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Abstract

Chair: Kristina I. Hakansson

Mass spectrometry-based proteomic protocols can identify thousands of expressed proteins with
widely varying concentrations. However, acidic post-translational modifications (PTMs), e.g.,
phosphorylation and sulfation, are difficult to examine, due to the reduced ionization efficiency of
highly acidic peptides with positive ion mode nanoelectrospray ionization (nESI). This thesis
presents methods for improved detection of acidic, modified peptides and natural product

biosynthetic active site peptides in both positive and negative ion mode.

Trace addition of trifluoroethanol (TFE) to aqueous samples suppresses corona discharge typically
observed in negative ion mode nESI experiments. TFE greatly (~8 fold) improves nESI spray
stability without altering observed protein, peptide, and small molecule charge states. This
phenomenon is likely due to the highly electronegative fluorine atom’s ability to scavenge
electrons, thus stemming plasma formation. In negative ion mode nanoflow liquid
chromatography-mass spectrometry (nLC-MS) experiments, TFE addition increases the number
of identified peptides by 18%. The relatively simple addition of TFE to sample solutions for
improved negative ion mode nESI can be readily employed for improved analysis of widely varied
compounds in direct infusion and nLC-MS experiments.

The demonstrated compatibility of TFE with nLC-MS allowed for systematic examination of
mobile phase and detection polarity effects on peptide identifications. Regardless of mobile phase
pH and detection polarity, overall sequence coverage for a six protein digest was similar. However,
multiply phosphorylated peptides were only detected at pH 11 in negative ion mode and
sulfopeptides were detected most effectively (~55 fold improvement) in negative ion mode and
with maximum ion abundance at pH 11. This work demonstrates that alkaline pH separations
coupled with negative ion mode nESI provides an efficient method for the detection of highly

XVii



acidic multiply phosphorylated peptides and sulfopeptides in a background of tryptic peptides

typically examined in most proteomic studies.

Under typical positive ion mode analysis, sulfopeptides undergo proton mediated loss of the PTM,
hampering identification and detection. Alkylamines were found to selectively adduct to
sulfopeptides in positive ion mode nESI, allowing for discernment of isobaric phosphorylation and
sulfation PTMs without the need for high resolution instrumentation. Alkylamine ion-pairing
occurs at 98-99% efficiency regardless of solution pH or base concentration. Characteristic
[SOs+alkylamine] neutral losses are observed upon slight collisional activation. This unique
transition enables sulfopeptide identification and discovery with positive ion mode data-
independent nLC tandem MS. Experiments to discover four sulfopeptide standards in a
background of tryptic peptides resulted in 17 sulfopeptide identifications. To our knowledge, the
work presented is the first protocol developed for positive ion mode sulfopeptide discovery without

the need for tedious chemical modification of a sample proteome prior to analysis.

Optimization of tryptic digestion and separation conditions were imperative for MS detection of
covalently tethered intermediates in the polyketide synthase (PKS) bryostatin A, module 3
(BryAM3), which introduces a unique beta-branch and O-methylation in the biosynthesis of
bryostatin-1, a potent protein kinase C inhibitor. BryAM3 was successfully (98%)
phosphopantetheinylated to generate holo acyl carrier protein (ACP). Malonyl extender unit
loading on holo ACP was also successfully achieved (68%) utilizing a non-native kirromycin C
trans acyl transferase (KirCAT). Unexpectedly, KirCAT also catalyzed malonation of BryAM3
non-active site cysteine residues and direct ACP loading of thiophenol-activated substrates was
observed. These experiments indicate that great care must be taken when performing in vitro

studies with this and potentially other trans PKSs.
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Chapter 1

Introduction

1.1 Modern Proteomics

Proteomics refers to the study of expressed cellular proteins and their impact on, e.g., cellular
signaling, interactions, disease states, and the overall organism.** While the aims of a specific
proteomic experiment can be varied, several challenges exist across most investigations. These
challenges include greatly varied protein expression levels, hundreds of post-translational
modifications (PTMs), dynamic low concentration PTM states, and sample isolation and
processing.>® 58 Protein microarrays can successfully profile thousands of proteins via
immobilization to a chip, then subsequent detection with fluorescence microscopy.®>*' The
generation of microarrays that can selectively bind thousands of proteins is often challenging due
to the widely varied structure and function of expressed cellular proteins. Antibodies are often
used as binding agents, greatly increasing cost and chip-to-chip variability in binding efficiencies

and affinities.% 12

Recent developments in nanoflow liquid chromatography (nLC) and robust mass spectrometry
(MS) instrumentation have enabled the current explosion in global proteomic analysis without the
need for tedious substrate generation.® * MS can successfully address many of these concerns due
to its incredible speed (us—ms) and high sensitivity (<zeptomole).® 1416 Also, due to the robustness
and mass accuracy of modern MS, interrogation of incredibly complex samples can be completed
in minutes and hundreds of samples can be examined over weeks without significant instrument
maintenance.> ¥’ The mass accuracy of modern mass spectrometers, such as Orbitraps, time-of-

flight (TOF), or Fourier transform ion-cyclotron resonance (FT-ICR) instruments can routinely
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reach 2 ppm, allowing for highly reliable proteomic information to be gathered.!’-'® Most MS-
based proteomic analyses are similar in experimental design: 1) proteins are digested and resulting
peptides of interest are possibly enriched, 2) peptides are then separated to maximize proteomic
coverage, 3) gas-phase ions are generated via nanoelectrospray ionization, and 4) MS detection

and subsequent peptide fragmentation is completed.®
1.1.1 Protein Digestion

Three major types of proteomic experiments can be performed; bottom-up, top-down, and middle-
down analysis.? 2! In a bottom-up experiment, a complex mixture of cellular proteins are digested
by a protease, typically trypsin, to create an exponentially more complex mixture of peptides.?® 22
The resulting peptides in the bottom-up experiment are approximately 400-3,000 Da in size and
can be efficiently separated by reversed-phase C18 chromatography.t” 2> 24 The digestion from
intact proteins to smaller peptides is completed to limit charge heterogeneity, improve sample
separation, and increase detection sensitivity.® 2% 22 2 However, digestion of proteins can cause
significant loss of proteome information rarely reach 100% protein sequence coverage in complex
samples. Due to the highly dynamic nature of PTMs, unique proteoforms cannot be accurately
assigned in a complex mixture of proteolytic peptides.?® 2" While the protease trypsin is highly
specific for arginine and lysine residues, incomplete and erroneous protein cleavage can occur,
resulting in an even more complex peptide mixture, and making successful peptide identification
more difficult.?> 2 Even with these complications, bottom-up proteomics is routinely able to

identify thousands of unique proteins in a single experiment.? 24

The shortcomings of bottom-up proteomics are addressed in top-down analysis. Here, the digestion
step is omitted and intact proteins are directly subjected to MS detection and fragmentation.?” 2°
30 Typically, proteins with mass <40 kDa are detected and interrogated with this method.3 32 Top-
down MS excels at detection and sequencing of individual proteoforms.®*3> While bottom-up
proteomics can be completed on most modern MS instruments, top-down analysis requires high
resolution MS platforms, such as Orbitrap and FT-ICR, to successfully resolve protein fragment
ions.® 38 In early implementations of top-down MS, proteins were isolated and purified prior to
direct infusion, i.e., without on-line LC, analysis. More recently, on-line intact protein separation
and detection have been completed with combinations of reversed-phase separation, isoelectric

focusing, gel-eluted liquid fraction entrapment electrophoresis (GELFrEE), capillary zone



electrophoresis (CZE), and size exclusion chromatography (SEC).3* 371 While these separation
techniques have proven successful, their limited robustness has prevented widespread use. Also,
limited fragmentation for intact proteins can limit protein identifications and PTM site
assignments. Furthermore, even with modern MS platforms, the current top-down bioninformtic
tools are less developed than comparable tools for bottom-up analyses.3%-32 %2 Despite these
difficulties, top down approaches can routinely identify hundreds of unique proteoforms present

in a sample. 3

A melding of the top-down and bottom-up methods has recently been adopted, mainly for the study
of antibodies and histones.?" 44 Middle-down proteomics attempts to retain the proteoform-
specific PTM identifications of top-down methods and the improved separation, MS detection,
and sample handling of bottom-up experiments.?° Proteins are digested by proteases such as IdeS,
OmpT, or trypsin to create 2-10 kDa peptides.***” This resulting proteolytic mixture is less
complex than the alternative bottom-up strategy, allowing for improved proteome coverage.*® 4°
These peptides can also be readily separated utilizing standard C18 methods stationary phases.>®
%1 The attempt to combine the advantages of bottom-up and top-down experiments has proven
successful, but is a rather new approach for the study of proteomes. Improvements and
optimization of the middle-down workflow are needed to approach the current sensitivity of
bottom-up analysis and the proteoform-specific PTM localization and proteoform identification

capabilities of top-down experiments.> 231
1.1.2 Reversed-phase Nanoflow Liquid Chromatography (nLC) for Peptide Separations

In the context of a bottom-up proteomic experiment, optimized nLC is important to increase
proteome depth and coverage, especially for low-level modified peptides. Modern reversed-phase
nLC is the separation technique of choice for maximum peptide detection and reduction of ion-
suppression. Also, reversed-phase separation can be readily multiplexed with other common
orthogonal peptide separations such as ion exchange, affinity, or electrophoretic chromatography.
Typically, columns of 30—100 um inner diameter (i.d.) are slurry packed with 2 — 5 um reversed-
phase C18 particles.? Specialized liquid handling pumps and valves are necessary in nLC systems,
as column pressures and flow rates can routinely reach 500-1,000 bar and 100-500 nl/min
respectively.>2>® The Van Deemter equation (Equation 1) describes the optimum column and flow

parameters for maximum separation. 57



Equation1.1: H = A + E + (Cs + Cpp)p

The plate height, H, describes the overall separation efficiency of the column and should be
minimized. The A term describes the Eddy diffusion, or the different ways two similar molecules
can migrate through the separation column (Random Walk Model). This term is affected by the
quality and uniformity of stationary phase particles and column packing. The B term is related to
longitudinal diffusive band-broadening of the sample and can be minimized by increasing the
mobile phase flow rate, . However, the counteracting C terms describe the diffusion resulting
from the repetitive adsorption and desorption of analyte onto and off of the stationary phase.
Stagnant mobile phase, resulting from solvent adsorbed in/on stationary phase particles, is also
accounted for in the C terms. The C terms are often reduced by decreasing packing particle sizes
and by utilizing low viscosity mobile phases for fast analyte adsorption/desorption. Also, while
not included explicitly in the Van Deemter equation, small bore capillary nLC columns are able to
effectively disperse the heat created from the forced mobile phase flow, reducing diffusional

broadening due to temperature/viscosity differences in column.®

High pH
Normal Silica C18

High pH )
Carbon Crosslinked SilicaC18 -

Figure 1.1: Example of standard (Top) and crosslinked (Bottom) C18 silica stationary phases
under alkaline separation conditions.

Typical reversed-phase stationary phases utilized in proteomic separations are made of a silica
core modified by octadecy! silane (C18) groups.® % These materials are robust for the separation
of peptides under the acidic conditions typically found in proteomic experiments. Also, in-column
cast silica frits effectively retain packing materials at the high pressures generated in an nLC
system.%® Above pH 7-8, these stationary phase and frit materials begin to degrade and dissolve

(Figure 1.1), resulting in degradation of the column.® 8! For improved C18 separation at elevated
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pHSs, several manufacturers of silica reversed-phase particles have generated carbon protected C18
materials. These materials, such as the Waters Xbridge C18 particles used in this dissertation, are
carbon crosslinked to protect the silica-based particles, preventing hydroxyl attack and eventual
dissolution (Figure 1.1) (Waters). To retain the crosslinked material within the column at elevated
pHSs, stainless steel fitted end connections must be used to prevent silica frit failure during

analysis.®* These advancements have allowed for efficient high-pH nLC peptide separations.
1.1.3 Generation of Gas-phase lons via Electrospray lonization

Dr. John Fenn’s implementation of electrospray ionization for generation of gas-phase ions,
ushered in a new age of MS.%? Electrospray ionization (ESI) allows for the “soft” generation of
gas-phase biomolecular ions from solution by applying a 3-5 kV potential to a small aperture
needle (~150 um i.d.).83% The ion source can be operated to generate positive or negative ions
simply by flipping the polarity of the applied potential. More recent developments to reduce the
size of the ion emitter needles (5-30um i.d.) has resulted in optimal compatibility and sensitivity
for proteomic nLC separations.'® ¢% 57 Nanoelectrospray ionization (nESI) typically employs lower

potentials (1-2 kV) for the generation of analyte ions.

The generation of biomolecular gas-phase peptide ions via nESI is considered to occur through
two main mechanisms. As the nESI-generated analyte droplets are undergoing solvent
evaporation, Coulomb fission of the droplets occurs as the droplets approach the Rayleigh limit.5*
64 Under the ion ejection model (IEM), as a desolvating analyte droplet is approaching the Rayleigh
limit, an analyte ion is ejected as a charge carrier, generating a gas-phase ion.%® ¢ The charge
residue model (CRM) suggests that, instead of an analyte being ejected from a droplet near the
Rayleigh limit, charging of the analyte occurs upon complete desolvation of the droplet, resulting
in more highly charged gas-phase ions.” It is widely considered that smaller tryptic peptides
undergo IEM-type charging, while larger proteins and protein complexes undergo CRM type
charging.’> ™* Both IEM and CRM theoretical modeling agree well with experimental results in
positive ion mode nESI, while in negative ion mode, ~20% less charging is observed.’? This
discrepancy suggests that the type of charge carrier affects ion charging and generation in a manner
that is currently not well understood.



1.1.4 High Resolution Mass Spectrometry and Fragmentation for Proteomics

Modern proteomic experiments typically utilize high resolution MS to maximally annotate the gas-
phase peptide ions eluting from an nLC separation.® 3 The use of high resolution MS has greatly
increased the assignment of PTMs and improved bioinformatic processing. Incredible mass
accuracy of <10 ppm is routinely achieved. Many modern proteomic software packages, such as
MassMatrix, OMSSA, Proteome Discoverer, and MaxQuant, utilize high mass accuracy to
increase the confidence and accuracy of peptide/protein identifications.”®® The increase in MS
resolution and speed has opened the door for greatly improved analysis of complex proteomic

peptide mixtures.
1.1.4.1 Time-of-Flight (TOF) Mass Spectrometer

TOF mass spectrometers operate under the relatively robust principle of conserved Kinetic
energy.’”"® If a group of ions of differing mass but the same charge is accelerated to the same
electric potential, the resulting kinetic energy of each ion is equivalent. Thus from Equation 1.2,
the velocities of the ions with unique mass are different. This difference in ion velocity results in
differing time-of-flights in a field-free drift region. A diagram of a Waters Micromass LCT
Premier, utilized for work in this thesis, can be seen in Figure 1.2.

Equation 1.2: E;, = mT”Z

Routine resolution of the Waters Micromass LCT TOF is >5,000 at 400 m/z (Waters).”® ’® Modern
TOF instruments can routinely achieve >40,000 resolution at 400 m/z. One major advantage of
TOF instruments is their incredible scan speed. TOF analysis only takes hundreds of us per scan,
thus thousands of scans can be completed to deeply sample eluting peptides. TOF systems can
undergo significant mass calibration deviations with ambient temperature fluctuations in a
laboratory, thus the use of a lock-mass or internal calibration is often necessary during proteomic

analysis to obtain >2ppm mass error.”
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Figure 1.2: Schematic of a Waters Micromass LCT TOF mass spectrometer.

1.1.4.2 Fourier Transform-lon Cyclotron Resonance (FT-ICR) Mass Spectrometers

The FT-ICR mass spectrometer is an incredibly flexible MS platform. It features >300,000
resolution at m/z 400 and can complete almost every form of available peptide
activation/fragmentation (Bruker).®-# The FT-ICR detects peptide ion frequencies as they undergo
cyclotron orbit in a magnetic field (Equation 1.4).8> 8 One unique feature of the FT-ICR MS is

that the resolution of the instrument is directly related to the applied magnetic field strength.

Equation 1.4: w, = %
Recently, 21 T magnetic fields have been employed to baseline resolve entire antibody ions for
top-down analysis.?3% FT-ICR instrumentation can complete ion-electron, ion-ion, ion-photon,
and collisional based peptide fragmentation.2® However, FT-ICR mass spectrometers pose
significant challenges for use in proteomic experiments. Commercially available FT-ICRs, such
as the Bruker SolariX seen in Figure 1.4, do not possess a method for dynamic ion population
control. The lack of active gain control (AGC) can result in significant space charge effects and
reduction of ion resolution and mass accuracy during the elution of highly concentrated peptides
from an nLC column.®% 828 On the other hand, AGC can cause low abundance peptides to be
missed. Also, commercial FT-ICRs can only complete a high resolution mass spectrum scan every
0.5-1 s, resulting in significantly lower proteomic coverage when compared to Orbitrap and TOF

systems. Typically, commercial FT-ICRs only fragment the most abundant 4 peptides eluting with
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on-line nLC, where an Orbitrap can fragment the most abundant 10-15 peptides in the same time
frame.'” & The FT-ICR excels at ion-electron fragmentation methods due to excellent confinement
of electrons in the magnetic field. Unique negative ion-electron fragmentation techniques, such as
electron detachment dissociation (EDD) and negative ion electron capture dissociation (niECD),

can be readily employed without significant instrument modification.
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Figure 1.3: Schematic of a 7T Bruker SolariX FT-ICR mass spectrometer.

1.1.4.3 Peptide Fragmentation for Proteomics

MS based selection and fragmentation, i.e. tandem mass spectrometry (MS/MS) is the backbone
of modern proteomics. In a typical experiment, a mass spectrum is first acquired of many co-
eluting peptides. Three to 15 of the co-eluting peptides are then selected for collisional
activation/fragmentation. Peptide fragmentation occurs due to inelastic collisions with an inert gas
such as He or Ar.”® 8" The fragmentation of peptide precursors ions occurs sequentially until all
selected precursors are dissociated. This method of peptide selection and subsequent, sequential
fragmentation is termed data-dependent acquisition (DDA).88 8 While DDA can routinely identify
and reliably fragment thousands of eluting peptides in highly complex proteomic samples, it is

currently not possible to sample all eluting peptides in a single experiment.

Data-independent acquisition (DIA) attempts to remedy the shortfalls of DDA by activating the
entire population of co-eluting peptide ions at one time.®® This approach can effectively sample
the wide dynamic range of peptide abundances eluting from an nLC column. A major concern
with DIA workflows is the reliance on high resolution MS to effectively resolve fragment ions and
the subsequent bioinformatic tools ability to properly assign peptide fragments to the correct
precursor ion.*> %2 A popular DIA workflow to improve precursor/fragment assignments is

sequential isolation window acquisition (SWATH), where a window of 25-50 m/z is fragmented
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at once, and this window is scanned across the entire m/z region as peptides are eluting from the
LC.%%°3 Another common alternative to SWATH analysis is MSE, where peptide ions are separated
by shape, size, and charge via ion-mobility and then subsequently fragmented. In an MSE
experiment, peptide fragment ions are correlated to the precursor ion drift time, reducing the
complexity of the fragment ion spectrum.®* % SWATH and MSF analysis requires fast MS scan
speeds, e.g. TOF and ion mobility instrumentation, in order to complete a full m/z scan during the

15-30 second wide peptide peaks typically observed with nLC separations.

While peptides are typically activated/fragmented via ion-neutral collisions, ion-electron and ion-
ion activation methods can provide improved residue specific PTM identification. Electron capture
dissociation (ECD) and electron transfer dissociation (ETD) do not result in PTM neutral losses
commonly observed in slow-heating techniques such as collision induced dissociation (CID).%%8
Also, ECD and ETD fragmentation results in more peptide bond cleavages and less observed
neutral losses with highly charged (>3+) peptide precursors when compared to CID.%1% These
radical driven fragmentation methods require multiply charged precursors for subsequent detection
of peptide fragments.

When examining negatively charged peptides, CID typically does not generate many sequence
informative fragment ions.192 19 Ultraviolet photodissociation (UVPD) and negative ion electron
transfer dissociation (NETD) have recently been developed as promising peptide anion
fragmentation techniques for proteomic analysis.5? 19419 Unfortunately these fragmentation
methods are known to involve abundant CO neutral losses, complicating peptide residue
assignments. 1% 197 While other peptide anion fragmentation methods such as electron detachment
dissociation (EDD), electron induced dissociation (EID), and negative ion electron capture
dissociation (nNiECD) exist, often their low fragmentation efficiency and long scan times are not

amenable to nLC timescales.*%10
1.2 Protein Post-translational Modifications (PTMs)

It is estimated that approximately 20,000 unique protein transcripts are produced from the human
genome and much more than ~80,000 related protein isoforms exist.!** 112 While the number of
unique protein sequences is large, the addition of PTMs to proteins results in an exponential
increase of unique proteoforms.**"*13 A myriad of PTMs exist that significantly alter the properties

and interactions of the protein, such as lipidation, ubiquitination, glycosylation, and oxidation.**-
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1171t is estimated there are over 300 unique PTMs.'!® Many of these PTMs occur at low relative

concentrations and may significantly affect peptide separation and detection. For instance, upon
lipidation of a protein, the resulting tryptic peptide will be more hydrophobic than its unmodified
counterpart, and often will get irreversibly trapped on standard C18 mobile phases.!*® 120 In this
dissertation, the detection of the acidic PTMs phosphorylation, sulfation, and

phosphopantetheinylation (Ppant) is explored extensively.
1.2.1 Phosphorylation

Protein phosphorylation is regarded to be one of the most common PTMs observed in the
proteome.!® It is estimated that up to one third of proteins are phosphorylated.t?!: 122
Phosphorylation occurs mainly on Serine, Threonine, and Tyrosine residues (Figure 1.5). Histidine
phosphorylation has also been discovered but is difficult to detect effectively due to its rapid
hydrolysis.!?* 124 Protein kinases append a phosphate group to a protein from an adenosine
triphosphate (ATP) substrate.” Phosphatases can than remove the added phosphate, resulting in a
high degree of signaling control through the addition and subtraction of phosphate groups.” This
PTM addition and subtraction can significantly alter the structure and function of a protein.
Phosphorylation is responsible for many cellular signaling cascades, resulting in gene expression

and protein synthesis,t3 125 126
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Figure 1.4: Phosphorylated residues examined in phosphoproteomic analyses.

MS studies of phosphopeptides/proteins often rely on affinity chromatography for purification of
the modified peptides. Immobilized metal affinity chromatography (IMAC) with Fe** or Ga®* and
metal oxide affinity chromatography (MOAC) with TiO2 or ZrO> can successfully bind
phosphopeptides at low pH.213 Unmodified peptides are then washed off of the material and

phosphopeptides are eluted at high pH. The isolation and enrichment of phosphopeptides improves

10



the concentration of these peptides, while removing unmodified peptides from the analysis. These

purification techniques have aided the explosion of recent phosphoproteome studies.” 131133

1.2.2 Sulfation

The PTM sulfation is rarely studied in the context of a proteomic workflow, resulting in a relative
lack of understanding and knowledge of this PTM’s effects.'3 Protein sulfation occurs on Tyrosine
residues in the Golgi apparatus via tyrosylprotein sulfotransferases (TPSTs).1® The TPSTs utilize
adenosine 3’-phosphate 5’-phosphosulfate (PAPS) as the substrate for sulfonate addition to Tyr.13*
135 Interestingly, sulfatases are usually expressed at very low cellular concentrations and activities,
suggesting sulfation is rarely reversed at the cellular level.1**% Sulfation of Tyr has been shown

to greatly increase protein-protein interactions and is integral for healthy murine development.t3”
142

Sulfation is a challenging PTM to study via common proteomic workflows. Upon positive ion
mode ionization of a sulfopeptide/protein, significant proton mediated sulfonate elimination
occurs. 314 This PTM loss often occurs prior to detection in the mass spectrometer, resulting in
a lack of sulfopeptide identifications.'** Also, like phosphorylation, sulfation occurs at low
stoichiometric levels. Recent developments of MOAC and weak-anion exchange (WAX) have
shown promise as methods to enrich sulfopeptides.*> 146 These enrichment techniques also can
enrich  phosphopeptides, which constitute a potential significant contaminant.?3% 47
Phosphorylation and sulfation only differ by 9.5 mDa, making routine differentiation only possible
with long transient high resolution MS experiments. The resolving power needed to differentiate

these two PTMSs can result in long scan times, reducing nLC compatibility.'43

1.2.3 Phosphopantetheinylation
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Figure 1.5: Phosphopantetheine (PPant) arm appended to an active site Serine residue.
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Phosphopantetheine (PPant) modification of acyl carrier proteins (ACPs) and peptidyl carrier
proteins (PCPs) is necessary for enzymatic production of fatty acids, polyketide, and non-
ribosomal natural products (Figure 1.6).14% 10 The addition PPant allows for covalent tethering of
fatty acid and natural product intermediates throughout their respective enzymatic
extension/modification. PPant is added to serine residues via 4’-phosphopantetheine transferases
(PPTases) from a 4'-phosphopantetheine-CoA substrate.4%>! The PPant modification is rather
long (~2 nm) allowing for efficient shuttling of the enzyme substrate to various enzymatic
domains. While purification and isolation of Ppant-containing peptides typically is not completed,
several MS methods have been developed to study these unique peptides as discussed in section
1.3.1.

1.3 Natural Product Biosynthesis

Natural products or derivatives thereof are estimated to make up 40-50% of the current
pharmaceuticals on the market today.®*'® These drugs include penicillin, erythromycin,
tetracycline, and vancomycin. These bioactive molecules are produced via polyketide synthases
(PKSs) and non-ribosomal peptide synthetases (NRPSs). PKSs and NRPSs are typically large kDa
to MDa protein complexes derived from many separate genes in an organism.'4% % Many natural
products can be produced via total synthesis, but this approach often results in high costs and low
yields. Frequently natural products are produced via semi-synthetic or chemoenzymatic
approaches, where part of the entire natural product is produced by a PKS or NRPS enzyme.'® If
the biosynthetic mechanism of PKSs or NRPSs is well understood, large scale production of active
pharmaceuticals can be accomplished, reducing the need for complex and tedious chemical

manipulations.

Type | PKS enzymes operate under an assembly line like architecture. Each module in a type |
PKS typically consists of at least an ACP, a ketosynthase (KS), and an acyl transferase (AT).*%°
Many individual modules result in the overall elongation and tailoring of the growing natural
product. The AT can be incorporated into each unique module (cis), or distinctly separate (trans)
from each PKS module. The AT selects the acyl chain to be used for substrate elongation. The
acyl units are usually small, such as methylmalonyl or malonyl.**® 15 Upon ACP modification
with PPant, the resulting Holo ACP is able to accept an activated acyl unit from the AT.27 158 The

KS accepts the upstream substrate and catalyzes a Claisen-like condensation with the acyl-
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extender unit tethered to the Holo ACP.14 150 The extended natural product intermediate can then
be further modified by dehydratases, ketoreductases, or methylation domains, before being passed
onto the next module for further elongation and tailoring.®® *° Thioesterase (TE) domains are

typically included in the final module, catalyzing cyclization and release of the natural product.®>®
160

1.3.1 Mass Spectrometry for the Characterization of Polyketide Synthases (PKSs) and
Nonribosomal Peptide Synthetases (NRPSs)

MS is a powerful tool for the analysis of PKSs and NRPSs. With optimized conditions, the catalytic
cycle of a PKS module can be examined via high resolution LC-MS with accurate mass detection
of active site peptides, due to the covalent nature of PKS and NRPS enzymatic intermediates.6*-
164 Upon CID activation of Holo ACP peptides/proteins, a characteristic PPant ejection ion is
observed.!®® This ejection product can be used to identify new PKS and NRPS systems, and

confirm the presence of active modules.'%® 67
1.4 Dissertation Overview

This dissertation focuses on the use of positive and negative ion mode nESI for the detection of
peptides carrying acidic PTMs. In Chapter 2, the discovery of trifluoroethanol (TFE) as a corona
discharge suppressant led to improved negative ion nESI stability increases necessary for robust
negative ion bottom-up workflows. Upon addition of TFE, pH dependent separations of tryptic
peptides could be effectively completed in Chapter 3. Multiply phosphorylated and sulfated
peptides were detected most effectively at pH 11 in negative ion mode. Chapter 4 examines
sulfated peptides adducted with alkylamine bases under positive ion mode analysis. With slight
collisional activation, a characteristic [SOz+alkylamine] neutral loss is observed, and leveraged in
online nLC-MS/MS DIA experiments. In Chapter 5, the PKS bryostatin module 3 (BryAM3) is
examined via optimized tryptic digestion and separation. Successful detection of KS and ACP
active site peptides was achieved with online nLC-MS/MS. Kirromycin C trans AT was observed
to malonate non-active site cysteine containing peptides, an outcome that had not been previously
reported. BryAM3 did not catalyze condensation of a surrogate triketide with malonyl, instead,
unexpectedly, directly adding the triketide to the ACP. Chapter 6 summarizes these discoveries

and discusses future research directions.
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Chapter 2

Corona Discharge Suppression in Negative lon Mode Nanoelectrospray lonization via
Trifluoroethanol Addition

2.1 Introduction

Nanoelectrospray ionization (nESI) has gained popularity as a “soft” ionization source due to
several advantages compared with conventional electrospray ionization (ESI). Due to the smaller
capillary diameters employed in nESI, initially formed droplets have nanometer size, whereas ESI
produces micrometer-sized droplets.X* The reduction in initial droplet size lowers the deposition
of ionization energy and increases the likelihood of gas-phase ions being generated from
evaporating progeny droplets, resulting in higher ion counts and lower limits of detection.®>° For
example, consumption of only zeptomoles of peptides was recently reported with microfabricated
nESI needles.’® The lower deposition of ionization energy in nESI compared with ESI is often
utilized to maintain native proteins and complexes into the gas phase, allowing for the examination
of tertiary and quaternary structure with ion mobility and/or mass spectrometric measurements.!-
13 Nanoflow liquid chromatography (nLC) separations (nL/min) are ideally suited for coupling
with nESI, resulting in robust and stable positive ion mode ionization and online detection with

modern mass spectrometers. 41’

While positive ion mode nESI is suitable for the detection of basic and neutral compounds,
typically acidic molecules are not ionized effectively.'® ° Many proteomes have been predicted
to exhibit multimodular pl distributions with a minimum at pl 7.2% 2! However, in conventional
positive ion mode nLC/MS analysis, the majority of detected peptides have pls greater than 5.2 23
By including a second dimension of peptide separation prior to reversed phase elution, such as

strong cation exchange (SCX) or isoelectric focusing (IEF), acidic peptides can be identified with
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positive polarity nESI1.?42® However, Yates and co-workers reported an absence of peptides with
pls <4 in a combined protein fractionation/multidimensional protein identification technology
(MudPIT) approach; still excluding a majority of the low pl region.?* Several acidic post-
translational modifications, such as sulfation, phosphorylation, and sialylation, greatly reduce
overall analyte pl. Utilization of negative polarity nESI can improve the detection of acidic
molecules due to the inherent tendency to form negative charges, which is often leveraged in the
field of metabolomics.?’-3! Coon and co-workers demonstrated the use of alkaline separations and
negative ion mode detection as an effective method to probe the acidic proteome.?® 32 However,

unfortunately, nESI does not typically perform robustly in negative ion mode.

Under negative polarity, corona discharge is often observed at the tip of nESI emitters.?>* Corona
discharge results in degradation of spray stability and needle tip geometry, ultimately leading to
loss of signal. This phenomenon was observed as early as by Fenn and co-workers’ first
experiments with negative ion mode ESI.*® 3 Several methods have been implemented to suppress
the observed plasma. The introduction of high dielectric nebulizing gas, such as sulfur
hexafluoride or dry oxygen, has been employed to increase the local dielectric environment at the
ESI needle tip as well as promote stable generation of analyte droplets for negative ion
generation.® 3¢ Also, pressurization of the mass spectrometer’s inlet region (2-6 bar) has been
shown to afford an increased dielectric environment, reducing corona discharge.®” % In addition,
organic solvents, such as methanol (MeOH), isopropyl alcohol, and fluorosolvents can be added
to samples to reduce the onset spray voltage below the dielectric breakdown of air.3% 4
Chlorosolvents have previously been utilized as electron scavengers for the reduction of corona
discharge events, but is immiscible with aqueous samples.3* 442 Fluorosolvent addition has also
been utilized extensively as a method to retain and improve ionization of hydrophilic small
molecules and oligonucleotides through ion-pairing on reversed-phase resins and improved ESI
droplet desolvation.**4¢  Furthermore, small needle-tip geometry has been reported to decrease
minimum spray voltage below ambient atmosphere dielectric limits.*” While these approaches
have been effective, instrumental modification, dilution of precious sample, and analyte solubility

are still concerns, particularly with regards to online separations and “native” MS experiments.*

Herein we report the stabilization of negative ion mode nESI and suppression of corona discharge
via trifluoroethanol (TFE) addition to aqueous sample matrices. A series of small molecules,
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peptides, and proteins were examined with varying amounts of TFE modifier. The utility of TFE
as a mobile phase additive was examined via nanoflow separation and detection of tryptic peptides
at elevated pH in negative ion mode. With the addition of trace TFE, negative ion mode nESI
analysis can be used to effectively characterize acidic molecules present in many complex aqueous

matrices analyzed with MS.
2.2 Experimental
2.2.1 Chemicals

Water, MeOH, ethanol (EtOH), 2,2,2-trifluoroethanol, ammonium bicarbonate, ammonium
acetate, 48% hydrofluoric acid (HF), and formic acid were purchased from Fisher Scientific
(Pittsburgh, PA). Equine myoglobin (Myo), bovine ubiquitin, bovine serum albumin (BSA),
bovine a-casein, bovine f-casein, 5 M ammonium hydroxide, triethylamine (TEA), dithiothreitol,
maltohexanose (MH), tetrahydrocortisone-(3-B-D-glucuronide) (TC), paromomycin (PA),
angiotensin | (Angl), and [Arg®]—vasopressin (Vas), were obtained from Sigma-Aldrich (St. Louis,
MO). Phosphatidylserine 16:0-18:2 (PS) was purchased from Avanti Polar Lipids (Alabaster, Al).
Tyrosine phosphopeptide (TSTEPQpYQPGEN) (pYpep) was purchased from EMD Millipore
(Billerica, MA). Sulfated cholecystokinin (CCKS) was purchased from Abcam (Cambridge, MA).
The synthetic peptide (YFYLIPLEYLK) (SynPep) was purchased from GenicBio (Shanghai,
China). Modified sequencing grade trypsin was obtained from Promega (Madison, WI). Water,
MeOH, and EtOH were HPLC grade. TFE was peptide synthesis grade. All compounds were
used as purchased.

2.2.2 Direct Infusion nESI Mass Spectrometry

All direct infusion mass spectra were collected on a Waters Micromass LCT Premier equipped
with a Z-Spray nESI source. Borosilicate nESI needles were pulled to approximately 3-8 um tip
i.d.’s on a Sutter Instruments P-97 micropipette puller and gold coated using a Quorum
Technologies SC7620 sputter coater as previously described.!* Each acquisition was performed
with the emitter tip approximately 6 mm away from the sample cone. To each solution, unless
otherwise noted, 0.2% ammonium hydroxide was added to promote analyte deprotonation. Sample
flow rates were estimated to be 20-50 nl/min for direct infusion experiments.!! Each protein was

examined at 10 uM. Peptide and small molecule concentration in their respective solutions were
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5 UM. Spray voltage was applied at — (1.25-1.35) kV and remained constant for each experiment

performed. The source region was heated to 65°C for all experiments.
2.2.3 Nanoflow Liquid Chromatography/Mass Spectrometry

BSA, a-casein, and B-casein were mixed in a 1:1:1 ratio at 75 puM each. This mixture was
subjected to reduction, alkylation, and tryptic digestion at a 1:50 protease:protein ratio. High pH
tolerant trap and analytical columns were slurry packed with Waters Xbridge C18, 5 um particles
as previously described.?®4° Trap column and analytical column dimensions were 75 pum i.d. X 5
cm and 75 pum i.d. x 17 cm, respectively. Fused silica nESI emitters were pulled on a Sutter
Instruments P-2000 laser micropipette puller and HF etched as previously described to
approximately 4-6 pm tip i.d .>° Mobile phase solvent A (95% H-0, 5% MeOH) and B (5% H-O,
95% MeOH) were buffered with 0.2% TEA to pH 11 with formic acid and ammonium hydroxide.®!
TFE was added to both mobile phases at 0.2% where noted. Sample loading was completed at 2
pML/min, placing a total of 500 fmol of each tryptically digested protein on column. Gradient
elution was completed at 250 nL/min with the following gradient: 2-75% B; 0-85 min. Negative
ion mode mass spectra were collected at 1M data points on a Bruker 7 T SolariX Fourier transform
ion cyclotron resonance mass spectrometer with 0.1 s ion accumulation time. Nanospray voltage
was held at 1.25 kV and the drying gas temperature was set to 150C. Mass spectra were externally
calibrated to < 2 ppm error. Following triplicate data collection, peptide matches were determined
using an in-house Excel macro. Peptides were only assigned if error was < 10 ppm. Alkylation
of cysteine was set as a fixed modification. Variable modifications were set at two missed tryptic

cleavages, and methionine oxidation.
2.3 Results and Discussion
2.3.1 Negative lon Nanoelectrospray Stability with Different Solvent Modifiers

A five peptide mixture of angiotensin I, sulfated cholecystokinin, [Arg®]-vasopressin, synthetic
peptide (YFYLIPLEYLK), and tyrosine phosphopeptide was subjected to direct infusion MS
analysis for a total of 30 min to assess negative ion mode nESI stability. Stability was assessed as
+ ¢ of the sample’s total ion counts for the duration of the experiment. Figure 2.1 shows the
corresponding results from experiments with three different solvent modifiers. A completely

aqueous solution resulted in an average of 0.78 + 0.14x10° counts. By adding 0.2% MeOH, the
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observed average counts approximately doubled to 1.54 + 0.09x10° with the signal variability
decreasing as indicated. However, at approximately 12 min, corona discharge occurred, degrading

the needle’s conductive coating and resulting in lower ion counts with increased fluctuation.
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Figure 2.1: Negative ion nESI stability observed with a five peptide mixture and various solvent
modifiers at -1.25 kV.

Sporadic corona discharge reoccurred for the remainder of the experiment. Example images of
emitters before and after corona discharge can be seen in the supporting information. (Figure 2.2).
With 0.2% EtOH or 0.2% TFE solutions, average ion counts of 1.48 + 0.04x10° and 1.54 +
0.02x10° were observed, respectively, both corresponding to lower signal variability than for
MeOH addition. However, upon trace addition of TFE, spray stability is approximately twice as
stable as with EtOH addition and four times more stable than with MeOH addition under identical
conditions. Overall, the addition of TFE resulted in similar ion counts as for EtOH and MeOH,
but resulted in suppression of corona discharge events for more robust anion generation. The
plasma at the nESI needle tip, visible to the naked eye at -1.25 kV, also was absent following TFE

addition.
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Figure 2.2: Example images of nESI emitters A) prior to corona discharge (-1.20 kV) and B) after
corona discharge (-1.30 kV).

We hypothesize the mechanism of corona discharge suppression in negative ion mode via TFE
addition is due to the unique electronic properties of the gaseous TFE molecule. As modified
aqueous solvent undergoes nanoelectrospray, the higher vapor pressure of TFE compared with
water implies preferential TFE evaporation from desolvating analyte droplets.>> The gas phase
TFE can act as electron scavenger due to the highly electronegative fluorine atoms, suppressing
plasma formation in a manner similar to SFe gas.®® These properties result in a higher local
dielectric constant at the tip of the nESI emitter, thus decreasing corona discharge events. When
the nESI voltage of a TFE laden solution is steadily increased, the onset of corona discharge is

~100 V higher when compared to other organic modifiers, indicating the local dielectric
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Figure 2.3: Plots examining myoglobin total ion current as a function of negative ion mode emitter
potential with organic modifier concentrations of A) 0.2% and B) 1.0%. The potential when visible
corona discharge occurs is denoted by .
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environment at the needle tip has been increased (Figure 2.3). To further confirm whether the
observed corona discharge suppression is a gas-phase phenomenon, TFE in MeOH was
orthogonally nanoelectrosprayed via a separate lockspray emitter at a ~6 mm offset when
compared to the analyte nESI emitter. As seen in Figure 2.4, the total ion current for the protein
myoglobin nanoelectrosprayed in negative ion mode from an aqueous solution with 0.2% NHsOH
is both increased and stabilized when TFE is present in the orthogonal lockspray solution as
compared to MeOH alone and is most effective when included in the sample solution. These result
support the hypothesis that TFE corona discharge suppression is likely linked to an increase in the

gas-phase dielectric environment at emitter tips (Figure 2.5).
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Figure 2.4: Negative ion nESI stability for 10 uM myoglobin in 99.8% H20 and 0.2% NH40OH
solution examined with an ~6 mm offset lockspray concomitantly spraying 100% MeOH (red) or
2% TFE in MeOH (purple). When 0.2% TFE is only included in the analyte solution (black)
stability is maximized.

2.3.2 Negative lon Charge State Effects with Solvent Modifiers

While the addition of TFE increases nESI stability in negative ion mode, it is possible that the
presence of TFE may alter observed analyte charge states, similar to the supercharging reagents
m-nitrobenzyl alcohol and sulfolane.>® By altering analyte charging, the mechanisms of tandem
mass spectrometry activation techniques such as electron detachment dissociation (EDD), negative
ion electron capture dissociation (niECD), negative electron transfer dissociation (NETD) and
negative ultraviolet photodissociation (NUVPD) can be altered, resulting in either increased or

reduced information content.®? 546 Furthermore, shifts in analyte charge can place a compound
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100% H,O 99.8% H,O
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Figure 2.5: Example images of nESI needles in 100% aqueous solvent (Left) and the sample with
0.2% TFE added (Right). Corona discharge is not observed at 1.25 kV upon addition of 0.2% TFE.

outside the optimal detection range of some mass analyzers, including quadrupoles. Finally, the
maintenance of native protein structure into the gas phase is dependent on the charge state of the

protein, thus alterations in the overall protein charge can cause Coulomb-induced unfolding
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Figure 2.6: Negative ion nESI spectra of myoglobin and small molecule mix [TC =
tetrahydrocortisone-(3-p-D-glucuronide), PA = paromomycin, PS = phosphatidylserine 16:0-18:2,
MH = maltohexanose] in A & D) 100% H20, B & E) 0.2% modifier, and C & F) 1.0% modifier,
respectively. Spectra are offset by 15 m/z for clarity.

We examined the average charge states (Zavg) and ionization behaviors of three proteins upon
negative ion nESI as a function of organic modifier percentage. Asseen in Figure 2.6 (left), neither
EtOH nor TFE resulted in significantly altered myoglobin charge states although a [Heme + TFE]
adduct was observed for TFE laden solutions. At TFE concentrations greater than 1.0% (139 mM),

TFE appears to disrupt Heme hydrogen bonding, resulting in slightly higher Apo to Holo
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myoglobin ratios as compared with the EtOH laden solvent. For BSA and ubiquitin, no significant

charge state alteration was observed up to 1.0% TFE (Figure 2.7). Zayg Was determined following
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Figure 2.7: Negative ion mode nESI spectra of ubiquitin and BSA in A & D) 100% H20, B &
E) 0.2% organic modifier, and C & F) 1.0% modifier, respectively. Spectra are offset by 15 m/z
for clarity.

triplicate analysis of ubiquitin, myoglobin, and BSA with and without solvent modifier. For these
three proteins, observed charge states for equivalent organic modifier percentages were within
error of each modifier type (Figure 2.8). Thus, the relatively low concentration of organic modifier
in each solution does not affect Zayg Observed under primarily aqueous conditions. We further
examined the addition of TFE to “native” buffers to improve negative ion mode spray stability:
identical myoglobin charge state distributions were observed in 100 mM ammonium acetate
solution at pH 7.2 with and without 1.0% TFE addition (Figure 2.9). The charge states observed
under these conditions have been previously reported as indicative of the native gas phase

confirmation of myoglobin.*

Mixtures of five peptides and four small molecules, respectively, were also examined as a function
of organic modifier percentage. As seen in Figure 2.6 (right) and Figure 2.10, increasing the
percentage of EtOH or TFE did not significantly alter observed charge states (within +c) of the
peptides or small molecules studied. In both model systems, as organic modifier percentage is

increased, the signal observed for all molecules is slightly improved. These results indicate that
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with trace addition of TFE to negative ion mode nESI analysis, corona discharge can be mitigated

while not altering charging of proteins, peptides, and small molecules.
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Figure 2.8: Average charge states observed (normalized intensity to charge) for A) ubiquitin, B)
myoglobin, C) BSA as a function of organic modifier percentage. Error bars are one standard

deviation from the mean.
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Figure 2.9: Negative ion mode nESI spectra of “native” myoglobin in A) 100 mM ammonium
acetate and B) 100 mM ammonium acetate with 1.0% TFE.
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Figure 2.10: Observed negative ion mode nESI spectra of a five peptide mixture as a function of
organic modifier. Spectra are offset by 15 m/z for clarity.

2.3.3 Negative lon nLC-MS of Tryptic Peptides

The addition of TFE to mobile phase solvents was also examined as a method of stabilizing nESI
at high agqueous percentages commonly encountered at the beginning of liquid chromatography
gradients. Figure 2.11A shows base peak chromatograms, demonstrating the effect of adding 0.2%
TFE to a negative ion mode nLC/MS experiment. From 7-27 min, increased peptide signal is
clearly observed upon TFE addition. In Figure 2.11B, sample extracted ion chromatograms
demonstrate how commonly identified peptides are altered by TFE addition in the early elution
region of analysis. Sequence coverage observed for a-casein, B-casein, and BSA without TFE
present was 53 + 8%, 24 + 7%, and 70 + 7%, respectively. When 0.2% TFE was included in the
mobile phases, the sequence coverage for a-casein, f-casein, and BSA increased to 80 + 3%, 38 +
7%, and 81 + 3%, respectively. A total of 111 unique peptides were detected when TFE was
added, compared with 93 unique peptides without TFE.

Detected peptides were classified into three categories based on mobile phase composition; early
eluting (2-26% B), moderate eluting (27-51% B), and late eluting (>52% B). Based on this
classification, without TFE 17 peptides are classified as early eluting, 55 as moderate eluting, and

21 as late eluting. Upon addition of 0.2% TFE to the mobile phase, 61 peptides are classified as
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Figure 2.11: A) Base peak chromatograms of early elution region from negative ion mode
nLC/MS analysis of tryptic peptides without (top) and with (bottom) TFE present in the mobile
phase. B) Example extracted ion chromatograms of early eluting tryptic peptides observed in both
experiments.

early eluting, 34 as moderate eluting, and 16 as late eluting. Peptides that were found in both
nLC/MS experiments were examined for retention time shifts upon the addition of 0.2% TFE.
Without TFE addition, the average peptide elution time was 42.0 min, whereas after TFE addition
the average retention time was 34.7 min. The addition of TFE to mobile phase A caused a
reduction in stationary phase retention due to the increased hydrophobicity of the eluent. Despite
an approximately 7 min shift in peptide retention, TFE addition and subsequent corona discharge
suppression allows for robust detection of peptides eluting in a mostly aqueous solvent and an

overall increase in total ion current and peptide identification by 30% and 18% respectively.
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2.4 Conclusions

Trace addition of TFE to aqueous samples for negative ion mode nESI analysis results in
significant suppression of corona discharge at nESI emitter tips. This suppression, in turn, results
in stabilized signal and increased longevity of nESI needles under negative polarity. All samples
examined in this study benefited in signal abundance and stability without altering observed
analyte charge states upon TFE addition. Furthermore, TFE addition to negative ion nLC/MS
experiments improved sequence coverage and only slightly altered chromatography. To further
improve separations in the future, mobile phase A composition of 97.8% H,0, 2% MeOH, and
0.2% TFE will be used to reduce peptide elution shifts. Additional experiments to elucidate the

mechanism of TFE corona discharge suppression are currently in progress.
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Chapter 3

Improved Detection of Sulfated and Phosphorylated Peptides with Negative lon
Nanoelectrospray lonization and Alkaline Reversed-phase Chromatography

3.1 Introduction

Proteomic experiments are a vital tool for the analysis of total cellular protein content® 2, protein
expression®®, and post-translational modifications (PTMs).6-1% Owing to continuing improvements
in liquid chromatography mass spectrometry (LC-MS), thousands of proteins can be routinely
interrogated.!"1* Coon et al. have recently demonstrated the ability to examine 4002 proteins in
the yeast proteome in a 1 hr bottom-up analysis.}! While this feat is impressive, an organism’s
proteome is exponentially more complex if post-translational modifications and the resulting
proteoforms are to be interrogated.!*® Kelleher et al. have demonstrated the ability to use
multidimensional chromatography and top-down analysis to discover more than 5,000 human

mitochondrial proteoforms.’

While there are a myriad of PTMs that contribute to proteoform complexity, acidic PTMs such as
phosphorylation and sulfation are of particular importance. Phosphorylation contributes to disease
states8, enzyme activity'®, and cellular signaling cascades.?® 2 Protein sulfation influences, e.g.
thrombin clotting inhibition?? 2% and the viral recognition and injection of HIV.?* The addition of
these acidic PTMs decreases the pl of the peptide/protein due to the highly acidic nature of the
added sulfonate or phosphate group. In a typical proteomic workflow, low pH mobile phases and
positive ion mode ionization are utilized to generate gas-phase analyte. While this approach has
been effective for the analysis of phosphopeptides, laborious enrichment of the phosphorylated

peptides is typically needed in order to increase effective phosphopeptide concentration and to
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decrease ion suppression from higher pl, more hydrophobic unmodified peptides.!® 2 The analysis
of sulfated peptides in positive ion mode is exceedingly difficult due to the facile elimination of
the SOz modification in a proton rich environment.?%-2° Thus, for the analysis of the sulfoproteome,
the use of negative ion mode nanoelectrospray (nESI) is necessary to couple with high resolution

nanoflow liquid chromatography (nLC) peptide separations.

The use of negative ion nLC-MS for proteomic analysis has been examined in a handful of studies.
Brodbelt et al. and Coon et al. demonstrated the utility of negative ion mode to discover unique
peptides not found in positive ion mode.*>3? It is predicted that the human proteome pl is
bimodially distributed.>® By examining the proteome in negative ion mode, deeper proteomic
profiling of the acidic proteome can occur.3!:3234 In order to improve analyte deprotonation and
negative ion generation, mobile phase pHs are often increased anywhere from 8-11.5.27- 3134 While
the increase in pH is intuitive to promote analyte deprotonation, previous studies have suggested
that addition of acidic mobile phase modifiers can also improve anion generation.*® Notably,
previous anion proteomic studies have not included acidic PTMs in the proteome wide searches.3
3 Due to the acidic nature of phosphorylation and sulfation, we hypothesize that would peptides
carrying such modifications are more abundant and efficiently discovered in negative ion mode

LC-MS analysis compared with conventional positive ion mode LC-MS.

Here, we determine the optimal mobile phase pH and nESI polarity for the detection of phospho-
and sulfopeptides in a complex mixture of tryptically digested proteins. A complex mixture of
tryptic peptides were examined as a function of mobile phase pH and detection polarity.
Phosphorylated and sulfated acidic peptides are examined to optimize detection efficiency for
these modified peptides. This study systematically demonstrates the utility of high pH negative

ion mode nLC-MS proteomics for large-scale acidic PTM analysis.
3.2 Experimental
3.2.1 Chemicals

Water, methanol, 2,2,2-trifluoroethanol (TFE), ammonium bicarbonate, 48% hydrofluoric acid
(HF), and formic acid (FA) were purchased from Fisher Scientific (Pittsburgh, PA). Bovine serum
albumin (BSA), a-S1-casein (70%), B-casein, cytochrome C (CytC), lactotransferrin (LactoT), 5
M ammonium hydroxide, triethylamine (TEA), triethanolamine (TEOA), and dithiothreitol
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obtained from Sigma-Aldrich (St. Louis, MO). Sulfated cholecystokinin [DsYMGWMDF]
(CCKS) caerulein [pEQDsYTGWMDF] were purchased from Bachem (Bubendorf, Switzerland).
Modified sequencing grade trypsin was obtained from Promega (Madison, W1). Water and MeOH
were HPLC grade. All compounds were used as purchased.

3.2.2 Nanoflow Liquid Chromatography/Mass Spectrometry

BSA, a-sl-casein, B-casein, LactoT, and CytC were mixed at 75 uM each. This mixture was
subjected to reduction, alkylation, and tryptic digestion at a 1:100 protease:protein ratio.
Sulfopeptides were spiked into the resulting tryptic peptides at a 1:5 sulfopeptide:tryptic peptide
ratio. High pH tolerant trap and analytical columns were slurry packed with Waters Xbridge C18,
5 um particles as previously described.®® *¢ Trap column and analytical column dimensions were
75 umi.d. x 5cmand 75 um i.d. x 20 cm, respectively. Fused silica nESI emitters were pulled on
a Sutter Instruments P-2000 laser micropipette puller and HF etched as previously described to
approximately 4-6 pum tip i.d.3” Mobile phase solvent A (97.0% H,0, 2.8% MeOH, 0.2% TFE)
and B (2.8% H20, 97.0% MeOH, 0.2%TFE) were buffered with 0.2% TEA for pH 11 and 9, 0.2%
TEOA for pH 7 and 5, and 0.1% FA for pH 3 solutions.® FA and NH4OH were used to modify
mobile phase pHs. Sample loading was completed at 2 pL/min, placing a total of 200 fmol of each
tryptically digested protein and 40 fmol of each sulfopeptide on column. Gradient elution was
completed at 250 nL/min with the following gradient: 2-75% B; 0-85 min: 75-95% B; 85-105
min. All mass spectra were collected at 1M data points on a Bruker 7 T SolariX Fourier transform
ion cyclotron resonance mass spectrometer with 0.1 s ion accumulation time. Nanospray voltage
was held at £ 1.25 kV and the drying gas temperature was set to 150° C. Mass spectra were
externally calibrated to < 2 ppm error in both positive and negative ion mode. Following triplicate
data collection, observed peptides were assigned using Bruker DataAnalysis 4.4 and BioTools 3.2.
Peptides were only assigned if error was < 10 ppm. Alkylation of cysteine was set as a fixed
modification. Variable modifications were set at two missed tryptic cleavages, and methionine
oxidation. Peptide pls were calculated via EXPASy’s “Compute pl/MW” tool (www.expasy.org).
Grand average of hydropathy (GRAVY) peptide scores were calculated via an on-line tool
(www.gravy-calculator.de).®® Only peptides that were found in at least 2 out of 3 replicates were
utilized for pl and GRAVY analysis.
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3.3 Results and Discussion
3.3.1 Total Protein Sequence Coverages as a Function of pH and nESI Polarity

A total of six proteins were tryptically digested and analyzed under a variety of mobile phase pHs
and with both polarities. Figure 3.1 summarizes the protein sequence coverages observed. In
general, sequence coverage is similar for each protein regardless of the mobile phase pH and
detection polarity with some notable exceptions for the phosphorylated and acidic proteins a-S1-
casein, pB-casein, and BSA. a-S1-casein and B-casein exhibit sequence coverage increases of 18%
and 16%, respectfully, at pH 11 in negative ion mode. The increase for a-S1-casein is due to the
detection of the following peptides at pH 11 in negative ion mode;
QFYQLDAYPSGAWYYVPLGTQYTDAPSFSDIPNPIGSENSEK  (pI = 3.77) and
DIGpSEpSTEDQAMEDIK (pI < 3.71). B-casein’s coverage increase at pH 11 in negative ion
mode is due to the highly phosphorylated peptide ELEELNVPGEIVEpSLpSpSPSEESITR (pl <<
3.83). All of these peptides are highly acidic in nature and two are multiply phosphorylated. The
increased mobile phase pH of coupled with negative ion mode detection promotes detection of

these acidic peptides in a complex sample.
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Figure 3.1: Summarized protein sequence coverages for triplicate LC-MS analysis of a 6 protein
tryptic digest. Sequence coverage observed for the proteins examined are widely similar regardless
of detection polarity and mobile phase pH.

Interestingly BSA, an acidic protein, shows the highest sequenced (~85%) at pH 3 in positive ion

mode. This observation is likely due to more effective separation of peptides at low pH versus high
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pH. As seen in Figure 3.2, the majority of peptides in the pH 3 base peak chromatogram (BPC)
elute in an 80 min window, whereas at pH 11, they elute in a 65 min window. By increasing the
separation efficiency at low pH, even acidic peptides can be effectively ionized, as previously
demonstrated with multidimensional protein identification technology (MudPIT).*° The decreased
separation efficiency at pH 11 is likely due to the utilization of the nESI MS friendly mobile phase
buffering agent, TEA. At pH 3, the FA carboxylate group acts as a weak ion-pairing agent whereas,
at pH 11, the relatively hydrophobic protonated TEA can act as a peptide ion paring agent, resulting
in an increase of peptide retention times on the reversed phase nLC column.
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Figure 3.2: Example BPCs of pH 3 (Top), pH 7 (Middle), and pH 11 (Bottom) peptide elutions.
Peptides are most effectively separated and detected at the pH extremes. The pH 7 elution exhibits
~70% lower abundance due to ineffective peptide charging in positive or negative ion mode.

For all proteins in this study, regardless of polarity utilized, minimum sequence coverage is
observed at pH 7. This decrease is likely associated with the reduction of peptide elution window
to 50 min (Figure 3.2). Also the BPC ion abundance is approximately 70% lower at pH 7 compared
with both pH 3 and pH 11. These results are likely due to the lack of overall peptide charge at pH
7. At pH 7, both positive and negative charges will be present on the majority of peptides at various
residues and N-/C-termini, resulting in a low negative or positive effective charge. This results in
more hydrophobic peptides and later elution times due to a lack of charging.** The lack of overall
solution peptide charging and reduction of the peptide elution window makes the generation of

peptide ions without significant ion suppression challenging when utilizing nESI.
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3.3.2 Comparison of Unmodified Peptides Detected at Different pH Values and Polarities

In order to examine any potential peptide sampling bias, the retention time (Rt) observed for
unmodified peptides was plotted as a function of peptide pl and GRAVY score (Figure 3.3). Upon
examination of the Rt vs pl plots, no apparent pl bias/correlation was observed. Overall, the
average pl of detected unmodified peptides at pH 3 in positive ion mode was 6.34 while, in
negative ion mode at pH 11, the average pl of the detected peptides was 6.29. Also the GRAVY

score correlation is almost identical for these two contrasting analyses.
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Figure 3.3: Summary peptide pl (A and C) and GRAVY scores (B and D) correlated with peptide
retention time for unmodified peptides. Average peptide pl values and GRAVY correlations for
contrasting detection modes and elution mobile phases were almost identical.

Next, we examined the impact of nESI polarity on the amount of peptides found at identical mobile
phase pH (Figure 3.4). At pH 3, only five unique peptides out of 189 peptides were found in
negative ion mode. At pH 7 the number of unique peptides observed in negative ion mode slightly
increased to 11 and, at pH 11, an impressive 51 peptides were unique to negative ion mode. When
comparing pH 3 positive ion mode analysis to pH 11 negative ion mode analysis, a 12% increase
in peptide IDs was noted with negative ion mode detection at pH 11. However, surprisingly, the
unique unmodified peptides identified from the negative ion mode pH 11 analysis had an average
pl of 6.32 with the average pl of unique identified peptides from the positive ion mode pH 3
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pH3 pH7

Figure 3.4: Summary of unmodified peptides detected with various nESI polarities and mobile
phase pHs. Comparing pH 3 positive ion mode to pH 11 negative ion mode, ~12% of unique
peptide 1Ds are due to negative ion mode analysis.

experiments being 6.46. The lack of peptide pl bias suggests the separation at high and low pH
was sufficient for the sampling of most peptides in the six protein digest. The unique peptides
identified were likely identified due to the semi-orthogonal nature of high- and low-pH C18
separations, allowing for separation and subsequent effective negative ion mode ionization at pH
11 of previously suppressed peptides.*? Due to effective separation of peptides with greatly varying
pl values, nESI, regardless of polarity could ionize a majority of eluting peptides without
significant ion suppression of high or low pl peptides in this moderately complex sample. While
trypsin fixes a positively charged amino acid to every cleaved peptide other proteases, i.e. Asp-N
and Glu-C, may reduce overall peptide pl. Previous studies have determined trypsin, due to its
high specificity and activity are ideal for large negative ion mode proteomic analysis despite the
fixed positive charge.3! Peptide pl values were not reported for unique negative ion mode

identifications in this previous study, necessitating further study for comparison.
3.3.3 Optimized Detection of Acidic, Modified Peptides

While the identified unmodified peptides do not appear to exhibit any bias for detection polarity,
acidically modified peptides are detected most efficiently at pH 11 in negative ion mode. The
singly phosphorylated peptide VPQLEIVPNPSAEER is detected most efficiently with pH 3 and
pH 11 negative ion mode ionization (Figure 3.5A). As seen in Figure 3.5B, the multiply
phosphorylated peptide ELEELNVPGEIVEpSLpSpSPSEESITR is only detected in negative ion
mode at pH 11. The addition of a single phosphorylation event to a peptide lowers the sidechain

pKa of S, T,and Y by approximately 9, effectively adding a negative charge to the modified
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residues.*®* As more phosphorylation events occur on a single peptide, the average pl of the peptide
greatly decreases and the probability of the peptide to be deprotonated in solution increases
accordingly, even at low pH. By switching from the standard pH 3 positive ion nESI approach to
pH 11 negative ion mode analysis, the inherent negative charge of a highly phosphorylated peptide

can be leveraged for efficient detection.
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Figure 3.5: Example extracted ion chromatograms of a singly (A) and multiply (B)
phosphorylated peptide. The singly phosphorylated peptide is efficiently detected at both pH
extremes. The multiply phosphorylated peptide is only detected at pH 11 with negative ion mode
ionization. The inset spectrum demonstrates the high charge states observed for the highly
modified peptide.
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Figure 3.6: Example extracted ion chromatogram of the sulfopeptide CCKS from positive ion
and negative ion mode analysis at pH 3. Approximately 55% of the sulfonate modification is lost
in positive ion mode. By simply switching the detection polarity, CCKS is detected at 55x higher
abundance.

Sulfated peptides undergo proton mediated elimination of the sulfonate in positive ion mode
analysis. The degree of sulfonate loss depends on the ion source and ion transport conditions, for

our relatively “soft” ion source amounting to ~55% sulfonate loss (Figure 3.6). Negative ion mode
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nESI inherently reduces the proton mobility of the gas-phase peptides, eliminating the loss of the
sulfate PTM. By increasing the pH of the mobile phase and employing negative ion mode
detection, the highly acidic sulfate moiety can be leveraged. At pH 11 detection of CCKS and
caerulein is 3x and 8x more sensitive, respectively, as compared to detection at pH 3 (Figure 3.7).
Overall, utilization of negative ion mode nESI coupled with high pH separations, allows highly

acidic, modified peptides to be detected most effectively in a complex mixture of tryptic peptides.
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Figure 3.7: Extracted ion chromatograms of the sulfopeptides CCKS (A) and caerulein (B) at
three elution pHs in both positive and negative mode. The sulfopeptides CCKS and caerulein are
detected at 3x and 8x higher ion abundance respectfully in negative ion mode at high pH. Caerulein
is not detected at all in positive ion mode.

3.4 Conclusions

Protein sequence coverage for tryptically digested proteins was mostly consistent across all
detection polarities and mobile phases used. Peptides were separated most efficiently at the pH 3
and pH 11 extremes examined. By increasing mobile phase pH to 11 and altering nESI polarity to
negative ion mode, highly phosphorylated and sulfated peptides can be detected most effectively
without modification loss. Future work includes the analysis of phospho- and sulfoproteomes from
standard HeLa cells in both low pH positive ion mode and high pH negative ion mode, as well as
implementation of negative ion tandem mass spectrometry strategies, such as ultraviolet
photodissociation, activated ion negative electron transfer dissociation, or negative ion electron

capture dissociation..
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Chapter 4

Alkylamine lon Pairing Agents for Positive lon Mode Data-Independent Liquid
Chromatography/Mass Spectrometry Analysis of Sulfated Peptides

4.1 Introduction

Sulfated peptides and proteins are involved in several important biological processes from viral
recognition and infection to thrombin clotting responses.' 2 Tyrosine sulfation is significant for
protein-protein interactions. Upon sulfation of the chemokine receptor 5 (CCR5), the HIV coat
protein gp120 optimally binds to T-cells, allowing for injection of viral material.>’ Sulfation is
particularly important for blood coagulation. The secreted leech sulfoprotein hirudin binds
thrombin, preventing a host’s blood from clotting.® If hirudin Tyr63 is desulfated, thrombin is
bound 10x less effectively and host clotting can prevent the leech from feeding.® Also, sulfation
at Tyr1680 of the blood coagulation Factor VIII is integral for clotting responses. Mutation of
Tyr1680 to Phe results in a moderate form of hemophilia.® Previous studies of tyrosylprotein
sulfotransferase (TPST) knockout mice indicate developmental abnormalities, reproductive

sterility, and death can occur in the absence of protein sulfation.1-1?

While sulfation is an integral PTM, proteome-wide discovery and detection of sulfopeptides and
proteins are difficult even with modern mass spectrometry platforms.*® In standard proteomics
experiments, positive ion mode nanoelectrospray ionization (nESI) is employed, resulting in
proton mediated loss of the sulfate PTM.1* 15 In negative ion mode the sulfate modification is
retained, but exotic tandem mass spectrometry (MS/MS) activation techniques such as electron
detachment dissociation (EDD), ultraviolet photodissociation (UVPD), negative electron transfer

dissociation (NETD), or negative ion electron capture dissociation (niECD) are needed to
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successfully sequence the peptides without sulfonate loss. %8 The discovery of sulfated residues
has been examined with negative ion mode collision induced dissociation (CID), but site specific
PTM identification and peptide sequencing could not be efficiently completed.'*?* To further
complicate detection and analysis, a phosphorylation event is only 9.5 mDa heavier than a
sulfonation event. Only high resolution instruments have been able to unambiguously
differentiate sulfonation and phosphorylation events via mass measurement without chemical

tagging or purification.?2

Leary et al. developed a method for the detection of sulfopeptides in positive ion mode utilizing
a chemical tagging approach in which all tyrosine residues in a sample proteome are acetylated.?®
Because sulfonate moieties will be lost upon ionization/ion transport or collision induced
dissociation (CID), any observed unmodified tyrosine residues were sulfated in the original
organism. While this method can successfully discover sulfation events, it involves tedious and
incomplete chemical modification, potentially leading to erroneous sulfation event
identifications. Sulfotyrosine-specific antibodies have been developed and are highly
discriminating against phoshotyrosine residues.?* 2 However, currently, no large scale
sulfoproteome immunoprecipitation analysis has been completed with these antibodies, most
likely owing to cost. Brodbelt et al. have recently developed a method for the enrichment of
sulfopeptides via weak anion exchange (WAX) separation.!’ By utilizing negative ion UVPD,
the first direct evidence of sulfation of Tyr1513 in bovine coagulation factor V was discovered.
However, acidic phosphorylated peptides were not explicitly examined as potential contaminants

this WAX enrichment and analysis.

Stabilization of the sulfate PTM has been previously achieved using adduction strategies. The
addition of mono- and divalent metal cations stabilizes the sulfate moiety in positive ion mode.*®
26 Metal adducted sulfopeptides can then be successful sequenced with ECD or ETD for site
specific sulfate identification.'® 26 While these approaches can successfully be employed for
single peptide sequencing, the metal adduction event is non-specific and would greatly
complicate mass spectrometric analysis of complex samples, as most peptides would adduct
various stoichiometries of metal ions. The tripeptide KKK has been successfully applied for the
retention of sulfation events on glycans.?” 2 The addition of a lysine containing peptide has been
shown to stabilize peptide sulfation events as well, but application of a peptide ion pairing agent
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to an on-line chromatographic separation of a complex proteome sample would be challenging
and costly.?® Also, the constant addition of KKK would result in potentially ion suppression in
positive ion mode owing to its highly basic nature. Previously, simple alkylamines, e.g.
diethylamine (DEA), have been shown to selectively adduct to polysulfonated azodyes, allowing
for facile degree of sulfonation determination.® 3! These results suggest that small alkylamines
should adduct peptide sulfation events selectively. Also, the use of small alkylamines is
amenable to commonly used reversed-phase separation and nESI of peptides, potentially
providing a rapid method for sulfoproteome analysis without the need for significant

instrumental modifications.

Herein, we present a method for selective detection of sulfopeptides utilizing alkylamine
adducts. Optimal binding conditions for the abduction of alkylamines to sulfopeptides are
examined. A series of standard peptides are examined with seven different, readily available
alkylamines. The CID characteristics of adducted sulfopeptides are examined and employed for
on-line discovery of sulfopeptides in data-independent (DIA) nanoliquid chromatography
tandem mass spectrometry experiments (nLC-MS/MS).

4.2 Experimental
4.2.1 Chemicals

Water, methanol (MeOH), acetonitrile (MeCN), ammonium bicarbonate, 48% hydrofluoric acid
(HF), and formic acid (FA) were purchased from Fisher Scientific (Pittsburgh, PA). a-S1-casein
(70%), B-casein, 5 M ammonium hydroxide, piperidine (Pipe), diethylamine (DEA), triethylamine
(TEA), dipropylamine (DPA), tripropylamine (TPA), dibutylamine (DBA), tributylamine (TBA),
dithiothreitol, angiotensin |1 [DRVYIHPFHL], leucine enkephalin [YGGFL], and cionin
[NsYsYGWMDF] were obtained from Sigma-Aldrich (St. Louis, MO). Tyrosine phosphopeptide
[TSTEPQpYQPGEN] (pYpep) was purchased from EMD Millipore (Billerica, MA). Insulin
receptor 1 [TRDIYETDpYYRK], insulin receptor 3 [TRDIpYETDpYpYRK], and substance P
[RPKPQQFFGLM] were purchased from Anaspec Inc. (Fremont, CA). Sulfated cholecystokinin
[DsYMGWMDF], caerulein [pEQDsY TGWMDF], and gastrin | [EGPWLEEEEEASY GWMDF]
were purchased from Bachem (Bubendorf, Switzerland). Hirudin [DFEEIPEESYLQ] was

purchased from Advanced ChemTech (Louisville, KY). Modified sequencing grade trypsin was
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obtained from Promega (Madison, WI). Water, MeOH, and MeCN were HPLC grade. All

compounds were used as purchased.
4.2.2 Direct Infusion Experiments

All direct infusion experiments were performed using an Advion Triversa Nanomate equipped
with a 96 well plate and a chip with 4 um nozzle i.d. Spray voltage was set at 1.25-1.35 kV in
both positive and negative ion mode. All mass spectra were collected at 1M data points on a Bruker
7 T SolariX Fourier transform ion cyclotron resonance mass spectrometer with 0.1 s ion
accumulation time. Drying gas was set to 150° C. Mass spectra were externally calibrated to <2
ppm error in both positive and negative ion mode. The collision cell pressure (as read by an
external gauge) was maintained at 6.5x10°® mbar Argon for all experiments. All peptide solutions

were made a 0.2 UM concentration in 1:1 water/MeOH.
4.2.3 Nanoflow Liquid Chromatography/Mass Spectrometry

a-casein and f-casein were mixed at 50 puM each. This mixture was subjected to reduction,
alkylation, and tryptic digestion at a 1:100 protease:protein ratio. Sulfopeptides were spiked into
the resulting tryptic peptides at various sulfopeptide:tryptic peptide ratios. High pH tolerant trap
and analytical columns were slurry packed with Waters Xbridge C18, 5 um particles as previously
described.®> 2 Trap column and analytical column dimensions were 75 pm i.d. x 5 cm and 75 um
i.d. x 20 cm, respectively. Fused silica nESI emitters were pulled on a Sutter Instruments P-2000
laser micropipette puller and HF etched as previously described to approximately 4-6 um tip i.d.3
Mobile phase solvents A (95.0% H-0, 4.8% MeCN, 0.2% TEA) and B (4.8% H-0, 95.0% MeCN,
0.2% TEA) were buffered to pH 11 and pH 3 with FA and NHsOH. Sample loading was completed
at 2 puL/min on a Proxeon EASY-nLC, placing a total of 250 fmol of each tryptically digested
protein on column. Gradient elution was completed at 250 nL/min with the following gradient:
0-42% B; 0-60 min: 42-100% B; 60-65 min. Nanospray voltage was held at - 1.25 kV and the

drying gas temperature was set to 150°C. All chromatographic data were analyzed manually.
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4.3 Results and Discussion
4.3.1 Alkylamine Adduct Selectivity and Sensitivity

A series of 11 peptides and eight bases was directly infused via positive ion mode nESI to
determine the selectivity of alkylamine adduction to sulfopeptides. As seen in Figure 4.1A,
sulfated hirudin [DFEEIPEESYLQ)] is stable at low pH in negative ion mode nESI. However, when
the polarity is switched to positive ion mode, ~65% of the sulfate PTM is lost without any added
collisional activation (Fig. 4.1B). Upon 4 V of collisional activation ~95% of the sulfate PTM is
liberated (data not shown), demonstrating that, as expected in standard positive ion mode analysis,
sulfation is highly labile. The addition of ammonium hydroxide to increase solution pH does not

significantly alter the
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Figure 4.1: Negative ion mode nESI spectrum of sulfated hirudin [DFEEIPEESYLQ)] at low pH
(A). Positive ion mode nESI spectra of hirudin with formic acid (B), ammonium hydroxide (C),
and TEA (D). Successful retention of the sulfate moiety in positive ion mode was only observed
with the addition of TEA.

observed positive ion mode mass spectrum (Fig. 4.1C). By contrast, when the triethylamine (TEA)
base is added to the peptide solution, a clear sulfopeptide mass shift of 101.120 Da occurs,
consistent with a TEA adduct in positive ion mode (Fig. 4.1D). This adduction is highly selective
for sulfopeptides (Fig. 4.2). Dipropylamine (DPA) does not adduct to unmodified or
phosphotyrosine-containing peptides, but successfully adducts to all sulfopeptides tested.
Interestingly, caerulein [pEQDSYTGWMDF] and gastrin | [EGPWLEEEEEASYGWMDF]
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adduct multiple alkylamine bases despite only containing one sulfate group. Example spectra of
cholecystokinin [DsYMGWMDF] (CCKS) adducted with all alkylamine bases examined are
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Figure 4.2: Example positive ion mode mass spectra of 11 standard peptides from nESI solvent
with 0.2% DPA. Only sulfated peptides successfully adduct the alkylamine.
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Figure 4.3: Positive ion mode nESI spectra of CCKS [DsYMGWMDF] from solutions at low pH
(top) and high pH, resulting from addition of ammonium hydroxide and seven alkylamine bases,
respectively. TPA and TBA showed alkylamine contamination, likely due to their only 98% purity
compared with the other bases’ purity of 99%+.
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shown in Figure 4.3. CCKS alkylamine adduction successfully occurs regardless of the acyl chain
length and gas-phase basicity of the tested bases. These results suggest a myriad of alkylamine

bases can be utilized for future sulfopeptide studies via this adduction approach.
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Figure 4.4: Efficiency of TEA adduction to the sulfopeptide (CCKS). Regardless of the TEA
concentration or solution pH, 98-99% of CCKS is present in its alkylamine adducted state.

Concentration and pH dependent binding experiments were completed with the alkylamine TEA
and the sulfopeptide CCKS (Figure 4.4). From 0.05% (3.6 mM) TEA to 2.0% (143.4 mM) TEA
at pH 11-11.5, 98-99% of all CCKS signal is due to alkylamine adducts. With 0.2% TEA, CCKS
is adducted at 98-99% efficiency regardless of solution pH. The sensitivity and pH independence
of the adducts suggests this phenomenon can be coupled with existing proteomic preparation and

separation platforms.

Upon slight (10-15 V collision energy) broadband collisional activation of observed alkylamine-
adducted sulfopeptides, a characteristic [SO3 + alkylamine] neutral loss is observed (see Figure 4.5
for the doubly sulfated peptide cionin). This neutral loss occurs for all sulfopeptide-alkylamine
complexes studied and can be used as a diagnostic transition for sulfopeptide flagging. As seen in
Figure 5, upon slight collisional activation, the doubly sulfated and TEA adducted cionin
[NsYsYGWMDF] undergoes two characteristic neutral losses equivalent to the number of sulfate
groups in this peptide. The strict selectivity of alkylamine adduction for strictly the sulfate PTM

allows for the facile differentiation of tyrosine phosphorylation and sulfation without chemical or
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enzymatic treatment on lower resolution quadrupole, time-of-flight, or ion-trap mass

spectrometers.
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Figure 4.5: Example data-independent collisional activation (15 V) of the TEA-adducted, doubly
sulfated peptide cionin [NsYsYGWMDF]. Two dominant neutral losses of [SOz + TEA] are
observed.

We hypothesize that the alkylamines are interacting directly with the sulfate moiety, preventing
proton rearrangement and accompanying facile elimination of the SOs group. Under standard
positive ion mode nESI conditions, protons are in excess due to the addition of formic or acetic
acid.®> 3¢ Addition of an alkylamine base to the same solution allows for proton sequestration and
ion pair formation with the sulfate group. Thus the alkylamine prevents, proton-mediated
elimination of the SOz group by limiting the local proton mobility near the PTM (Figure 4.6). As
seen in Figure 4.7, as alkylamine gas-phase basicity increases, the collisional energy needed to
displace 95% of the adduct increases minimally, indicating that the proton mobility and subsequent
SOs elimination is being reduced by all bases examined in this study. Similar sulfate stabilization
has been reported with alternative charge carriers such as mono- and divalent metals, which are
used to displace mobile protons, preventing SOs loss.* 1826 Alkylamines are likely selective for
sulfated peptides (pKa=1.85) compared with phosphorylated peptides (pKa1=2.16, pKa>=7.21) due
to decreased proton affinity of the sulfate group.®” This allows for effective gas-phase proton
donation to the alkylamine (pKa~11), whereas the phosphate group does not as effectively donate

its ionizable proton to the base, resulting in weak alkylamine adduction and ion pairing.
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Figure 4.6: Proposed mechanism of alkylamine adduction. Alkylamine ion pairing results in a less
mobile proton, thus limiting proton mediated elimination of the sulfate PTM.
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Figure 4.7: Gas-phase basicities as a function of collision voltage needed to dissociate 95% of the
alkylamine-sulfopeptide complex.® For an increase in gas-phase basicity of 50 kJ/mol across the
tested alkylamines, only ~ 1 V increase in required collisional energy is observed.

4.3.2 Positive lon Mode Online Data-Independent nLC-MS/MS of Peptide Mixtures in the

Presence of Alkylamines

A total of four sulfopeptides, were spiked into a phosphoprotein digest at various
sulfopeptide:digest ratios. Upon positive ion mode DIA nLC-CID MS/MS of this moderately
complex mixture, all four sulfopeptides were successfully discovered based on the [SOs + TEA]
(181.077 Da) neutral loss transition observed at both pH 3 and pH 11. Example mass spectra from
these pH 3 and pH 11 experiments can be seen in Figure 4.8. The phosphopeptide
VPQLEIVPNpPSAEER is not alkylamine adducted, nor significantly fragmented at 15 V of
collision energy. The majority of other 1+ and 2+ peptide ions do not carry TEA adducts, nor

fragment significantly at 15 V of activation. Peptide ions with charge greater than 3+ do dissociate
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following 15 V DIA activation, but the characteristic [SOz + TEA] neutral loss is not observed.
The latter mass spectral peaks are not annotated as sulfopeptides due to the lack of this

characteristic neutral loss.
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Figure 4.8: Example DIA positive ion mode nLC-MS/MS spectra at pH 3 (A) and pH 11 (B)
separations. In both analyses, sulfopeptides are preferentially fragmented, while unmodified and
phosphorylated peptides remain mostly intact upon collisional activation. In the sample pH 11
spectra (B), an unidentified peptide has undergone a [SOz + TEA] neutral loss, indicating it is a
sulfopeptide.

Interestingly, a total of 17 unknown sulfate-containing peptides were discovered across all
analyses. These unknown peptides do not match with any [tryptic peptide + TEA] complex or any
common degradation products (oxidation, deamidation, desulfation, truncation, etc.) of the
standard sulfopeptides. Further experiments are currently being designed for the determination of

these unknowns.
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The sensitivity of sulfopeptide discovery utilizing alkylamine adducts with DIA nLC-CID MS/MS
was examined (Figure 4.9). Under pH 3 elution, all sulfopeptides could be discovered at a 50 fold
sulfopeptide dilution factor (500 fmol tryptic peptides: 10 fmol sulfopeptide). With pH 11 mobile
phases, all sulfopeptides were found at a 25 fold dilution factor (500 fmol tryptic peptides: 20 fmol
sulfopeptide). In both studies, hirudin exhibited unexpected sensitivity at seemingly random
dilution ratios. This observation is due to run-to-run carryover artificially inflating the amount of
hirudin on column, as confirmed via blank injection (data not shown). Also, under pH 11
conditions, non-linear sensitivity was observed and is likely due to unstable nESI current for some
experiments. This initial sensitivity study will be repeated in the future and combined with

sulfopeptide enrichment technologies currently under investigation for further improved

sensitivity.
a,
A) PH 3 0.2% TEA 8) pH 11 0.2% TEA
100 - —e—Hirudin 100 - +gg:éﬂsm
\ -=-CCKS -
< T 80 - —e—Cionin s 80 - ~e—Cionin
sK e Caerulein B W —=—Caerulein
27 60 3% 60
538 e
=3 40 E32 40 4
a2 =8
= 20 a, 20
0 —— 0 =
11 1:5 1:10 1:25 1:50  1:100 11 1:5 1:10 1:25 1:50  1:100
Sulfopeptide:Protein Digest Sulfopeptide:Protein Digest

Figure 4.9: Sulfopeptide detection sensitivity observed in a background of tryptic peptides. At
both pH 3 and 11 all four sulfopeptides could be discovered at a 50 fold and 25 fold lower amount
than background tryptic peptides, respectfully. Hirudin run-to-run carryover is apparent as hirduin
was detected most effectively under more dilute conditions. Carryover was confirmed via a blank
injection.

4.4 Conclusions

Addition of alkylamine bases to positive ion mode nESI analysis of sulfopeptides results in
dramatically increased retention of the sulfate PTM through ion pairing. All seven alkylamine
bases examined here successfully formed adducts only with sulfopeptides from 0.05%-2%
alkylamine concentration, regardless of solution pH. Upon 15 V collisional activation, a
characteristic [SO3 + alkylamine] neutral loss is observed, and can be utilized for the discovery of
sulfated peptides in positive ion mode proteomic workflows. Also, alkylamine adduction is highly

selective, allowing for direct differentiation of sulfation and phosphorylation events on low-
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resolution mass spectrometers without exotic peptide fragmentation techniques or challenging
negative ion mode analysis. Future work includes mechanistic modeling of the gas-phase
alkylamine-peptide complexes and direct alkylamine binding location measurement via, e.g.
electron capture dissociation (ECD).
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Chapter 5

Observation of the Polyketide Synthase Bryostatin “in action” via Optimized Digestion and
nNLC-MS/MS Detection

5.1 Introduction

Many organisms in nature produce bioactive secondary metabolites that can be leveraged as
antibiotics, and other pharmaceuticals.! A major portion of these natural products, e.g., the
antibiotics tetracycline and erythromycin, are polyketides, generated by large, modular polyketide
synthases (PKSs).2 2 Bryostatin-1, initially isolated from the marine bryozoan Bugula neritina, has
proven to be a potent inhibitor of protein kinase C, causing sensitization of cancer cells to
chemotherapy.*® Bryostatin-1 has also exhibited promising activity in the treatment of
Alzheimer’s disease, stroke, and diabetes.®? Current production of bryostatin-1 via total synthesis
is inefficient and involves a total of 27 steps to complete.®® The difficultly of brute force synthesis
has resulted in exorbitantly high prices ($16.6 Million/g) and scarce supply (Sigma).

While total synthesis is not currently an effective method for the production of bryostatin-1, the
discovery of the bryostatin (Bry) PKS gene cluster in the uncultured bacterial symbiont
Endobugula sertula has opened the door for potential biosynthetic production* Studies of several
individual Bry modules have provided insight into enzymatic selectivity and activity. The Bry
enzymatic architecture can be seen in Figure 5.1. BryP has been discovered to be a mainly malonyl
specific trans didomain acyltransferase (AT) subunit.’® Also the 3-hydroxy-3-methylglutaryl
(HMG) cassette BryR, has been examined for catalyzing of the unique -branching event observed

in bryostatin-1 biosynthesis.®
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In this study we examine the catalytic process of BryA module 3 (BryAM3) and the resulting -
branching and O-methylation of the growing natural product (Figure 5.1) via high resolution
tandem mass spectrometry. Through observation of BryAM3 “in action”, we hope to gain insights
into the catalytic mechanisms employed by this enzyme, and apply these findings to future studies
with unnatural acyl substrate condensation and introduction of BryAM3 into other PKS pathways.
BryAM3 is approximately 122 kDa necessitating digestion for on-line detection of covalently
bound enzymatic intermediates. Fast BryAM3 tryptic digestion was modified from previous
studies on the pikromycin module 5 PKS, to retain labile natural product intermediates and

maximize active-site peptide detection.!” 1
HEOoQ
)
SRS BryB BryC BryX BryD BryA
L R T B
A —_— —_— p— = — —
Q){ib(:) M4 M5 Me M7 M8 M9 M10 M11 M11a M12 Load M1 M2 M3
I.‘ 1 ] ] 1 | ] ] |
I T T T T T T T 1
0Kbp 10 20 30 40 50 60 70 80
BryA BryU BryT BryR BryQ BryP BryB
- =

Load Module 1 podule2 ~Module3 Module 4

P °o® 20O 00
20T 02-00:08
ol § o 6@ ¢ ? :
HO! . o on }‘ O on @

o ~ coMe
3 OH OH
o @
OH
O OH HO!
@ @ HO
§ ] S
0 o
€O, >= o, {|:~ 0,

BryB,C, D, X
Extensions and
Cyclization

0
< — (8 PKS Modules)

ACP Loading

oH Tailoring and
oL, Sidechain additions

Bryostatin-1 Bryostatin-0

Figure 5.1: Architecture of the bryostatin gene cluster (Top) and proposed organization of the
initial PKS domains (Bottom).** The BryA module 3 (BryAM3) ketosynthase (KS) accepts an
upstream triketide and completes a Claisen condensation with the malonyl extender unit loaded on
the BryM3 acyl carrier protein (ACP). The resulting tetraketide is then further tailored by the HMG
cassette, resulting in a unique B-branching event. The B-branched tetraketide is dehydrated, O-
methylated, and passed upstream for further extension and modification of the natural product
scaffold. Figure produced by Samuel T. Slocum.

Loading of the malonyl extender unit onto the acyl carrier protein (ACP) via Kirromycin trans AT

(KirCAT) was monitored and quantified. Introduction of a thiophenol surrogate triketide was
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examined for loading onto the ketosynthase (KS) and for condensation with the malonyl loaded

on the phosphopantetheinylated (Holo) ACP.
5.2 Experimental
5.2.1 BryAM3 and KirCAT Expression and Purification

All protein expression optimization and purification was performed by Samuel T. Slocum in Prof.
David Sherman’s Laboratory. Overexpression plasmids were generate by amplifying the genes
from the linear DNA and inserting into pMCSG?7 through ligation independent cloning (LIC).%
BryAM3 was amplified from a cosmid containing a fragment of the Endobugula sertula genome.*
KirCAT was amplified from a plasmid generously provided by the lab of Professor Gavin
Williams.?® KirCAT and BryAM3 were expressed in E. coli BL21 (DE3) and in E. coli Bapl
(which contains a genomic integration of the sfp phosphopantetheinyl transferase), respectfully.?
Transformed cells were grown at 37°C in 1L of Terrific Broth (TB) in 2L, baffled Fernbach flasks
until OD600 reached ~ 1. Cells were cooled to 20°C and overexpression of proteins of interest
were induced by addition of 0.2 mM isopropyl b-D-thiogalactopyranoside (GoldBio). Cells were
grown for an additional 12-16 hours with shaking before harvesting by centrifugation and freezing
at -80°C. Cell pellets were subsequently thawed at 4°C and resuspended in 7 mL/g buffer A [300
mM NaCl, 10% glycerol, 50 mM HEPES pH 8.0] with 0.8 mg/mL lysozyme and 5mM MgCl.
added. Cells were lysed by sonication and clarified by centrifugation. Clarified lysates were
passed over a 0.45 pm filter and 50 mM imidazole (pH 7.5) was added before loading onto a 5 mL
HiPrep FF NiNTA (GE Healthcare) column. The column was washed with 100 mL buffer A with
added 50 mM imidazole and proteins were eluted with 20 mL buffer A containing 200 mM
imidazole. Eluted fractions were exchanged into storage buffer [100 mM NaCl, 20 mM HEPES
7.8, 10% glycerol] using PD10 columns (GE Healthcare), flash frozen in liquid nitrogen and stored
at -80°C until needed.

5.2.2 Optimization of Malonyl and Surrogate Triketide Addition

Frozen BryAM3 enzyme fractions (~60 pM) and KirCAT (~150 pM) were first thawed on ice. 1.2
nmol of BryAM3 and 0.3 nmol of KirCAT were mixed with 1 pmol of Mg2Cl. Molar ratios from
1 to 200 of malonyl- and methylmalonyl-N-acetylcysteamine (SNAC) were added and allowed to
react at 25°C for 60 min. Molar ratios from 1 to 10 of thiophenol (TP)Olinked substrates were
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added to the mixtures and incubated for 30 min at 25°C. All samples were immediately subjected

to tryptic digestion.
5.2.3 Improved Tryptic Digestion for BryAM3

Tryptic digestion was completed with significant modification to previous protocols.!’: & The
protein mixture was first exposed to 2.5 M urea denaturation with vigorous mixing for 10 min.
Denatured BryAM3 was then diluted to <1 M urea and subjected to 30 min of digestion at 37°C.
A protein to trypsin ratio of 1:10 was utilized for all digestions. The tryptic digestion was then
quenched with 10% formic acid to pH 4 to limit acid catalyzed hydrolysis of ketosynthase (KS)

intermediates.
5.2.4 Nanoflow Liquid Chromatography/Mass Spectrometry

All digests were diluted to ~500 nM. Trap and analytical columns were slurry packed in 75 pm
i.d. capillaries with Phenomenex Luna C18(2) material as previously described.?? Trap and
analytical columns were 5 and 25 cm long, respectively. Mobile phases A (95.0% H20, 4.9%
MeCN, 0.1% FA) and B (4.9% H20, 95.0% MeCN, 0.1% FA) were degassed with sonication and
He purging. Approximately 2.5 pmol of digest was loaded and desalted with 17 pl of mobile phase
A at 2 pl/min. Sample elution and wash conditions are described in Figure 5.2 and 5.4. Mass
spectra were collected on a 7T Bruker SolariX Fourier transform ion-cyclotron resonance (FT-
ICR) instrument at 100 ms ion accumulation time. Nanoelectrospray ionization voltage was set at
—1.25-1.35 kV for all experiments. Mass spectra were externally calibrated to <2 ppm error before
each day’s analyses. Accumulate during detect was utilized to improve mass spectrum scans
speeds by ~20%. For collision induced fragmentation (CID) of the active site peptides, a separate
analysis was completed using a preferred mass list. A MS/MS ion accumulation boost of 300 ms
was applied for increased fragment ion sensitivity. The peptides.cef CID energy file was selected
for charge sensitive ion fragmentation. All peptides and fragments were assigned at < 5ppm mass

error.
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5.3 Results and Discussion
5.3.1 Optimization of BryAM3 Active Site Peptide Identification and Separation

Previous studies of the PKS PikAlll via LC-MS demonstrated the need for efficient and fast
protein digestion and separation.!” 18 Initial attempts to examine BryAM3 utilizing identical
digestion protocols did not result in the discovery of active site peptides, which carry the natural
product intermediates. Modifications to the existing digestion protocol were necessary to observe
BryAM3 active site peptides. Alterations included the addition of a denaturant and doubling the
digestion time (Figure 5.2). Optimization of the nLC gradient was also necessary to successfully
detect the large BryAMS3 active site peptides (3" and 4™ largest tryptic peptides) (Figure 5.2). After
these method modifications, the KS active site peptide
[VSYFLGLQGPSLSIDTMCSSSLTAIHEACEHLHR] and the ACP active site peptide
[ESLELELDIEPGMLDESKPFTDLGLDSINGVTWIR] could be routinely detected at ~40 min
and ~42.5 min, respectively. Example mass spectra of KS Apo and ACP Holo active site peptides
are shown in Figure 5.3. Peptide identities were confirmed via online tandem mass spectrometry
(Figure 5.3).

A i i i i B
) Digestion Step | Previous PKS Dig. BryAM3 ) X107 ACP Holo

Protein (ug) ~100 25 18
Denature No Yes (2.5 M urea) 12
Trypsin Ratio 1:10 1:10 -g
Dig. Time @ 37C 15 min 30 min é 6
Dig. Quench pH 4 pH 4
0
Final Concen 1M 500 nM
10 20 40 60
(Loaded) (15 pl) (5l Dig. Time (min)
100
75
=S
50 o
25
N o P AN 0
60 Time (min)

Figure 5.2: Alterations to previous PKS digestion protocols include the addition of a denaturant
(A) and longer tryptic digestion (Dig) time (B). An example base peak chromatogram (BPC) of
the optimized BryAM3 digestion and nLC gradient (C). The larger >30 mer active site peptides
elute at rather high mobile phase strength (> 40% MeCN).
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Due to the fast and inefficient tryptic digestion required to retain covalently tethered intermediates,
significant run-to-run carryover was observed. BryAM3 peptides could be detected at high
abundance for more than seven blank injections after a single BryAM3 injection (data not shown).
Thus the implementation of an aggressive column wash cycle was imperative for accurate active
site occupancy quantitation. The use of trifluoroethanol as an effective solvent to remove
proteinaceous material from C18 has been previously described by Mechtler et al.?® With the
implementation of a 5 pl wash injection (99% trifluoroethanol, 1% trifluoroacetic acid) and three
mobile phase cycles, peptide carryover is nearly eliminated (Figure 5.4). After all BryAM3

injections, these washing steps were included to improve overall peptide quantitation.
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Figure 5.3: Example mass spectra of KS (A) and ACP (B) active site peptides, eluting at Rt = 39.5
and 41.8 min, respectively. MS/MS confirmation of both KS** (C) and ACP3* (D) active site
peptides with high (>90%) sequence coverage. # denotes H2O loss. The phosphopantetheine
(Ppant) ejection ion was also observed upon ACP active site peptide activation.
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Upon establishing routine active site peptide detection, relative quantitation of ACP active site
peptide states could be completed. As seen in Figure 5.5, the use of BAP1 E. coli cells for the
expression BryAM3 was highly efficient as 98% of detected ACP active site peptide was
successfully phosphopantetheinylated (i.e. in its Holo form). These results suggest that the purified
Holo BryAM3 is should readily accept malonyl for enzymatic condensation, 3-branching, and O-

methylation events.
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Figure 5.4: Extracted ion chromatogram (orange), showing significant carry-over of a 3+ peptide
during a column wash. Following a 5 pl injection of acidified trifluoroethanol and three mobile
phase cycles (purple), the peptide abundance is reduced to <1% of its initial abundance.
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Figure 5.5: Example mass spectrum of Apo and Holo ACP active site peptide (A). Approximately
98% of detected ACP active site peptide was phosphopantetheinylated. Error bars correspond to +
o.

When KirCAT and malonyl-SNAC are incubated with BryAM3, loading of malonyl onto the Holo
ACP is observed (Figure 5.6). KirCAT was utilized as a malonyl specific trans-AT instead of
native BryP trans-AT due to the difficulty of successful BryP expression and purification. Upon
collisional activation, the phosphopantetheine+malonyl (Ppant+Mal) ejection ion is present,
confirming successful addition of malonyl by the trans KirCAT.2* From concentration dependent
analysis (Figure 5.6), a maximum of 68% malonyl loading of Holo ACP was achieved at a 50 fold
molar excess of malonyl-SNAC. Interestingly, at high malonyl-SNAC concentrations, malonyl

addition was also observed for two BryAM3 cysteine containing peptides (Fig.5.6A). An example
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mass spectrum of such a peptide can be seen in Figure 5.7. Upon removal of KirCAT in 100 fold
molar excess of malonyl-SNAC, malonyl addition is absent for all observed tryptic peptides.
KirCAT also does not successfully catalyze methylmalonyl addition to any BryAM3 peptides, as
previously been reported.?’ To our knowledge, these results constitute the first discovery of

aberrant cysteine acylation by a trans AT in vitro.
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Figure 5.6: Concentration dependent analysis of malonyl loading onto Holo ACP, and two
cysteine containing peptides via KirCAT (A). At a 50 fold molar excess of malonyl-SNAC, 68%
of Holo ACP is loaded with malonyl (B). Example mass spectrum of malonyl loaded Holo ACP
at Rt = 40.8 min (C) and Ppant ejection product ions upon collisional activation of the malonyl-
bound ACP peptide (D).

x10°
25 LHLPTYPFACVaINR*
2.0! LHLPTYPFACNRZ2+ LHLPTYPFACNR?* \

=)

515

= LHLPTYPFACMaNR?*

ol |/
L. l |

0

L L lu o . lLiL |

700 900 1100 1300 1500 m/z

Figure 5.7: Example mass spectrum of a BryAMS3 cysteine containing peptide (Rt = 21.4 min)
that has been malonated in the presence of KirCAT at a 100 fold molar excess of malonyl-SNAC.
Upon removal of KirCAT or substitution of malonyl-SNAC with methylmalonyl-SNAC, malonyl
addition is absent for all tryptic peptides.
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With successful loading of malonyl to Holo ACP, incubation of the malonyl-BryAM3 with the
upstream triketide surrogate was completed. Unfortunately, at all concentrations studied, the TP-
linked surrogate seemingly skipped KS selection and activation, instead directly adding to the Holo
ACP (Figure 5.8). To confirm this observation, an intermediate TP-linked pentaketide from the
pikromycin pathway was incubated with malonyl-BryAM3.1": 18 Again, direct addition of the non-
native pentaketide to the BryAM3 Holo ACP was observed. These results indicate that BryAM3
is highly selective for the native triketide for the activation and extension of the bryostatin
intermediate, and that activated thiophenol-ketide intermediate substrates may not be ideal for

correct BryAM3 KS enzymatic condensation.
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Figure 5.8: As the molar excess of TP-linked triketide surrogate is increased, Holo ACP is
incorrectly loaded with the triketide surrogate (A and B). The addition of the TP-linked substrate
to the malonyl loaded Holo ACP does not appear to displace the malonyl, instead adding directly
to the Holo BryAM3 ACP. No condensation to generate a tetraketide is observed. With incubation
of Mal-BryAM3 and a non-native pentaketide substrate, significant loading of the non-native
substrate directly added to the BryAM3 ACP is observed (C).

5.4 Conclusions

The PKS BryAM3 was successfully monitored via optimized tryptic digestion and nLC-MS/MS.
The nLC gradient was optimized for detection of large (>30 mer) active site peptides with minimal
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run-to-run carryover. BryAM3 was successfully phosphopantetheinylated (98%) and accepted the
native malonyl extender unit from the non-native trans AT, KirCAT, at 68% efficiency. KirCAT
also attaches malonyl to cysteine residues, potentially altering the structure and function of
BryAMS3. Finally, TP-linked surrogate triketide and nonnative pentaketide substrates directly add
to the BryAM3 Holo ACP, rather than undergoing KS activation and extension of the substrate.
Future work includes generation of the native triketide substrate and application of other activated
triketides for KS addition such as BryAM2 ACP-triketide or triketide-SNAC constructs. We are
also interested in examining the unexpected malonation by KirCAT with other trans AT enzymes,
such as BryP and phormidolide synthase PhmC or PhmD.* 2
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Chapter 6

Conclusions and Future Directions

6.1 Dissertation Overview

Each chapter presented in this dissertation attempts to address modern proteomic challenges. In
Chapter 2, the corona discharge suppression upon addition of the fluorosolvent TFE in negative
ion mode nanoelectrospray ionization was examined. With addition of as little as 0.2% TFE to
aqueous samples, nESI stability is greatly increased and corona discharge is suppressed. The
addition of TFE does not alter observed analyte charge states. Upon addition of TFE to mobile
phase solvents, an 18% protein sequence coverage increase is observed due to the elimination of

corona discharge during negative ion mode nLC-MS proteomic analysis.

The compatibility of TFE with nLC-MS experiments allowed for interrogation of mobile phase
pH and detection polarity effects on overall protein sequence coverage, as described in Chapter 3.
Regardless of eluent pH and detection polarity, observed protein sequence coverages were
maximized at low and high pH extremes, likely due to effective nLC separation of tryptic peptides.
However, multiply phosphorylated peptides were only detected at alkaline pH in negative ion
mode. Sulfated peptides could also only be detected effectively in negative ion mode, and most

efficiently at pH 11.

Chapter 4 examined sulfopeptide alkylamine adducts for effective positive ion mode analysis. All
seven alkylamines tested successfully and selectively adducted to sulfopeptides, preventing proton
mediated elimination of the PTM. Adduction is observed at 0.05% TEA solution concentration

over a range of pHs from 3-11. With slight collisional activation of adducted peptides, a
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[SOs+alkylamine] neutral loss is observed. This unique neutral loss was utilized to discover
sulfopeptide standards in a complex tryptic peptide mixture at high and low separation pH via DIA
nLC-MS/MS.

The PKS BryAM3 was studied via optimized nLC-MS/MS, as described in Chapter 5. A modified
fast tryptic digestion protocol was developed to allow for detection of biosynthetic intermediates
loaded onto active site ACP and KS peptides. For improved label-free quantitation of such active
site peptides, a TFE wash cycle was implemented, reducing run-to-run carryover effects of
incompletely digested protein. Using the trans AT KirCAT, malonyl was loaded onto BryAM3
Holo ACP at 68% and confirmed via Ppant ejection. KirCAT was also observed to unexpectedly
add malonyl to non-active site cysteine containing peptides, potentially altering BryAM3
structure/function. Finally, thiophenol linked substrates were observed to skip KS loading and

condensation with malonyl, instead adding directly to the Holo ACP.
6.2 Future Work and Development

6.2.1 Trifluoroethanol and Negative lon Mode Corona Discharge Suppression Mechanism

To Atmosphere

Valve

—ms s NES| Needle Port

Valve
Dry Purge
Air

Solvent
Applied Sampl
High Voltage

Figure 6.1: Sample instrument schematic for the examination of gas-phase dielectric constants of
solvent systems utilized in negative ion mode nESI. Solvent gases can be introduced into the
analysis chamber via bubbling of dry air through a solvent container or direct nESI of sample
solvents. After gaseous sample solvents are introduced, the pressure in the chamber is equalized
to 1 bar and the voltage is ramped until dielectric breakdown occurs.
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While we have shown the utility of TFE in the suppression of corona discharge in Chapter 2, the
exact mechanism of corona discharge suppression is not currently known. We postulate that the
TFE molecule can act as an electron scavenger in the gas-phase, stemming plasma formation. To
directly confirm the increase in atmospheric dielectric constant we have postulated, a device as
seen in Figure 6.1 could be used to probe gas-phase dielectric constants of TFE laden nESI
solutions. A solvent bottle would contain the solvent system of interest equilibrated at 1 bar with
the analysis chamber. The bottle would then be closed and the potential would be ramped until
dielectric breakdown occurs, providing a direct measurement of the dielectric barrier of the gas.
With the measured gas-phase dielectric constants for TFE/water mixtures, we could assess the

currently postulated mechanism of TFE corona discharge suppression.
6.2.2 Mobile Phase pH and Phosphoproteomic Coverage

In the work described in Chapter 3, multiply phosphorylated peptides were only detected at pH 11
with negative ion mode ionization. Previous uses of high pH mobile phases for negative ion mode
proteomic experiments have been completed, however, the samples utilized were not examined
with phosphopeptides included in the bioinformatic peptide search space.>® % % A study by
Brodbelt et al. utilized IMAC phosphopeptide enrichment strategies for improved negative ion
mode phosphopeptide detection, but did not complete TiO> enrichment or examine the
phosphopeptides at elevated pH in negative ion mode.*® From our current results, alkaline pH
would be ideal for the detection of highly phosphorylated peptides in negative ion mode. In the
future, a HeLa cell lysate could be enriched for phosphopeptides via IMAC and TiO2 enrichment
strategies. This complex phosphopeptide sample could then be eluted with the five different mobile
phase pHs at both polarities, as shown in Chapter 3. Due to the immense increase in sample
complexity, CID or ETD fragmentation for positive ions and UVPD or NETD for negative ions
would need to be completed for confident peptide identifications. The results of optimized alkaline
negative ion mode nLC-MS in Chapter 3 indicates that novel multiply phosphorylated peptides
would be preferentially discovered in the HeLa phosphoproteome.

6.2.3 Large Scale Sulfoproteome Analysis

Adduction of sulfopeptides with alkylamines provides the first facile, covalent modification-free,
positive ion mode discovery of an organism’s sulfoproteome. While previous studies have

examined the sulfoproteome with semi-selective covalent modification, the DIA nLC-MS/MS
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workflow demonstrated in Chapter 4 allows for sulfopeptide discovery without complex sample
preparation. Also, because alkylamines selectively adduct to sulfopeptides at pH 3 and low
concentrations (<0.1%), standard silica-based C18 stationary phases can be utilized, making
adoption of this workflow possible with almost no modifications to existing instrumentation.
Currently, sulfopeptide enrichment strategies such as WAX and MOAC have been developed but
improvements to these strategies may be necessary when enrichment of an entire sulfoproteome

enrichment is completed, due to the vast number of acidic peptides present in the sample.**" 138

With the addition of an Orbitrap Fusion Lumos instrument to our Chemistry department, MS®type
experiments can be employed for sulfoproteome discovery with alkylamine-sulfopeptide adducts.
For such experiments, first a high resolution MS scan would be completed in the Orbitrap. Next,
low-energy DIA collisional activation would be completed, and the resulting fragment ions are
analyzed in the Orbitrap to maximally resolve peptide ions. If an ion is observed to 1) decrease
signal by ~80% from the MS to MS/MS scan and 2) a fragment ion peak appears in the MS/MS
spectrum that is equivalent to the mass loss of the [SOs+alkylamine], a CID or HCD ion-trap MS®
event on the ion of interest would be completed to maximize Orbitrap duty cycle. With our FT-
ICR instrument, DIA nLC-MS/MS analysis can only successfully flag sulfated peptides for peptide
fragmentation in a separate analysis but, with the Orbitrap Fusion Lumos, the sulfopeptide flagging
and fragmentation can be completed during the same analysis. The MS? approach will allow for
unambiguous sulfopeptide identifications in half the time of the current MS? experiments.

() @
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Figure 6.2: Example alkylamines for increased charging of sulfopeptides.
While sulfopeptides are selectively adducted by alkylamines, the sulfopeptide standards caerulein

and gastrin | adduct more than one alkylamine. This phenomenon leads to ambiguity in the exact
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location of the alkylamine binding location on the gas-phase sulfopeptide complex. Fragmentation
of peptide cations via ECD can maintain labile PTMs and even gas-phase adducts.38: 89 260, 261
Alkylamine-adducted gastrin I is only observed in a 2+ charge state and upon electron irradiation
for ECD analysis, only charge reduction and [SOs+alkylamine] loss is observed. For improved
ECD and alkylamine adduct location determination, the charge state of the gastrin | could be

increased via quaternary amines and diamines (Figure 6.2).
6.2.3 Improvements for Future Polyketide Synthase in vitro Biosynthetic Experiments

In Chapter 6, KirCAT was observed to malonate non-active site cysteine containing peptides. This
finding is, to our knowledge, the first reported instance of a trans-AT adding an activated acyl
substrate to such thiol containing residues. More experiments are necessary to confirm this
phenomenon. Incubation of KirCAT and malonyl-SNAC with standard peptides and protein
digests with free cysteines should be completed. Also, examination of acylation promiscuity could
be examined with other trans-ATs such as BryP, mycosubtilin synthetase FenF, and the recently

discovered phormidolide synthase PhmC or PhmD.%4: 259. 262

To successfully examine the B-branching and O-methylation events of BryAM3, addition of
upstream triketide is necessary. Thiophenol linked surrogate substrates were not successfully
activated and condensed with the malonyl extender unit, instead being directly loaded onto the
Holo ACP. Optimization of the activated substrate is necessary to prevent undesired loading of the
BryAM3 Holo ACP. SNAC or upstream BryAM2 Holo ACP linked substrates could be explored
for efficient loading of the BryAM3 KS. Correct loading of the BryAM3 KS may occur with the
native triketide substrate as well. These improvements/modifications are necessary to observe the

native condensation and modification catalyzed by BryAM3.
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