the top outer corner of each buffer chamber and two small prongs were inserted
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at the base of the chambers to fit Teflon™ plugs to attach platinum wire (7.6 cm long,
0.127 mm diameter, Sigma Aldrich) electrodes, which span the length of the buffer
chamber, and connecting the Pt electrode to the leads. The silicone gaskets were cast by
mixing 10 parts of the Sylgard 184 kits elastomer base with 1 part curing agent and poured
over a glass plate to an approximate thickness of 0.8 mm and allowed to cure for 48 hours
at 25°C. Once solidified, the gaskets were cut out and holes punched to match the shape of
the sample cartridge and buffer chambers, seen in Figure 2.2B.

Active-cooling tubes, consisting of 2 inch glass tubing bent to shape, were
designed, and fitted to maximize its surface area inside the buffer chambers to expedite
heat exchange. The inner volume of each buffer chamber was approximately 48 mL
depending on the size of the sample cartridge used (3-, 6-, or 10-mm thickness, termed
small, medium, and large sample cartridges). The inside of the sample cells are cylindrical
chambers with 1 cm diameters and lengths the same as the cartridge size used (3-, 6-, or
10-mm) with volumes of approximately 220, 440, or 730 pL, respectively. The MWCO
membrane used on either side of the sample cartridge was soaked in Milli-Q water for 10-

minutes before assembly.
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A)

Figure 2.2 A) The CAD design sheet showing the AC-TME component’s dimensions
and relative size to each other. B) The sample cartridge comprises five sample wells of
cylindrical shape with MWCO membranes at either end connecting the sample wells to
both buffer chambers and thus creating the circuit for ions to flow from anode to cathode.
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The components of the AC-TME were assembled beginning with a buffer chamber and
stacking each layer on the benchtop in the following order: cathode buffer chamber,
silicone gasket, pre-soaked MWCO membrane, silicone gasket, sample cartridge, one stir
bar into each well (0.5 cm PTFE magnetic stir bar, Fisher), silicone gasket, pre-soaked
MWCO membrane, silicone gasket, anode buffer chamber, and finally it was clamped
together and tightened with two m3 nuts. The assembled AC-TME system and its

components laid out in order are shown in Figure 2.3A, B.

Pt wire anode ™ 4

N

Sample
Inlets

Figure 2.3: A) A close-up photo of the components required to assemble the TME device
without active-cooling system, pump, nor power supply. (1) anode and (7) cathode buffer
chambers, (2) sample cartridge, (3) stir bars, (4 & 6, 10) four silicon gaskets (note the
image only shows two of the four), (5, 10) two 3 kDa MWCO membranes, (8) clamp to
hold the components together and watertight, (9 & 11) electrode leads to connect to the
power supply. B) Assembled, but empty, AC-TME device.
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The device was placed into the safety box, which in turn was positioned above a
stir plate. Once ready to load samples into the device, 25 mL of pre-chilled (4°C), tris
Tricine (pH 8.3) was added to each buffer chamber. TT buffer was prepared at two different
concentrations: 25 mM or 100 mM of each component (pH 8.3). Additionally, tris glycine
was prepared and employed in the TME system at a concentration of 25 mM tris and 192
mM glycine (pH 8.3).!”* Protein samples were loaded by pipette (200, 400, or 700 pL
depending on sample cartridge thickness of 3-, 6-, or 10-mm) with a gel loading tip to fit
through the narrow sample inlet. These volumes were calibrated to fill the sample cells to
maximize the contact area between sample solution and the MWCO membranes through
which the current passes. Larger contact of sample solution with the MWCO allows for
greater flux of ions. Lastly, the lid of the AC-TME safety box, with active-cooling tubes
fitted connected to the ice bath, and electrodes was placed on top of the device, connecting
it to the power supply, and to the active-cooling system. Temperature readings were
recorded by an infrared thermometer or a temperature probe. The fully assembled AC-

TME platform is seen in Figure 2.4.
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Figure 2.4: Overhead photo of the AC-TME as seen during an experiment with cold
water (1.0 £ 0.5°C) circulating through active-cooling tubes inside the buffer chambers
and an ice bath. The power supply and leads are connected to the electrodes and two
temperature sensors are seen measuring the temperatures with the buffer chambers and
sample wells.

2.3 AC-TME Operating Instructions

The operation of TME can be summarized into four steps: 1) samples were loaded
into the AC-TME system, 2) power is turned on and the applied electric field and
subsequent electromotive force drive the detergent off the protein molecules, generating
heat as a by-product, 3) active-cooling tubes withdraws heat from the buffers as it is
produced, 4) lastly, SDS depleted proteins are retrieved via micropipette, as depicted in
Figure 2.5. The AC water flow (1.0 + 0.5°C) was initiated from the pump allowing water
to circulate through the tubes before operating the TME system. Once assembled, and
samples are loaded, the TME device was connected to a PowerPac™ 3000 electrophoresis

power supply (Bio-Rad, Mississauga, Canada). The device was operated in constant
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current mode with applied currents ranging from 0-400 mA with time course experiments
ranging from 1-60 minutes. Prior to removing sample aliquots from the TME system, the
power supply was temporarily stopped, by either disconnecting one electrode from the
power supply or turning the power supply off. The sampled aliquots could be removed for
residual SDS and protein yield measurements throughout the duration of the run. The pH
of the anodic and cathodic buffer chambers was measured before and after TME
purifications. The temperature of the buffer chambers, and of the samples contained within
one of the TME cartridge cells, were recorded using a thin thermocouple probe inserted

directly into the system during TME operation.

A 5 (B)
Sample

5000 ppm // 1IN
SDS /

(©

- SDS

[T

Figure 2.5. (A) SDS contaminated samples are loaded into the TME sample cartridge wells
from the top via micropipette. (B) Power is applied and SDS is driven from the samples
via the electric field while Joule heating is also being generated. (C) The active-cooling
system withdraws heat (represented by red colour) from the samples and removes it out of
the system and into an ice bath. (D) Pure proteins are retrieved from the TME device with
micropipette and SDS is discarded with the buffer.
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2.4 Sample Proteome Preparation and Isolation

2.4.1 Bovine Serum Albumin and Whole Proteome Sample Preparation

BSA was dissolved to 0.1 and 1.0 gxL! in Milli-Q grade water, together with 5000
ppm SDS (0.5% w/v). A total proteome extract was obtained from yeast (Saccharomyces
cerevisiae) propagated in YPD broth growth medium consisting of 12.5 g of dry YPD broth
dissolved in 250 mL water and autoclaved to be sterile. Three granules of active dry yeast
(Fleishmann’s®) were suspended in 5 mL of YPD broth in a sterilized 25 mL test tube
(Millipore Sigma) and incubated at 32°C on a shaker until an ODggo of 1. The 5 mL aliquot
was then added to the 250 mL stock of YPD growth medium and grown again to an ODsgoo
of 1. Yeast cells were collected after growth by centrifugation and twice washed with water.
Cells were lysed either by French press (three passes at 16,000 psi) or by grinding
(approximately 20 min) to a fine powder in liquid nitrogen in a mortar with a pestle
followed by extraction in water or tris 50 mM, pH 8.0 and 1% SDS.!”* Atlantic Salmon
(Salmo salar) muscle proteome extract was made by homogenizing fillet meat in a blender,
grinding the blended meat under liquid nitrogen temperatures, and extracting in water or
tris 50 mM, pH 8.0. Lysed cell extracts were centrifuged to remove debris at 16,000 x g
(13,000 rpm, Fisher Scientific accuSpin microcentrifuge, cat. No. 75003241, rotor No.
75003243) for 10 minutes to achieve a whole proteome protein extract.!”> The protein
concentrations were quantitated with Pierce bicinchoninic acid (BCA) protein assay. The
total yeast proteome extracts were diluted with Milli-Q grade water and spiked with SDS
(Bio-Rad, Mississauga, Canada) to a final concentration of 1.0 or 0.1 gxL! protein and

0.5% SDS (V/v).
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2.4.2 Membrane and Cytosolic Protein Enrichment from S. cerevisiae

The membrane and cytosolic enriched protein fractions were produced using an
ultracentrifugation method described by Wu et al. (2011) with modification.!?*!>* The
whole proteome protein extract was ultracentrifuged at 118 000 xg (55 min, 4°C, 3 mL of
protein extract x6 vials total) and the supernatant was collected and labeled as the cytosolic
protein fraction. The pellet was then resuspended in 50 mM ammonium bicarbonate and
centrifuged at 168 000xg (40 min, 4°C). The resulting membranous pellet, pale beige in
color, was dissolved in 250 pL 1% SDS with vortexing and sonication (alternating 1 min
sonication and 5 min vortexing until dissolved) and was labelled as the membrane protein
fraction. The concentration of whole proteome, cytosolic, and membrane fractions was
measured by BCA assay (Section 2.7) as well as by LC-UV (see section 2.8) and samples

were diluted to final concentrations of 1.0 or 0.1 gxL! protein and 0.5% SDS (v/v).

2.5 Methylene Blue Active Substances Assay

The level of SDS remaining in the samples following AC-TME was determined
using methylene blue active substances (MBAS) assay and measured on an Agilent 8453
spectrophotometer (Mississauga, Canada) as described by Arand et al.!’®!”” The sample
aliquots removed from the AC-TME run were diluted such that their concentration would
fall in the linear dynamic range for their respective assays. The MBAS assay has a
relatively narrow linear dynamic range of 2-15 ppm. Furthermore, a minimum volume of
sample was aliquoted so that maximum sample recovery was ensured, as both assays are
sample destructive. Regardless of the volume removed, they were factored into final

sample recovery calculations to account for sample loss from the aliquots removed.
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Methylene blue active substance (MBAS) reagent (50 mg methylene blue, 10 g sodium
sulfate, 2 mL sulfuric acid diluted to 200 mL) was combined with SDS-containing sample
ina 1:1 (v/v) ratio, vortexed at low speed, and then combined with 4 parts chloroform (v/v).
The lowest volume of MBAS and solution that can be used were 40 uL of MBAS solution
mixed with 40 uL of sample solution for a total of 80 uL once mixed to provide enough
volume of solution to be measured accurately. The aqueous layer was removed by pipette
and the absorbance of the chloroform layer was measured at 651 nm and compared to a

SDS calibration curve spanning 0-25 ppm SDS.

2.6 Bicinchoninic Assay

The final sample protein concentration was measured using the Pierce™ BCA
protein assay kit.!”®!7? Protein extract solutions were combined with the BCA working
reagent in a 1:20 ratio of sample to reagent, vortexed to mix, and then incubated at 57°C
for 30 min. Working reagent was made fresh before each use by combining the reagent A
and reagent B of the assay kit in a 50:1 ratio and kept in darkness before combining with
protein extract solutions. After incubating, the absorbance was measured at 562 nm against
a calibration curve of BSA ranging in concentration from 0.01-0.5 gxL! or 0.5-3 gxL".
The calibration standards were buffer matched. For example, if the samples were in tris
Tricine buffer with SDS the calibration curve would also be made with the same
concentration of buffer and detergent. Changes in volume can occur and so dilution factors

must be used when calculating the concentrations of sample solutions.

38



2.7  Trypsin Proteolysis

Trypsin enzyme was prepared to 1 g<xL!' in 1 mM HCI. Protein samples purified of
SDS (200 uL of 0.1 and 1.0 gxL") were reduced and alkylated prior to digestion. Because
these samples have just finished a TME run they are buffered in the same TME buffer (TT
buffer, pH = 8.3). For this, 10 uL. of DTT (200 mM) was first added to the sample and
incubated (60°C, 30 min), followed by 22 pL IAA (400 mM) and this time incubated in
darkness (room temperature, 30 min). TPCK-trypsin enzyme was added at an enzyme to
protein mass ratio of 1:50 (w/w) and incubated in a heat bath (37°C, 12 hours). The
digestion reaction was stopped by mixing 10% TFA to a final acid concentration of 1%.'8

The pH of samples was tested using litmus paper.

2.7.1 In-situ AC-TME Trypsin digestion of the Residual TME Sample Pellet

The samples originally loaded into the AC-TME device were retrieved by pipetting
out of the device. Residual proteins remaining inside the sample cell that could not be
retrieved by pipette were instead digested inside the AC-TME sample cell. To the empty
sample cartridge, 20 pL of 8 M urea (pH 8.3) was added to each well. The TME unit was
placed on a stir plate to mix the solution for 10 minutes and then 80 pL of 100 mM tris (pH
8.3) was added to increase the volume of solution in the sample cell to cover any residual
proteins and mixed for another 5 minutes. For digestion, 5 pL. of DTT (200 mM) was added
to each well and the unit was incubated (60°C, 30 min) then 11 puL TAA (400 mM) was
added and again incubated (room temperature, 30 min, dark). TPCK-trypsin enzyme was

added at a mass ratio of 1:50 and the unit was again incubated (37°C, 12 hours). The trypsin
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proteolysis reaction was stopped by mixing in 10% TFA to a final 1% and the samples

were retrieved with a micropipette.

2.7.2 In-Gel Trypsin Hydrolysis

Membrane protein samples were trypsin in-gel digested after SDS-PAGE using a
protocol described by Shevchenko et al.!8! Briefly, the gel containing the protein bands
was dissected as a S mm band, placed into microcentrifuge tubes, and incubated for 10 min
in 500 uL. ACN. The samples were centrifuged, and all supernatant removed and replaced
with 10 mM DTT and incubated at 56°C for 30 minutes, after they were cooled to room
temp and incubated with 500 uL. ACN. Again, all supernatant was removed, and the gel
pieces were alkylated 55 mM IAA, enough to fully cover the pieces, and incubated in
darkness for 20 minutes. Another 500 uL. ACN aliquot was added, and the sample was
incubated 10 minutes and again the supernatant was removed. The samples were then
digested by adding 13 ngxuL™! trypsin to cover the pieces and incubated at 4°C for 90 min
and then topped off with additional trypsin and incubated another 90 min. Lastly, enough
100 mM ABC was added to fully cover the gel pieces and the samples were incubated at
37°C for 12 hours. The peptides from the samples were then extracted with two times 200
puL washes of 2:1 ACN and 5% formic acid in water. The extracts were combined and

evaporated to dryness by Speedvac.

2.8 LC-UV Assay and LC Peptide Desalting Protocol

After trypsin digestion, peptides were quantified using a universal high-recovery
protein quantitation assay by LC-UV, previously described by Orton and Doucette in

2013."%2 Approximately 5-10 pg of peptides were injected into a self-packed 1 mm x 10
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um C18 column (5um octadecylsilyl beads, Waters, MA, USA) connected to an Agilent
1200 HPLC series instrument using a 5% ACN, 0.1% TFA/ water solvent. The HPLC
contained an autosampler with a 100 pl loop, a diode array detector (Aavs = 214 nm) and
was connected to a fraction collector. Peptides elute from the column as a single fraction
through a stepped gradient from 5% to 90% ACN and the fraction was collected over a 2
min interval between 10 and 12 minutes. The ACN concentration was then increased to
95% and after 17.5 minutes reduced to 5% for the duration of the 45 min run. The sample
peak area was integrated, and the peptide yield was compared to a calibration curve of
digested BSA protein ranging from 0.5-20 pg. Samples were desalted and collected for
LC-MS analysis using the same protocol with the exception that the entire TME-purified
sample was loaded onto the column and collected. If samples contained more than 100 pL.
they would be loaded in series via two injections which then eluted off the column as a
single fraction. Desalted peptides were then dried under vacuum with a Speedvac and

stored at -20 °C.

2.9 SDS-PAGE

Gels were cast for sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) using either 12 or 15 % total acrylamide (4% T stacking, 1 mm thick), and
resolved on a Bio-Rad Mini-Protean® system.” Protein sample solutions were combined
with sample buffer (0.25 M tris-HCl (pH 6.8), 10% SDS, 50% glycerol, 5% pB-
mercaptoethanol, 62.5 mM EDTA, and 0.05% bromophenol blue) in a 5:1 ratio and boiled
on a heating block at 95°C for 5 min. Gels were resolved at 200 V for as long as it took the

gel front to migrate to the end of the resolving gel without eluting out of the gel and into
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the buffer solution. The gels were stained with silver'®® or by Coomassie blue'® and

imaged using a digital camera.

2.10 Gel Eluted Liquid Fraction Entrapment Electrophoresis

A custom §-channel GELFrEE system was used on the whole yeast protein extracts
and Atlantic salmon.'®> A 12% T polyacrylamide resolving gel column was cast in 4 cm
long x 0.6 mm ID tubes to a height of 1 cm (127 pL) and then stacking gel (300 pL) was
cast on top to a height of 3 cm. The system was run at 200 V with a PowerPac™ Basic
Power Supply and 100 pL fractions were collected after the dye front as follows: 3x1 min,
3%2 min, 3x5 min, 3x15 min. Fractions from the same collection intervals were pooled
together and visualized by SDS-PAGE and silver staining. Samples of low, medium, and
high MW were made by pooling GELFrEE fractions together to create samples with
relatively low, medium, and high ranges of molecular weights (details provided in Section

3.10 and shown in Figure 3.18).

2.11 Acetone Precipitation of Proteins

Acetone precipitation was conducted during the in-gel digestion of proteins from
SDS-PAGE gels to deplete any residual SDS detergent. SDS-contaminated protein samples
(100 pL) were combined with 400 uL of acetone (-20 °C) and incubated at 4 °C for 20
minutes.*!"!%6 The vials were centrifuged (9460xg, 5 min) to pellet the sample, supernatant
was decanted leaving approximately 5 pL of residual solution, and this was further

removed with air drying leaving behind the dried proteins.*! The protein pellet underwent
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two washing steps with 400 puL acetone and the supernatant was again discarded and any

residual organic solvent was allowed to evaporate.

2.12 Tandem MS of Tryptic Peptides

Experimental and control AC-TME samples were analyzed on a LTQ linear ion
trap mass spectrometer (Thermo Fisher, San Jose, CA) coupled to an Agilent 1200 HPLC.
Each run consisted of 2 pg digested protein loaded onto a 75 um x 30 cm self-packed
Nanospray Tip (New Objective, Woburn, MA) containing 3 pm C18 Jupiter beads
(Phenomenex, Torrance, CA). Peptides were resolved using a 1 hr gradient from solvent A
(water/0.1% formic acid) to solvent B (acetonitrile/0.1% formic acid) as follows: 0 min,
5% B; 0.1 min, 7.5% B; 45 min, 20.0% B; 57.5 min, 25% B; 60 min, 35% B; 61 min, 80%
B; 64.9 min, 80% B; and 65 min, 5% B. The flow rate was 280 uL/min but was split to the
column to provide an approximate flow of 0.2 uLxmin!. LTQ was operated in data
dependent mode, scanning m/z range was 400-1200 with zoom scan, and MS2 of top 5
ions.

TME-purified yeast and controls that did not undergo TME were further analyzed
on an Orbitrap Velos Pro MS (Thermo Fischer) set to data dependent mode (MS followed
by MS/MS of the top ten peaks) and using a Dionex Ultimate 3000 LC nanosystem
(Bannockburn, IL), in MS mode at a resolution of 30 000 FWHM, scanning in rapid mode
for MS? (66 666 Daxs™!, at <0.6 Da FWHM). The LC used a self-packed C18 (0.1x150
mm, Torrance, CA), coupled to a 10 pum New Objective PicoTip non-coated Emitter Tip
(Woburn, MA) and used an 80-minute linear ramp from 5 to 35% acetonitrile in water and

0.1% formic acid.
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2.13 Proteomic Data Analysis

Peptides were identified using the Proteome Discoverer software (version 1.4.1),
searching the SEQUEST S. cerevisiae database (9000 entries, downloaded February 20,
2020), with allowed modifications of oxidized methionine or carbamidomethylation at
cysteine. For MS analysis on the LTQ linear ion trap, the mass tolerance was set to 1.5 Da
(MS mode) and 0.8 Da (MS/MS mode) and for the Orbitrap Velos 20 ppm (MS mode) and
0.8 Da (MS/MS) was employed. In each case, searching allowed up to two missed
cleavages, and a peptide false positive rate of 1%, and 2 peptides per protein. Statistical
analysis was done with Microsoft Excel using ANOVA and t-tests with results being
significant if p <0.05. An online software tool, Venny, was used to generate Venn diagrams

and sort data lists.'®’

2.14 Safety Considerations

AC-TME is a research device and should only be operated with extreme caution; it
uses high voltages without any automated safety shut off interlocks. It should be assumed
that if there was human contact during operation, and an accidental shock occurred, that
the user could be seriously harmed. The electrodes should be disconnected from the power
supply before handling the device or pipetting samples. Because of exposed electrodes and
electrolytes while operating TME, a safety box was designed to house the device while in

operation, (see Section 2.2 Figure 2.4).
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Chapter 3 Active-Cooled Transmembrane Electrophoresis’
3.1 Introduction

Since the initial publication of TME by Kachuk et al. (2016), improvements have
been presented to minimize the impacts of Joule heating, allowing application of stronger
electric fields (Unterlander, 2018). This enabled a higher rate of SDS depletion while
maximizing sample recovery.!®>!®6 However, the limitations of protein purification
because of the effects of Joule heating in TME were still evident. This chapter provides an
assessment and optimization of an alternative approach to overcome the shortcomings of
resistive heating in the TME device, namely through active cooling. The goal of this
technology is to withdraw heat from the sample well containing proteins, thus permitting
higher operating conditions and faster purification times.

From prior work, the rate of SDS depletion was modelled mathematically on the
assumption that the voltage remained constant throughout a “constant current” TME run
(implying that resistance must be constant). However, it is shown here that temperature
changes during the TME run result in a significant change in resistance, over the course of
a constant current run. The net effect is a deceleration of SDS depletion over the course of
the run. By contrast, AC-TME reverses this trend, and greatly improves the rate of SDS
depletion. The newly constructed device (AC-TME) is applied to the manipulation of
proteins isolated from cellular membranes for rapid purification of SDS ahead of LC-MS
characterization of the resulting proteomic system. '3
t Portions of this chapter have been published in: Jakubec, P.J.; Doucette, A. A.; Automated
Electrokinetic Platform for High-Throughput Sodium Dodecyl Sulfate Depletion Ahead of

Proteome Analysis by Mass Spectrometry. Analytical Chemistry. (2021). DOI:
10.1021/acs.analchem.1c03549. Copyright (2021) American Chemical Society.
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Previous TME research has focused on maximizing the sample recovery by
mitigating any loss during TME process; thus, limiting the performance of the TME SDS
removal platform. High temperatures lead to thermal denaturation of proteins native
structures. Hydrophobic proteins, like membrane proteins, are especially prone to
aggregating in aqueous solutions. Considering their structures, membrane proteins are
more susceptible to thermal aggregation. These protein aggregates have previously been
counted as a loss in the sample recovery, traded for the benefit of maximizing sample
purity. Herein, an in-situ TME trypsin digestion was developed to target the thermally
denatured proteins that aggregate and accumulate in the sample cell; thus, allowing for
TME to be run at its maximum detergent depleting efficiency with near total retrieval of
proteins samples.'®® AC-TME can purify proteins, with the capacity to accommodate
samples of varying classes and sample matrix compositions, while maximizing the total

recovery of samples with high process throughput for BUP experiments.

3.2 Experimental Protocol in Brief

The conventional TME system refers to that described by Unterlander, 2018, and
was compared to the newly constructed AC-TME device, both with and without operating
the active-cooling water radiator pump. Model proteins including BSA, whole yeast
extract, cytosolic and membrane fractions of the yeast proteome, and Atlantic salmon
(Salmo salar) muscle tissue were employed. A new tris Tricine (TT) background
electrolyte was compared to the conventional tris Glycine (TG) TME buffer, and the
amount of buffer required to run the device was also assessed. The performance of AC-

TME was assessed in terms of SDS depletion rate, protein recovery, and system
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temperature. The validity of an AC-TME purification protocol for membrane proteins was
analysed with an enriched membrane proteins fraction, preparation from yeast protein
extract for LC-MS characterisation and the data stored as XLSX files is shown in Appendix
1. An approach to recover proteins for bottom-up MS analysis through the direct addition
of trypsin to the sample cells for in-situ TME trypsin digestion is presented. After an AC-
TME run is completed and the sample solution is removed from the device, 8 M urea is
added and allowed to mix inside the sample cells. Followed by TT buffer to dilute the urea
and increase the volume of sample solution in the sample cells to cover the residual protein
pellets in solution. The residual proteins are then trypsin digested by adding DTT, [AA,

and trypsin enzyme, as described in Section 2.7.1.

3.3 TME with Tris Tricine Compared to Conventional Tris Glycine

The original TME system operated with a TG buffer system directly adapted from
the Laemmli SDS PAGE method. While this buffer is ideally suited for protein focusing in
SDS PAGE through isotachophoresis, these characteristics are not applicable in TME and
therefore the TG buffer may not be optimal for TME performance. Differences in the TG
buffer components pKa’s, relative to the pH and the ratio of charged to uncharged ions, do
not lend themselves favorably to TME. The ratio of buffer species that are in the charged
state is very low relative to the total concentration of buffer species in solution. These
uncharged buffer components increase friction without adding ions.

The incorporation of TT with SDS PAGE was originally done in the 1980’s when
Schagger and von Jagow aimed at separating smaller mass proteins (1 to 30 kDa) by SDS

PAGE.?® The requirements of a TME electrolyte are to simultaneously supply cations and
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anions for the electrophoretic system, while buffering a near constant system pH. From the
Henderson-Hasselbalch equation shown below the ratio of acid and base species were

calculated for each of the buffer components (tris, glycine, and Tricine).

10®H-pKa) — 1471 Equation 3.1
[HA]

The previously published TME versions used 25 mM tris and 192 mM glycine at pH 8.3.
This compares to the new TT that consists of 100 mM tris with 100 mM Tricine. The
glycine and Tricine buffer systems adopted for TME share the same pH (8.3), though they
yield different concentrations of ionic species in solution. The structures of each of these
four buffer components is shown in Figure 3.1, in their respective charge states over the
full pH range. Glycine and Tricine are zwitterionic molecules and both species can exist
with either a net neutral, or a negative charge of -1. Both components of the respective TG
and TT buffers, can serve to buffer the solution pH. However, the pKa of Tricine (8.15) is
significantly closer to pH 8.3 compared to glycine (9.6), resulting in a larger portion of
Tricine ions that are in a negatively charged state (~58% Tricine vs. ~5% glycine vs. ~37%

tris).
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Figure 3.1 Chemical structures for buffer species, tris, glycine, or Tricine, used in TME
buffers and their respective pKa values and charge states. Both glycine and Tricine are
zwitterionic and yield a ratio of anionic and net neutral species, compared to cationic tris.
At the working concentrations employed for TME, and considering the pH of the
solution, 37.2 mM Tricine, and 9.3 mM glycine are calculated to be present in the anionic
form. Glycine is added at nearly twice the concentration of Tricine (192 mM vs 100 mM)
and yet generates only a quarter of the anions (9.2 mM) in the electrolyte solution. From
the 100 mM TT buffer 58.5 mM of the Tricine component is in the anionic charge state.
Tricine reportedly has a lower effective mobility than glycine, but the higher charge
concentration provides a lower solution resistance.’*!3%!% By the end of TME runs using
TG buffer, the voltage consistently began to continuously increase from 45-60 minutes,
seen in Figure 3.2. This is indicative that the concentration of residual ionic species
available in solution, and responsible to carry the current, has diminished thus increasing

the total solution resistance. Adopting the TT buffer system for TME supplies a more stable
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concentration of ions in solution that can be approximately maintained over the course of

an AC-TME run with lower resistance facilitating operation at higher current.
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Figure 3.2 Voltage plots of TME runs operated at 50 mA with the TG and TT buffers

showing the average and standard deviation (n = 3) of the voltage achieved while
purifying 0.1 gxL"! BSA initially prepared in 0.5% SDS.

From prior work, operating conventional-TME at an applied current of 50 mA with
the TG buffer system permitted SDS depletion from 0.5% initial (5000 ppm) to a residual
concentration less than 10 ppm in 1 hour.'® The rate of SDS depletion obtained (achieving
<10 ppm residual SDS) using the TT buffer was higher than that obtained with the TG
buffer. The calculated half lives, from the exponential decay constants from the decay
curves shown in Figure 3.3 were: TT= 5.5 £ 1 min; TG = 6.3 £ 1 min. Pairwise t-testing
confirmed this to be a statistically different rate of depletion rate (t-test, p < 0.01) when

using the glycine-based buffer. The TT buffer was employed in TME, and tested under the

identical operating conditions, with results shown in Figure 3.3. The rates of SDS
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depletion, reported through the decay constant with TT buffer (M = 0.11 ppmxmin™!, SD =
0.01) were significantly faster (#(4) = 4.2, p <0.01) than those of the TG buffer (M =0.13
ppmxmin™!, SD = 0.01).

At the low operating current of 50 mA, the final sample temperatures for the glycine
and Tricine buffer systems were 54 + 4 °C and 52 + 2 °C, respectively. The temperatures
of the sample wells were therefore not statistically different between the two buffer systems
operated at 50 mA. Both buffer systems yielded the same, high recoveries (95 + 5 %) of
the BSA proteins from the TME sample cells. However, when operating TME at 100 mA
for 30 minutes, the differences between the buffer systems became more pronounced. The
final temperatures observed were 67 + 1°C and 59 + 4°C for TG and TT buffers
respectively. In this case, the temperatures were statistically different (p = 0.02), and the
protein recoveries are also reflected in these temperature differences. Owing to the lower
operating temperature, the TT buffer provided a higher recovery (96 + 2 %), relative to that
obtained in the TG buffer (91 = 5 %). The TT buffer also depleted 5000 ppm to less than
10 ppm in 50 + 5 minutes while the TG buffer took longer at 60 + 2 minutes.

The faster rate of SDS depletion achieved using the TT buffer, along with the
published research supporting its ability to better separate SDS from smaller (1-100 kDa)
protein complexes, reinforce the TT buffer system as an improvement for AC-TME. The
TT buffer has a higher concentration of ionic species in solution that allowed for longer

TME runs and at higher constant currents before the buffer ions were depleted. The tris
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Tricine buffer system was adopted and used for all TME experiments from this section

(and Section 3.4.1) onwards.
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Figure 3.3 Plots of TME runs (n = 3) operated at 50 mA using 0.1 gxL™! BSA initially
prepared in 0.5% SDS with one of two buffer systems: 25 mM tris and 192 mM glycine
or 100 mM tris 100 mM Tricine buffers. TG and TT exponential decay fit equations are y
=5940.7¢ % and y = 5718.3¢*127%, respectively.

3.4 Changes in Buffer pH Throughout the Course of TME Operation

The TME electrolyte buffer conducts the electric field that is generated inside the
TME device between the anode and cathode buffer chambers and sample cell, but
importantly it also maintains the pH of protein samples during the purification protocol.
Without buffering, the pH of the cathode and anode chambers will drift, owing to the
electrolysis of water. The resulting pH gradient generated across the TME device (acidic
at the anode and basic at the cathode) leads to isoelectric protein precipitation which
significantly reduces protein yields. The pH changes of the anodic and cathodic buffers

were compared during TME operation using the TT system. As a control, measurements
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of pH were conducted before and after TME runs in the absence of active cooling, using a
test sample comprising 0.1 gxL! BSA contaminated with 5000 ppm SDS. TME was
operated at three applied currents: 50 mA, 100 mA, and 150 mA and pH measurements
were recorded following 20 min operation (Figure 3.4A) after the residual SDS dropped
below 10 ppm (150 mA =20 min; 100 mA = 40 min; 50 mA = 60 min). The difference in

pH between cathode and anode buffer for the latter is shown in Figure 3.4B.
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Figure 3.4 Differences in pH between the cathodic and anodic buffers following a TME
run of 0.1 gxL! BSA in 5000 ppm SDS, operated at 50, 100, 150 mA. The initial TME
buffer pH was 8.3. A) Shows runs depleted to <10 ppm, 50 mA stopped at 60 min, 100
mA at 40 min, and 150 mA at 20 mins and B) shows runs stopped at 20 min. Error bars
represent the standard deviation of 3 replicate measurements.

It is evident from Figure 3.4A that operating TME at higher currents results in a greater
change in pH, when each is confined to an equal operating time. However, TME operation
at lower current requires a longer run time to purify a protein to an equivalent level of
residual SDS. When the varying run times is taken into consideration for TME operated at
different currents the resulting buffer pH drift was equal for each system, shown in Figure
3.4B. No significant changes to buffer pH were observed when varying the applied

currents, from a one-way ANOVA (F22=0.01, p=0.98, a = 0.05). Even though the electric

field is stronger with larger applied current the amount of TME operating time required to
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achieve a residual SDS concentration of 10 ppm decreases. The net effect is to achieve
similar amounts of ions moving through the system. It is interesting to note that the
combination of a lower operating current with the proportionally longer run time required
to deplete SDS to an equivalent level revealed the same pH drift. This can be explained
when considering Faraday’s first law of electrolysis. The amount of time and the magnitude
of the applied current that TME was operated under yield the number of ions expended
during TME operation. The total molar quantity of singly charged ions transported in the
TME system can be calculated as the product of Faraday’s constant, shown in Equation
3.2. The mass of substance liberated in grams, m, the current (amperes), /, and time
(seconds), ¢, the species molar mass (g/mol), M, F is the Faraday constant (96,485 C), and

z 1s 1ons valence number.

_ MIt

Equation 3.2
Fz

Theoretically the 100 mA TME runs should have shown the largest pH drifts between the
anode and cathode buffer chambers because, of the three applied currents tested, it would
have expended the most ions during its operating interval. The 100 mA yields
approximately 2.49 mmol of ions expended compared to the 50 and 150 mA runs at 1.86
mmol, respectively. This number of ions expended represents the charge carried by both
cationic and anionic species reacting at both electrodes. Therefore, the ion expenditures
represent ions reacting at both the cathode and anodes. The true amount of buffer
components reacting at either electrode depends on the transference number of the ions in
solution. This value will change depending on the concentration and ionic mobility of every
ion in solution. The concentration and mobility of tris and tricine are of a similar order of

magnitude, allowing an estimated calculation that a 100-mA run yielded approximately
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1.25 mmol of tricine ions expended compared to the 50 and 150 mA runs of 0.93 mmol,
respectively. The amount of charge flowing through the cell is directly proportional to the
amount of substance reacting at each electrode as described by Faraday’s law of
electrolysis.!”

These differences were not reflected in the observed pH drift of the buffer likely
because the total amount of charged ions in solution was still enough to buffer the system,
so any differences were too small to measure. The TT buffer provides nearly an order of
magnitude more charged ions than the amount being expended during TME operation. The
drifts in buffer pH may be expected to be larger with the conventional TG TME buffer

(Section 3.4.1 provides more details) because the amount of charged ions in solution is

approximately five times lower.

3.4.1 Electrolyte pH changes at Low and High Buffer Volumes

A newly designed TME platform was constructed and assessed with the goal of
minimizing heat sinks in non-thermally conducting materials near the sample cells and to
maximize the transfer of heat to active-cooling tubes. Both aim to improve the yields of
recovered samples and to push the rate of protein purification. The new design features
significantly smaller buffer chambers, which contain a maximum 50 mL of buffer solution
per side, compared to the original device which contains a maximum of 360 mL per side.
A potential concern to moving to a smaller buffer chamber was the adequate supply of
charged ions in solution to maintain current and to buffer the samples. The efficiency of
TME is limited by the finite amount of charged ions contributed from both buffer species
and once attracted to their respective electrodes they are not replaced (see Figure 3.2 in

Section 3.3). The changes in buffer chamber pH were measured following TME runs in the
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original and newly constructed devices, as a function of the buffer volume employed, with
both the TT and TG buffers. The results from pH changes of TME buffers with varying
volumes from a 30 min run at 100 mA (SDS concentration <100 ppm) are plotted in Figure
3.5 and shown in Table 3.1. For all the experiments in this section the conventional-TME
platform, as published by Unterlander,'%® was applied except for the experiments in Table
3.1 highlighted in grey that used the new AC-TME device (described in detail in Section
3.5 and 3.6) but with the circulating-water active cooling turned off.

The magnitude of the pH drift between the two buffer chambers was largest for the
lowest volumes employed (30 and 60 mL), regardless of buffer type. Similarly, the smallest
shifts were seen with the largest volume of buffer (360 mL), seen in Figure 3.5. This can
be attributed to the lower volume, which also means lower amount of buffer components.
There is a lower buffering capacity to maintain a pH of 8.3 with smaller volumes.
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Figure 3.5 The magnitudes in pH change between the anodic and cathodic buffers as a
function of their volume: 30, 60, 120, 360 mL using TG and TT buffers with TME
operated at 100 mA. Error bars represent the standard deviation from 3 replicate
measurements.
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The larger volumes of buffer provided several benefits that included the better buffering
capacity to maintain the pH of solution while also holding more charged ionic species
available at disposal for electrophoresis. From Table 3.1, rows highlighted in grey are
uncooled runs at full (50 mL) and half volume (25 mL) with the AC-TME (not using active-
cooling) platform while the other rows represent varying volumes of buffer with the
previously reported TME platform. '

Table 3.1 pH shifts for TME buffers using the previous conventional-TME platform and

the new AC-TME (grey), but without using active cooling. Averages and standard
deviations of three replicates.

Concentration Volume Post-TME pH
of Buffer Cathodic Anodic Difference
Chamber Chamber

360 mL 8.44 +0.02 8.23+0.01 0.22 +0.02

120 mL 8.52+0.02 7.97 £0.06 0.55+0.04

100 mM trisand 60 mL 8.69 +0.02 7.87 +0.02 0.82 +0.02
100 mM Tricine 30 L 8.80 = 0.03 7.64 + 0.06 1.16+0.04
50 mL 8.51+0.06 8.04 +0.05 0.46 +0.08

25 mL 8.78 £ 0.04 7.60 £0.06 1.18 +£0.07

25mM tris and 360 mL 8.44 £ 0.04 8.18+0.08 0.26+0.11
192 mM glycine 120 mL 8.79+0.10 7.63+£0.21 1.16 £0.29
30 mL 8.81 +0.01 7.62+£0.10 1.20+0.11

3.5 AC-TME Design and Characteristics

The schematic of the basic concept of AC-TME is depicted in Figure 3.5 (see Figure
2.2 in Section 2.2 for AC-TME design and technical details). Heat is withdrawn from the
buffer chambers by flowing cold water (1.0 = 0.5°C) through borosilicate glass tubing
immersed within these buffer solutions. In turn, the colder buffer draws heat from the
sample cell. A 100 mM tris Tricine (pH = 8.3) buffer was adopted for the AC-TME

protocol, as per Section 3.4. During a TME run, the highest temperatures are recorded
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inside the sample cell, being a consequence of higher resistance, including ion passage

through the MWCO membranes.
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Figure 3.6 Schematic of the assembled TME device with cooling tubes in the buffer
chambers. Water at 1.0 + 0.5°C enters the tube and absorbs heat from the surrounding
buffer chambers. The heat flow is depicted by the colour blue transitioning to red. The
flux of ions encounters a bottleneck at the sample cartridge resulting in the highest
solution temperatures at this region. The chilled buffer chambers can absorb the excess
heat form the sample cartridge solution.

Unterlander and Doucette (2018) showed that stir bars placed inside the sample
cells aided in the dispersion of Joule heat from the sample chamber to the surrounding
buffer chambers. However, the previous conventional-TME platform could only operate at
a maximum (70-100 mA) to maintain sample temperatures below a threshold temperature
of 60°C.'% Beyond these operating currents, the implementation of scheduled pauses of
TME operating during the detergent removal runs was required. The power was turned off
to allow the sample temperature to drop before resuming conventional-TME operation
causing lengthened experiment time. More importantly, it is the applied electric field,
generated when the power is turned on, that drives the anionic SDS to the anode and away
from the proteins inside the sample cell. Back diffusion theoretically occurs as soon as the

applied electric field is removed and the concentration gradient of high SDS-containing

buffer in the anode chamber and low residual amounts of SDS drives the detergent back
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through the MWCO and into the sample cell. The electromotive force from the applied
electric field is the only force holding the SDS away from the proteins.

The previous iteration of the TME platform was still reliant on passive heat
diffusion into the rest of the system. With most of the heat entering the electrolyte buffer
and the stock Delrin® and Teflon™ materials that comprise the TME device and the pre-
chilled buffer and requiring the power to be turned off to stop heat formation and allowing
time for the heat to diffuse.!® The addition of stir bars improved the passive diffusion of
heat from the sample cells allowing for continuous operation without pausing intervals, but
temperature regulation was still reliant on passive heat diffusion.'®® AC-TME was designed
to withdraw heat from the samples allowing for operation at higher constant currents but
also purifying protein samples faster than conventional TME and with less thermal

denaturation to the proteins.

3.6 Sample and Buffer Temperature Control using AC-TME

The objective for the AC-TME platform was to maximize the rate of SDS removal
from proteins. The parameter that influences the recovery of proteins most is the
temperatures they are exposed to during duration of TME operation. It was determined that
proteins exposed to temperatures exceeding 60°C showed significant thermal denaturation
(see Section 1.2.1) increasing their probability to aggregate and adhere to the sample
cell.’®193:194 To evaluate the operating characteristics of the device and establish parameters
for successful and controlled experimental procedures the updated AC-TME system and

protocol was tested at higher operating currents than previously permitted.
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To maintain the protein samples solubility during TME purification the platform
was limited to passive diffusion by storing the device components at -4°C and the buffers
at 4°C before each run. This worked with low constant current runs and samples that are
characteristically more soluble in aqueous buffers. By actively cooling the sample the
system is not limited to Joule heat passively diffusing from the sample cells. This was the
reasoning behind testing the smaller volumes of buffer in Section 3.4 (see Table 3.1) as the
transfer of heat between the sample cells and active cooling tubes is theoretically
maximized. This is compared to the larger volumes that conduct the heat generated from
Joule heating but then act as a heat sink. Buffer chambers were designed to provide
volumes of buffer large enough for the adequate supply of charged ions, but small enough
to not retain the heat in the solution. This is necessary for electrophoresis and to buffer the
sample solution without negatively impacting the protein’s recovery. Making the ratio of
cooling tube surface area to volume of buffer solution largest was hypothesized to
maximize the exchange of heat between buffer and cooling tubes. The extent to which the
active-cooling water-cooled radiator would withdraw heat from the sample wells was
tested across a range of constant current TME runs, with results summarized in Table 3.2.
The data were recorded over a set time interval of 30 minutes to compare the temperatures
being produced with each applied current setting. These run times and power settings

would achieve varying levels of success with respect to protein purity and recovery.
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Table 3.2 Temperatures recorded at the end of 30-minute TME runs on 1 gxL™! whole
yeast proteome in 0.5% SDS listed as averages and standard deviations, n = 3.

Applied Uncooled Active-cooled
Current Sample Buffer Sample Buffer
(mA) Temperature Temperature Temperature  Temperature
4 ¢C) 0 O
50 43+ 6 34+4 32+£5 13+4
100 58+4 45+5 35+3 14+5
150 66 +5 52+5 39+4 17+4
200 74+ 6 68 £1 42+2 23+£2
250 96+ 5 76 £7 45+3 27+1
300 n/a n/a 51+6 32+5
350 n/a n/a 58+3 32+4

At all operating currents, the sample temperatures reached by the AC-TME system were
significantly lower than those in the conventional TME platform, as calculated from a two-
way ANOVA (Fap = 346, p = 4.22x10", o= 0.05). Currents above 100 mA would have
previously exceeded the maximum thermal limit of 60°C limit with the conventional,
uncooled device. The same was seen with this platform, from Table 3.2 the updated AC-
TME platform but without active cooling yielded temperatures of 66 + 5 when using 150
mA constant current. The slightly higher temperatures with the smaller AC-TME device
come from the fact the device components were not stored at -4°C as the previous systems
were and the lower volumes of pre-chilled buffer used. Active-cooling the new AC-TME
system allows for the applied current to be increased up to 350 mA and still maintaining
sample cell temperatures of 58 + 3°C and buffer temperatures of 32 + 4°C.

The primary concern of a higher sample temperature is that it increases the risk of
thermal aggregation of protein, particularly as the detergent (SDS) that was maintaining
the proteins solubility is no longer present. The sample temperature over a range of currents

with the uncooled TME system are shown in Figure 3.7. The sample cell temperatures
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increased continuously throughout AC-TME runs when active-cooling was not used. It was
not possible to apply greater than 350 mA to the uncooled TME system as the samples

would boil inside the cell and bubble out the top of the device.
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Figure 3.7 Temperatures of the sample solutions in the sample cells recorded every 60

seconds over 30-minute TME runs of 1 gxL! whole yeast proteome in 0.5% SDS without
the AC water-circulating control system.

The circulating-water AC system withdraws heat from TME buffers so that the
device does not retain the heat from Joule friction and instead the temperature is maintained
relatively constant during the duration of the run. When no power is applied (0 mA, 30-
minute TME run) the sample cell maintained 3 + 2°C and buffers 4 + 2°C at 0 mA, no
power applied. The platform will maintain these low temperatures indefinitely if the ice
bath is continuously refilled with ice and the pump keeps the flow circulating. Contrasting
the increasingly higher temperatures (Figure 3.7) reached with the uncooled TME system,
the AC-TME maintained sample cell temperatures below the critical 60°C thermal
denaturation threshold, shown in Figure 3.8. Protein solution temperatures inside the

sample cells were 35-40°C lower with the AC system when operating at 200 mA a current
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that the previous TME iterations would result in diminished protein recoveries.!'®>!6¢

Maintaining sample protein temperatures below the critical denaturation temperature
(60°C) was critical to accelerate the rate of detergent depletion without compromising

sample recoveries.
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Figure 3.8 TME runs with and without the water radiator for temperature control at 200
mA. For constant current TME runs, the system temperature will increase throughout the
run, owing to Joule heating. Active cooling (AC) withdraws heat from the solution in the
buffer chamber, which in turn decreases the samples temperature. With a conventional,
uncooled TME run, the sample cell exceeds 60°C temperatures following approximately
15 min of operation.

The AC-TME platform actively generates and continuously maintains a temperature
gradient that withdraws heat produced, even the large amounts of Joule heat generated
during electrophoresis. TME has been previously successful at purifying a variety of
protein types with the passive methods at generating the temperature gradient from the
sample cell and its surroundings for minimizing the high temperature exposure during a
TME run. Now AC-TME is the next iteration with the capacity to process high throughput

with maximum yields, even with proteins susceptible to thermal denaturation and

aggregation (discussed in detail in Section 3.11).
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3.7 Increased Protein Recovery with AC-TME versus Conventional

TME purification is beneficial as it depletes the free detergent monomers present
in solution but also removes protein-bound SDS molecules while maintaining high sample
recovery. The electromotive force generated by TME is sufficient to overcome the binding
energy between surfactant and protein and drive the SDS detergent from the sample cell to
the anode. The challenge of this process arises in maintaining protein solubility following
detergent removal. The physicochemical characteristics of the proteins in the sample are
expected to correlate with their recovery efficiency following AC-TME purification. The
conventional-TME platform described by Unterlander was employed to deplete 5000 ppm
SDS from a 1 gxL! sample of a single protein (BSA) as well as complex proteomes of
varying hydrophobicity (BSA single protein < cytosolic < whole yeast proteome <
membrane proteome).'*> ' TME was operated at 100 mA, after which the concentration
of protein remaining in solution was measured. In general, the recoveries were seen to

decrease as a function of the sample’s relative hydrophobicity, as shown in Figure 3.9.
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Figure 3.9 Sample recoveries for TME runs at 100 mA with the conventional TME
platform as described by Unterlander (2018). The symbol * denotes statistical differences
between membrane proteome recoveries and the other sample types (t-test, p < 0.05)
Membrane-protein enriched samples are especially susceptible to thermal aggregation.
These hydrophobic proteins are expected to convey the lowest recoveries following TME
purification. However, controlling the impact of Joule heating via the AC temperature
gradient should hypothetically decrease the extent of protein thermal denaturation and
result in the larger recoveries from the AC-TME platform compared with AC-TME with
circulating water off, this is seen in Figure 3.10. Previously published TME prototypes
relied on managing the heat build-up by allowing it to passively diffuse into the TME
buffers and device components. At the highest operating parameters, to prevent the solution
from boiling during a run, the power supply had to be intermittently turned off to allow
time for heat to diffuse from the sample well. It is noted that the cumulative times refer
only to when power was supplied to the TME system; the true run time is approximately
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double that which was plotted. Pre-cooling the setup (-4°C) was done to maximize the
temperature gradient between the sample cell and external environment to avoid high
temperatures building up.'%>! In addition to higher overall recovery, the variance in
protein recovery measured between the replicate samples at each time interval (note the
error bars of Figure 3.10) was lower with AC-TME compared to the uncooled platform.
Increased variance is generally seen at lower recovery and is hypothesized to be a
consequence of the protein aggregation, causing fouling of the MWCO membranes. This
can limit the flow current through the sample cell. Membrane proteins are generally more
hydrophobic because of their inherent structure and native environment.’”® Therefore,
membrane-enriched protein samples are difficult to purify with high sample yields.
However, AC-TME was able to deplete SDS from this sample to sufficient levels to permit

LC-MS and still retained ~90% sample at this high operating parameter (250 mA).
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Figure 3.10 Sample recoveries for TME runs at 250 mA with (blue) and without (red)
active-cooling on 1 gxL"! membrane-enriched S. cerevisiae protein samples originally
contaminated in 5000 ppm SDS and purified to a residual detergent concentration of <10
ppm.
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In-gel digestion of proteins separated by SDS PAGE is a classic approach to process
samples ahead of MS. Although SDS PAGE is a detergent-based workflow, proteins are
physically entrapped in the gel matrix, allowing the surfactant to be extracted from the
proteins prior to digestion through solvent washes of the gel slice. Thus, this technique is
appropriate to manipulate membrane proteins for bottom-up MS analysis. However, the
recovery of peptides following in-gel tryptic digestion was compromised. This is shown in
Figure 3.11. Based on the ratio of peak area compared to the control, representing an
equivalent amount of sample digested in solution, the percent recovery from in-gel
digestion was 26.7 = 9.4% (n = 3). The low yields may be due in part to proteins being
released from the gel during the numerous rinsing and washing steps which the protocol
incorporates.?’! Alternatively, the Doucette group has optimized an SDS-based workflow
involving acetone precipitation to remove the surfactant while maintaining high protein
recovery. Acetone precipitation is a robust detergent depleting method based on organic
solvent protein precipitation. The method has also been applied to remove SDS with
unbiased protein recoveries. Figure 3.11 demonstrates a substantial improvement in
recovery relative to the in-gel digestion approach, with 90.3 + 5.8 % yield observed. While
this is considered a high yield, protein precipitation is a manual process that requires
considerable user expertise to maintain high recovery. The AC-TME platform is
considered a fully automated approach to protein purification. As seen in Figure 3.11, AC-
TME provided yields of 93.5 + 6.6%. Furthermore, this is nearly double the recovery of
the AC-TME with water-circulating off (uncooled), that yielded only 58.9 + 10.4%.

Active-cooling of the TME platform-maintained protein recovery equivalent to acetone
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precipitation and yielded over 30% more proteins than the conventional-TME iterations

and over triple the amount from in-gel digestion.
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Figure 3.11 Representative LC-UV peak intensities (A = 214 nm) as seen of S. cerevisiae

whole proteome tryptic peptides from a control (no SDS, no AC-TME purification), and
three samples depleted of 5000 ppm to below 10 ppm via either AC-TME, uncooled
TME, or acetone precipitation.

The recoveries of S. cerevisiae cytosolic and membrane protein fractions cleaned
of SDS by TME were quantified for AC-TME runs (with and without using cold water-
circulating) operated from low to high current (50-350 mA), shown in Figure 3.12. SDS
detergent removal with the AC-TME platform maintains yields above 80% even from the
membrane-enriched proteins. Note that applying constant currents greater than 200 mA
resulted in elevated temperatures above 60°C (discussed in Section 3.6 and shown in Figure

3.7) with the potential for the sample solution to reach boiling temperatures, especially for

runs conducted at 300 and 350 mA.
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Figure 3.12 TME runs with (blue) and without (red) water circulating for AC

temperature control on 1 gxL! cytosolic and membrane yeast fractions in 5,000 ppm SDS
depleted to less than 10 ppm over the range of applied currents 50-350 mA.

To assess the reproducibility of TME in terms of sample recoveries using the AC
system it was tested at a low and high applied currents (100 and 200 mA) and the rate of
SDS depletion was monitored along with protein recovery. AC-TME operated at 100 mA
and 200 mA and depleting 1 gxL™! whole yeast proteome in 0.5% SDS until <10 ppm
residual SDS was replicated over five experiments (n =5). The 100 and 200 mA AC-TME
purifications yielded decay constants of 0.13 + 0.01 and 0.34 + 0.08 min"! and protein
yields of 93 = 9 and 90 £ 9%, respectively. The AC-TME platform that actively withdraws
heat using a temperature gradient consistently and reliably purified protein samples to

acceptable levels for LC-MS (<10 ppm) with improved yields.
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3.8 SDS Depletion as a Function of Applied Current

Because AC-TME is designed to continuously remove heat (Figure 3.4) it allows
for higher operating currents which result in faster rates of SDS removal from proteins
while maintaining their temperature below a thermal denaturing point that would induce
precipitating out of solution (previously shown in Section 3.7). The continuous removal of
heat allows AC-TME to be operated at higher constant currents (>100 mA), thereby
increasing the electric field strength, and increasing the rate of SDS removal. This is seen
in Figure 3.13 comparing across 40 mA to 350 mA applied current. A residual level of 100
ppm is considered the maximal permissible level of SDS remaining in a sample to permit
MS analysis of the proteomic mixture. However, 10 ppm is most desired as below this level

is considered optimal for MS analysis.
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Figure 3.13 SDS depletion by TME, plotted on a logarithmic scale, shows accelerated
protein purification at higher current for both conventional (uncooled) and active cooling
(AC) operations.
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The rate of SDS depletion was previously modelled on the assumption that voltage
and temperature remained constant during TME runs. These assumptions do not hold at
higher operating currents, particularly with the conventional TME system. Operating at
non-constant temperature impacts the resistance and thus causes voltage to drop over the
course of a TME run. Note that the active-cooling TME system showed higher voltages
being used when operating compared to the uncooled system, seen in Figure 3.14. This
should theoretically translate to faster SDS depletion rates, per Equation 1.1 seen in Section
1.5, as higher voltages increase the strength of the electric field which is the main factor
governing electrophoresis.
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Figure 3.14 For a constant current TME run (200 mA), the voltage can change as a
function of the changing solution resistance. AC-TME maintains a near constant voltage,
which accelerates the purification process.

Using TME with higher constant current modes dictates faster SDS depletion times as seen
in Figure 3.13 (reflected in the slope of curve). Therefore, SDS drops below 10 ppm in
shorter time. However, notice the shape of an SDS depletion curve. At low current (40 mA)

the depletion curve follows the predicted exponential decay (straight line on log curve)
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because the temperature is approximately constant. However, when the applied current is
increased to 180 mA, without using active-cooling temperature regulation, the rate of SDS
decay slows with time. When AC-TME is used at 180 mA with active cooling, the initial
rate of SDS depletion matches that of 180 mA uncooled. But it maintains that rate over the
course of the run in a more consistent fashion therefore the voltage is higher and so the
SDS depletes quicker. This is attributed to the temperature remaining constant as the
active-cooling system manages to rapidly diffuse any heat generated.

A more direct comparison of the differences in SDS depletion as a function of
TME cooling is provided in Figure 3.15. Currents greater than 200 mA applied to
uncooled TME runs employed periodic pauses, with the time depicted in the figure
corresponding to the cumulative time in which the power supply was ‘on’. The true run
times are approximately 50% greater than those presented in the Figure 3.15. At currents
of 250 mA and above, the rate of SDS depletion continued to improve, although not to
the extent seen at lower currents. Increasing the current from 50 mA t0200 mA provides a
~4-fold decrease in the time required to deplete SDS to 10 ppm, and a total time
reduction of nearly 1 hour. Increasing current from to 250 to 350 mA serves to double the
SDS depletion rate, resulting in only approximately 10 minutes total time saved.

With the active-cooled platform, protein recovery losses due to thermal
aggregation can be mitigated while applying constant currents up to 350 mA, shown in
Figure 3.15. When using the active-cooled temperature regulator the speed of detergent
removal was also significantly (t-test, p < 0.05) faster with the higher operating currents
(150-300 mA) than without the AC system. No significant difference between the AC-

TME and temperature unregulated system were seen at the 50 mA and 350 mA settings.
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Figure 3.15 AC-TME runs with (blue) and without (red) active cooling 1 gxL! (S.
cerevisiae) membrane proteins in 0.5% SDS displaying average rates to achieve an SDS
concentration of either below 100 (open circles) or <10 ppm (filled circles).

3.9 Influence of Sample Cartridge Thickness

The AC-TME sample cells are housed in the central sample cartridge (see Figures
1.3 and 2.3) and are designed as a cylindrical chamber where the circular end constitutes a
surface area of approximately 1 cm?. The cylinder is milled out of PTFE sheets (3-, 6-, and
12-mm thickness). Previously, the conventional TME system used a 10 mm sample
cartridge. The influence of cartridge thickness has not been explored. Herein, the impact
of larger sample and smaller widths of sample cartridges was assessed on the efficiency of
AC-TME to purify 200 uL of 5000 ppm SDS-contaminated proteins and proteomes. First,
the influence of cartridge thickness on the applied voltage resulting from 120 mA constant
current was examined. Figure 3.16 is a plot of voltage over a 30 min period. In this case,
the water-circulating active-cooling system was off. During replicate runs (n = 3), the wider
(12mm) sample cartridge consistently delivered higher voltages to yield the same current

of 120 mA.
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Figure 3.16 Voltage plot for TME runs without using active-cooling testing three
different sample cartridge width sizes (3, 6, and 12 mm). TME operated at 120 mA
constant current reached the highest voltages using the 12 mm cartridge and the lowest
with the 6 mm.
With the 12 mm cartridge, the voltage reached a maximum of more than 300 V and

remained above 100 V for the duration of the 30-minute run. The smallest cartridge (3 mm)

did not peak above 200 V to maintain 120 mA constant current. Lengthening the sample

cells theoretically weakens the strength of the electric field (ﬁ) and the Coulombic force

exerted onto molecules (ﬁ), from Section 1.5.1, and the force driving the SDS away from

proteins subsequently lower. Crucially varying the size of the sample cartridge also
accommodates different volumes of sample solution. With the 3 mm the volume of sample
fills the entire sample cell and subsequently covers the entire MWCO membrane. The 6
mm and 12 mm sample cartridges can accept a greater volume of sample solution.
However, in these experiments, a constant volume of 200 pL per sample well was
employed, inferring that the volume did not fully cover the MWCO membrane for the

larger sample cells. The surface area between sample solution and the MWCO membranes
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is a point of high resistance in the flux of ions. This surface area and thus contact area was
maximized with the 3 mm sample cell as it fille the entire cell to the top covering the entire
MWCO membranes.

The increasing lengths of sample cell (3 <6 < 12 mm) showed an increase in the
maximum temperatures recorded in the sample cells. Temperatures achieved throughout
replicate runs using the varying thickness cartridges for 30-minute runs at 120 mA are
shown in Figure 3.17. Note the three sizes of cartridge (3, 6, 12 mm) achieved similar final
temperatures (58 £3, 61 £ 3, and 63 + 4°C, respectively) but the rates at which they reached
it were different. Using the AC-TME with water-circulating turned off 5000 ppm of SDS

would typically be depleted to 10 ppm in 40 + 5 min.
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Figure 3.17: Temperature plot from replicate TME runs without active cooling at 120
mA constant current. The TME sample cell was the hottest with the 12 mm cartridge
compared to the 3 mm that yielded the lowest overall temperatures.

The AC-TME platform was designed with the mission objective to maximize low

temperatures in the sample cell during operation, as the conventional-TME had shown

purifications that maintain lower temperatures correlate with enhanced protein recovery.
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Interestingly, when the operating temperatures inside the system are lower, as was done
with the thinnest sized sample cartridges, the rates of SDS depletion were also maximized
and protein recovery higher, shown in Table 3.3. The smaller sample cartridge maintained
a lower final temperature which correlated with increased protein yields. This supports the
theory that proteins not exposed to high temperatures (40-60°C) do not undergo the same
extent of structural denaturation that leads to aggregates and adhesion to the surface of

materials. The increased rates of detergent removal may be because of the slightly

increased Coulombic force (ﬁ) the proteins in the 3 mm sample cell would experience

compared to the 12 mm as the that field strength (%) increases proportionally with

decreases in the distance between electrodes.

Table 3.3 Influence of TME sample cartridge thickness

Protein recovery (%) SDS decay Sample
half-life (min™) Temperature
(°C), 10-12 min
Cartridge size @ 50 mA @ 200 @ 180 mA @ 180 Ma
(mm) mA
12 93+7 91+2 2.8+0.1 44 +2
3 98 +2 94 + 8 1.49 +£0.04 31.1+£0.6

The smallest sized sample cartridge (3mm) was the best choice for most efficient
TME protocol for its ability to maximize the efficiency of purifying while improving the
yields of proteins. Likely it would be possible to further minimize the size (and decrease
volume or materials thus decreasing amount of heat sink that does not conduct heat away
from sample cell) of the sample cartridge, but it becomes difficult to work with in the lab
as it becomes too flexible to maintain structure and is soft enough that deformations may

lead to leaks in the TME component seals. Furthermore, the updated AC-TME'8®
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configuration compared to the conventional-TME, provides 5x200 puL volume capacity
sample cells per single TME sample cartridge. Each of these sample cells has an
approximate 1 mL of volume of space that can accommodate sample solution to be
purified. The previous TME iterations had one less sample cell with four sample cells.
Thus, more sample replicates are purified per run and a total of 1 mL of solution can be

run at a time with this configuration of AC-TME.

3.10 AC-TME Purification of Molecular Weight Fractions of S. cerevisiae

Previously, it has been demonstrated that the SDS-protein binding interactions
favor positively charged and hydrophobic residues of the proteins structures and so the
binding-strength of different proteomes and sample systems may cause variance in the
efficiency of TME purification. TME experiments have shown trends of decreasing protein
recovery and rates in detergent removal efficiency correlating with the MW and relative
hydrophobic characteristics of proteins.'®” Herein, it was tested with three sample types:
highly soluble cytosolic, hydrophobic membrane-enriched, and a third Atlantic salmon
muscular tissue sample of which the purifying characteristics were not known. AC-TME
efficiency was assessed with varying MW size range fractions of Baker’s yeast samples as
it was hypothesized the heavier MW proteins would be harder to purify than low MW. The
S. cerevisiae cytosol and membrane enriched proteome along with the Atlantic salmon
proteome were fractionated using GELFrEE. The twelve collected fractions were grouped
into three sample types based on their respective molecular weights, as is seen with the
membrane enriched S. cerevisiae proteome in Figure 3.18. It should be noted that

GELFrEE fractionated samples are collected in a glycine based running buffer (TG with
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0.1% SDS) and thus contain the extra TG molecules when they undergo AC-TME
purification using the adopted TT buffer. Extra ions may decrease the total resistance but
extra analytes (uncharged) present in the sample, along with cellular debris (non-proteins),

will add resistance to the overall system that may increase heat levels.
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Figure 3.18 Digital image of 15%T SDS PAGE gel of 12 fractions of GELFrEE
separated yeast membrane proteome. Outlined in black hashed rectangles are A) low B)
medium and C) high molecular weight fractions.

Herein it was assessed how the recovery of samples was impacted when using the
novel AC-TME protocol compared to the uncooled method with samples of varying
molecular weights and varying aqueous solution solubility characteristics, shown in Figure
3.19. Cytosolic proteins are more water soluble than the relatively more hydrophobic
membrane proteins, typically making them easier to prepare and characterise
instrumentally. Yeast proteins are a common model organism for proteomics research and
was selected for this study. As an independent verification, a real-world test sample,
Atlantic salmon muscle tissue, was also tested on the TME system. The protein recoveries
were significantly higher when the active-cooling system was implemented as opposed to

relying on the conventional TME platforms passive heat diffusion techniques, as seen in
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Figure 3.19A, B, C. The low MW fraction from cytosolic yeast proteome that showed
smaller differences in protein recovery between the uncooled TME and AC-TME platforms
were not significantly different (t-test, p<0.05), but still the AC-TME platforms recovery

yields were higher (92 £+ 12%) compared to the uncooled versions (69 + 11%).
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Figure 3.19 Protein recoveries of AC-TME protein purifications, with and without
active-cooling implemented, on GELFrEE fractionated A) yeast (S. cerevisiae) cytosol
and B) membrane-enriched proteins and on C) Atlantic salmon (Salmo salar) proteome
fractions grouped by molecular weight into low, medium, and high MW samples. The
symbol * denotes statistical differences between groups (t-test. p<0.05).
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The recoveries from the Atlantic salmon proteome were greater than those of the
membrane enriched yeast fraction, as was hypothesized would be the result. Muscle tissue
consists of myofibrillar proteins with highly organized cells in consistent arrangement that
function in contracting muscles. Typically, these are not as challenging to extract compared
to membrane proteins requiring less detergent or solubilizing agents to maintain in
solution.!” It was surprising to consistently see the relatively more aqueous soluble
proteins from the cytosolic fraction show comparable, or even lower recoveries to that of
the membrane-enriched fractions. From these results the temperature regulation provided
by AC-TME mitigated the protein aggregating effects of the Joule heat that is generated
during electrophoresis. This is reflected in the higher recoveries seen with AC-TME in
Figure 3.19 and Figures 3.11 and 3.12. Generally, managing the temperatures that develop
from Joule heating inside the sample cell from exceeding ~60°C allows for higher
recoveries from proteins, of varying MW and aqueous solubility characteristics, that were

purified by TME.

3.11 In-situ TME Digestion Protocol of Residual Sample Pellet

Residual proteins that remain in the AC-TME sample well can result in a decrease
in total protein yields. This would be particularly problematic considering that certain
classes of proteins may be more susceptible to thermal aggregation. This could include
larger and/or more hydrophobic proteins. However, such aggregated proteins are not lost
— these proteins can be resolubilized with appropriate solvents, as has previously been
demonstrated using concentrated formic acid.?’! Presented herein, an alternative strategy

incorporates the trypsin enzymatic digestion protocol to work directly inside the AC-TME
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sample cells, termed in-situ TME trypsin digestion (detailed description in Section 2.7.1).
The strategy assumes that, once the thermally denatured proteins are digested, they do not
aggregate as freely. The low molecular weight peptides are solubilized in aqueous buffer

compared to the membrane proteins molecules that will precipitate out.

3.11.1 Protein Recovery from Supernatant versus Residual Pellet

Previous TME detergent removal protocols relied on managing the temperatures to
below protein thermal denaturation levels (40-60°C)">"72%! otherwise the resulting protein
aggregates would not be recovered. Denatured proteins are more susceptible to aggregating
and adhering to sample cell walls and to the surface of the MWCO membranes. These
proteins are not destroyed though. Thermal denaturation results in changes in
conformational structures but it does not re-orient the peptide sequences and ultimately,
for bottom-up proteomic experiments, these proteins can still be employed for sample
characterization. An in-situ digestion protocol was therefore developed to enable
aggregated proteins to be proteolyzed into peptides. The stir-bars that are used inside the
AC-TME sample cells, originally to aid in heat diffusion,'®® were used as mechanical
agitators and the trypsin enzymatic digestion was adapted so that reaction could take place
inside the AC-TME sample wells. SDS-PAGE was used as a qualitative depiction of the
protein distributions in the AC-TME supernatant and the residual pellet, this is shown in
Figure 3.20. Any proteins not retrieved in the TME supernatant fraction can be seen in the
residual pellet gel lanes. From this gel, some variance is seen in the distribution of protein
bands between the supernatant and residual TME sample gel lanes across the triplicate runs

in the individual gel lanes. This is attributed to differences between the TME sample cells
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that resulted in the proteins being exposed to varying degrees of heat during the TME’s

operation resulting in differing amounts of residual pellet remaining.

w25

~10

Figure 3.20 SDS PAGE of triplicate samples of TME-purified yeast membrane proteome
extract, as recovered in solution (supernatant fraction) or remaining inside the AC-TME
sample cell as a residual protein pellet and compared to a non-SDS contaminated control
after 180 mA constant current run until the residual SDS concentration was <10 ppm.
Combining the sample recoveries from the supernatant protein solution, originally
retrieved from the AC-TME sample cells by micropipette, and the in-situ TME trypsin
digestion allows for the near total recovery of sample peptides, shown in Figure 3.21. The
ability to recover the thermally denatured proteins that are retained inside the TME sample
cells as aggregated residual pellets using an in-situ TME digestion protocol (see Section

3.11) enabled the testing of this AC-TME platform’s upper limits in terms of maximizing

the rate of protein purification and sample yields.
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Figure 3.21 The total percent protein sample recoveries as achieved by combining the
relatively low protein recoveries from AC-TME runs at 350 mA in solution as the
supernatant fractions and those collected using the in-situ TME trypsin digestion protocol
for S. cerevisiae cytosol- or membrane-enriched proteins and Atlantic salmon muscle
tissue proteome.

The operating currents were tested up to the upper limit (350 mA) with the active-
cooling temperature regulation and compared versus the uncooled platform, the recovery
results discussed in Section 3.7 and seen in Figures 3.10 -3.12. SDS PAGE gels visualize
the distribution of sample across the supernatant and residual pellet from the AC-TME
platform and when the water-circulating temperature management is not used, shown in
Figure 3.22A, B.

The protein sample distribution shifts from the supernatant that is originally
retrieved from TME to the residual pellet that remains as a result of thermal induced
aggregates when the water-circulating temperature management is not used. The SDS
PAGE analysis of the soluble membrane proteins recovered from the AC-TME sample

cells with water-circulating turned off experimental condition shows a similar pattern of

proteins bands to that of the control-lanes protein bands. Both samples, the experimental
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AC-TME conditions and the control (no-TME purification) used identical membrane-
protein enrichment preparations. Similarly, multiple proteins are recovered from the
residual insoluble proteins TME pellet but with no specificity, trends, or bias to a specific
MW class of proteins can be visualized from the gel patterns. The overall resemblance in
band patterns suggests that several of the same yeast proteins have partitioned between the
supernatant and residual pellet phases. This implies that the thermal aggregation process
impacts all the sample at the high AC-TME operating parameters and no single type or
class of proteins. These results and visuals support that operating TME at high enough
operating parameters may generate enough heat to thermally aggregate proteins. The
mechanism behind thermal aggregation does not destroy those proteins information though

and they can be retrieved and still analyzed.
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Figure 3.22 The distribution of membrane-enriched proteins from S. cerevisiae proteome
that were purified of 5000 ppm SDS by A) AC-TME or B) conventional-TME (uncooled)
runs at 200 mA constant current until a residual SDS concentration below 10 ppm was
achieved (10 and 18 minutes TME operation, respectively). Majority of the proteins
removed from the AC-TME platform were in the supernatant fraction compared with the
conventional-TME (uncooled) where proteins were recovered mostly with the in-situ
TME digestion of the residual pellet.
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3.12 LC-MS with AC-TME versus Conventional Uncooled TME

The membrane-enriched S. cerevisiae proteome was characterised using MS
instrumentation to assess the quality of samples generated by AC-TME purification (250
mA) versus the previously published conventional-TME. The proteins recovered from the
actively cooled, temperature controlled TME system and the uncooled platform, including
both the supernatant and residual protein pellets, were subject to trypsin digestion and
subsequent LC-MS/MS analysis in a conventional a bottom-up proteomics MS workflow.
Analysis of the membrane enriched yeast proteome following SDS depletion by AC-TME
yielded more MS-identified proteins as compared to the equivalent sample purified in the
uncooled platform, seen in Figure 3.23. A total of 853 proteins were confirmed by MS in
the AC-TME runs compared to 701 proteins identified from the supernatant solution

recovered from the uncooled TME runs.
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Figure 3.23 Venn diagram comparing the identified S. cerevisiae membrane-enriched
proteins recovered from the supernatant solution that is initially retrieved from the sample
cells of AC-TME or conventional-TME (uncooled) runs.
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From the two TME purifications (AC-TME and uncooled-TME) the AC-TME
platform yielded a greater number of unique proteins (315) recovered in the solution phase
that were not isolated from the uncooled system. This is to be expected, as greater protein
losses result from thermal aggregation. Nonetheless, there were still several 163 proteins
that were not identified in the AC-TME solution phase. For complex proteome mixtures,
the bottom-up MS analysis is unable to identify all components of the system. Comparing
the residual pellets, the number of unique proteins from AC- vs uncooled-TME runs were
similar (131 vs 168 unique proteins, respectively), shown below in Figure 3.24.
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Figure 3.24 Venn diagram comparing the identified S. cerevisiae membrane-enriched
proteins recovered from the residual pellet (complement of Figure 3.23) from an in-situ
TME trypsin digestion from AC-TME or the conventional, uncooled TME runs.

The distribution of missed cleavage sites on identified peptides for AC-TME and
conventional-TME (uncooled) are summarized in Figure 3.25. It was not surprising to
confirm that the AC-TME supernatant proteins had greater fully cleaved peptides
compared to the uncooled system. The digestion efficiency of proteins recovered in the
pellet fraction displayed an unusual trend, with lower digestion efficiency in the AC pellet

compared to the uncooled pellet. However, it is difficult to make specific comparisons

between these fractions as the pellet fraction is larger for the uncooled run, and may present

86



a very different set of proteins across the two runs. It is clear that there are differences
between the conventional solution-based trypsin digestion protocol and the in-situ TME

trypsin digestion that has been adapted herein.
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Figure 3.25 Visual representations assessing the degree of digestion for each of the four
samples subject to bottom-up MS analysis. The pie charts show the percentage of
identified peptides containing 0, 1, 2, or 3 missed trypsin cleavages. Over 98% of the
identified peptides from each fraction contain either 0 or 1 missed cleavage sites.

It was not expected that the number and diversity of proteins identified would be
larger when purifying samples through AC-TME as opposed to without water-circulating
for temperature control. Combining the residual protein pellet, that was isolated by in-situ
TME trypsin digest, with the originally retrieved supernatant solution fraction returned
near quantitative recovery (>98%) with each AC-TME purification attempt. The potential

of recovering aggregated proteins via direct, in-situ TME trypsin digestion, together with
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maximizing TME efficiency by implementing active-cooling, may represent a powerful
alternative frontend sample preparation platform. This is especially attractive to TDP
applications that were not explored but are of high research interest (discussed in detail in
Section 4.2).

Comparing the unique proteins isolated from AC-TME with those from the
uncooled-TME to determine any differences or trends in sample characteristics between
the two but neither the MW nor GRAVY scores were significantly different, shown in
Figure 3.26. The isoelectric point of proteins recovered from the in-situ TME digestion was
seen to be higher than that of the supernatant recovered solution phase proteins (t-test; p =
5x107%). From Figure 3.26, the median pl of proteins found uniquely to the in-situ TME
digestion was 7.9, which approaches the pH of the system (pH = 8.3). Comparatively,

proteins that were uniquely identified in the supernatant solution phase had a median plI of

6.3.
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Figure 3.26 The relative distributions of the uniquely identified peptides according to
their A) molecular weights, B) isoelectric points, and C) GRAVY scores, extrapolated
from the unique lists of peptides identified by MS following AC-TME (red) and
uncooled-TME (blue) purifications of yeast membrane proteome.
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It was not surprising to see the results from MS analysis that the AC-TME platform,
compared to the uncooled system, supplied more peptides that were identified by MS. The
AC-TME purification led to 1434 total peptides identified (926 unique to AC-TME)
compared to the 1319 from the uncooled TME (848 unique to uncooled TME), summarized
in Figure 3.27. These peptides are produced from reacting the purified proteins (depleted
of SDS), isolated from either AC or uncooled TME systems, with trypsin. This yields
tryptic peptides that are a representation of the distribution of proteins in the sample after
each sample purification procedure and experimental condition being tested. The trend that
AC-TME improves the protein recoveries is seen in the relative proteins counts from the
MS data, presented in Figures 3.23 and 3.24 with the resulting increases in identified
peptides shown in Figure 3.27. The uncooled TME device yielded 230 peptides identified
from the supernatant and 147 from the residual TME pellet (a ratio of ~1.5). The
temperature regulated system yielded approximately 4.5 times more identified peptides in
the supernatant as opposed to in the residual pellet. An increase in the commonly identified
peptides between the supernatant (508 peptides) and the residual pellets (471 peptides) with

the AC-TME platform is also seen in Figure 3.27.

A) Uncooled-TME B) AC-TME
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Figure 3.27 Venn diagrams showing the number of S. cerevisiae peptides recovered from
the supernatant or the in-situ TME trypsin digestion of the residual pellet for both the A)
uncooled- and the B) AC-TME devices.
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Chapter 4 Conclusions and Future Direction

4.1 Conclusions

The effective separation of SDS detergent from proteins is critical to successful
downstream characterization by LC-MS/MS. This thesis presented an updated AC-TME
purification protocol. The automated platform has the capacity to deplete 99.9% SDS in 5
min, while maintaining high protein recovery, including for membrane-enriched protein
samples. The desired level of protein purity (100 ppm vs 10 ppm) can be controlled by the
user in choosing to operate TME at higher currents, or for a longer period of time. The
limiting factor of operating TME has been the Joule heat generated at the sample wells,
which causes proteins to aggregate. Incorporating active cooling into the TME platform
maintains lower operating temperatures while simultaneously permitting high protein
purity, high recovery, and faster processing time. Furthermore, the technique provides a
fully automated format to purify multiple replicates in batch runs. Despite these
improvements, protein solubility may still be compromised following SDS depletion, in
TME particularly for proteins near their isoelectric point. In this case, an in-situ TME
trypsin digestion protocol can be applied to recover these residual thermally aggregated
proteins. It is expected from these results presented that AC-TME, as an optimized protein
purification platform, will be beneficial and applicable for proteomics workflows involving

SDS detergent and LC-MS analysis.

4.2 Future Directions

Further investigation into the effects of temperature on the mechanism of AC-TME

can be performed to explore the details of how the flux of ions relates to changes in voltage
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and resistance. Related to this, the impacts of membrane porosity and solution viscosity
may also influence the rate of SDS depletion. A detailed theoretical approach to model the
parameters governing TME could expose what is happening at the buffer-membrane-
sample interface all with the aim of further achieve faster TME with higher yields.

High-throughput platforms are very attractive for proteomic LC-MS research with
the ability to prepare samples rapidly, with replicates, and in batches. TME is suited to this
task as it is an automatic platform working on batches of samples at a time that depends on
the user loading and removing the samples and other than assembling and powering the
device. Developing a flowthrough, in-line prototype of TME has potential for directly
connected with LC-MS platforms with the goal of fully automated, high throughput, inline
MS platform.

Pepsin is another type of protease that has been applied to proteomic workflows,
similar the trypsin protocol. Pepsin preferentially cleaves peptide bonds located at the N-
terminal side of hydrophobic amino acids, such as leucine and phenylalanine.'”->%
Pepsin proteolysis could be used as an alternative for residual protein recovery through
in-situ TME digestion, presented in Section 4.3. This would make the sample amenable
to formic acid protein solubilization.

Furthermore, the buffer systems used in TME may impact the protein types being
purified of detergents. The electrolyte buffer is a major parameter impacting TME
efficiency and its composition has not been tested. There is value in determining the
concentrations, ionic conductivity, and size of the buffer and electrolyte species that
would increase the mass transport of SDS detergent while minimizing Joule heat

formation. The exploration of whether single or multi-component buffers improves SDS
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depletion. The addition of non-buffer, charge carrying, species such as potassium

chloride or sodium chloride as means of improving the conductivity of the electrolyte.
Specific acidic and basic buffer systems, such as beta-alanine and formate, can be applied
to accommodate proteins that require specific low or high pH environment. The impact of
buffer pH among other components such as conjugate acid base pairs combinations and
their effect and potential applications with the AC-TME protein purification protocol
remain to be explored. The goal is still for ‘real-time’ SDS depletion that would allow for
online coupling directly to MS platforms. TME could exist as an intermediate between
detergent-based protein separations, like SDS-PAGE or GELFrEE, and an MS analysis
platform as a purification technique to remove SDS from protein fractions that have been

separated in a detergent buffer.
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Appendices

File S1: Complete list, saved as XLLSX format, of proteins identified from S. cerevisiae
membrane-enriched proteome from AC-TME supernatant collected sample.

File S2: Complete list, saved as XL.SX format, of proteins identified from S. cerevisiae
membrane-enriched proteome from AC-TME residual pellet collected sample.

File S3: Complete list, saved as XLLSX format, of proteins identified from S. cerevisiae
membrane-enriched proteome from uncooled TME supernatant collected sample.

File S4: Complete list, saved as XLSX format, of proteins identified from S. cerevisiae
membrane-enriched proteome from uncooled TME residual pellet collected sample.
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