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Title of dissertation: Expanding the Use of FPOP for In Vitro and In Cell Studies
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Studying higher order protein structure is crucial to better understand protein
interactions and functions. Mass spectrometry (MS) has been an invaluable tool to better
understand protein structure. Several techniques, like protein footprinting, are coupled
with mass spectrometry to gain information on protein structure and changes in proteinprotein and protein-ligand interactions. Hydroxyl radical protein footprinting (HRPF)
utilizes hydroxyl radicals to irreversibly label solvent-exposed side chains of 19 out of
the 20 amino acids. Traditionally, modified regions are detected using bottom-up
proteomics and with MS/MS analysis, residue level information can be obtained. There
are a handful of techniques to generate hydroxyl radicals, one is fast photochemical
oxidation of proteins (FPOP). FPOP generates hydroxyl radicals through the photolysis
of hydrogen peroxide using a 248 nm excimer laser. My research aims to expand the use
of FPOP for in vitro and in cell studies.
For in-vitro FPOP the first objective was to validate the use of FPOP to study
proteins in their native structure. In all protein footprinting techniques, it is crucial to
label while the protein remains in its native structure and ensure labeling does not take
place if the protein begins to unfold. To confirm FPOP probed proteins in their native

state, the enzymatic activity of proteins were measured before and after FPOP. The
second objective was to combine FPOP with native MS, ion mobility separation (IMS),
and top-down proteomics to gain additive structural information.
Next, the use of in-cell FPOP (IC-FPOP) as a tool for proteome wide structural
biology (PWSB) was expanded to characterize drug interactions in cells. First, IC-FPOP
was used to highlight the differing effect of Gleevec in triple negative breast cancer
(TNBC) for a European ancestry (TNBC-EA) and African ancestry (TNBC-AA) cell line.
Finally, IC-FPOP efficacy in probing methotrexate’s effects in a chronic myelogenous
leukemia (CML) was compared to cellular thermal shift assay (CETSA). CETSA is a
recognized method that can be used to track drug interactions across the full proteome.
However, there are some limitations to using CETSA which IC-FPOP can help overcome
thus improving the characterization of drug interactions in cells.
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Chapter 1
Analyzing the Structure of Macromolecules in their Native Cellular Environment Using
Hydroxyl Radical Footprinting1
1.1.1 Introduction
Hydroxyl radical footprinting (HRF) is a technique that has been used to study the structure
of nucleic acids and proteins where hydroxyl radicals are used to oxidize these macromolecules.
In the case of nucleic acids, oxidation leads to backbone cleavage. For proteins, oxidation results
in additions of various oxidation products on the side chains of amino acids which can alter the
mass of the protein. These mass changes are then detected by mass spectrometry. The method
probes solvent accessibility which changes as a result of ligand binding or a conformational
change. In the case of protein binding to nucleic acids, protein contact regions will occlude the
DNA backbone significantly reducing backbone cutting by the radical. Analysis of the sites of
decreased cleavage leads to the identification of the protein interaction site (Figure 1.1).(1) For
proteins, ligand binding leads to decreases in the extent of modification at the binding site. For
best results, a differential experiment is performed so that the oxidation pattern of the molecule
in different states (i.e. ligand bound vs. ligand free) can be compared. There are several methods
to generate hydroxyl radicals for footprinting including Fenton chemistry,(2) radiolysis of
water,(3) UV-light(4) and laser photolysis(5, 6) of hydrogen peroxide (H2O2), and
electrochemistry.(7, 8) These methods have been reviewed in detail by Xu and Chance(9) and
will we discussed briefly in the following sections.
1

Adapted from the publication: Chea, E.E., Jones, L.M. Analyst. 2018 Feb 12;143(4):798807 with permission from The Royal Society of Chemistry.

1

Figure 1. 1 Schematic of hydroxyl radical footprinting locating protein binding sites on a
DNA molecule. Shaded ovals represent proteins protect the DNA backbone from
hydroxyl radical cleavages. DNA cleavages results in bands on the gel.

Figure 1. 2 Schematic of hydroxyl radical footprinting locating protein binding sites on a
DNA molecule. Shaded ovals represent proteins protect the DNA backbone from
hydroxyl radical cleavages. DNA cleavages results in bands on the gel.
2
Figure 1. 3 Schematic of hydroxyl radical footprinting locating protein binding sites on a
DNA molecule. Shaded ovals represent proteins protect the DNA backbone from
hydroxyl radical cleavages. DNA cleavages results in bands on the gel.

HRF was first used to study DNA-protein interactions using gel electrophoresis to probe
backbone cleavage.(2) The use of the method was later expanded for studying RNA and
mapping 3D structures of nucleic acids.(10, 11) New developments in capillary electrophoresis
for DNA sequencing have replaced standard gel electrophoresis as readouts for HRF of nucleic
acids.(12-14) It is important to note that hydroxyl radicals can also modify the nucleotide bases
but the electrophoresis methods used for analysis do not detect these modifications. The method
was first coupled with mass spectrometry for the study of proteins by Chance and coworkers
who use synchrotron X-rays to generate radicals via the radiolysis of water.(15-17) The analysis
of protein HRF is more challenging owing to the array of modifications that can occur (Table
1.1). In some cases, a single residue can be modified in more than one way. Further, the
reactivity of individual amino acids with hydroxyl radicals are also different with residues such
as Met and Cys being highly reactive. To provide localized structural information, after HRF,
proteins are digested and tandem MS is performed to identify the modified residues (Figure 1.2).
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Table 1.1. Primary Products and Corresponding Mass Changes for Various Amino Acid Side
Chains Subjected to HRF
side chain

side chain modification and mass changes

Cys

sulfonic acid (+48), sulfinic acid (+32+), hydroxyl (-16)

cystine

sulfonic acid, sulfinic acid

Met

sulfoxide (+16) sulfoxide (+16), sulfone (+32), aldehyde (-32)

Trp

hydroxy- (+16, +32, +48, etc.), pyrrol ring-open (+32, etc.)

Tyr

hydroxy- (+16, +32, etc.)

Phe

hydroxy- (+16, +32, etc.)

His

oxo- (+16), ring-open (-22, -10, +5)

Leub

hydroxy- (+16), carbonyl (+14)

Ileb

hydroxy- (+16), carbonyl (+14)

Valb

hydroxy- (+16), carbonyl (+14)

Pro

hydroxy- (+16), carbonyl (+14)

Arg

deguanidination (-43), hydroxy- (+16), carbonyl (+14)

Lys

hydroxy- (+16), carbonyl (+14)

Glu

decarboxylation (-30), hydroxy- (+16), carbonyl (+14)

Gln

hydroxy- (+16), carbonyl (+14)

Asp

decarboxylation (-30), hydroxy- (+16)

Asn

hydroxy- (+16)

Serc

hydroxy- (+16), carbonyl (-2- or +16-H2O)

Thrc

hydroxy- (+16), carbonyl (-2- or +16-H2O)

Ala

hydroxy- (+16)

a

Adapted with permission from G. Xu and M. R. Chance, Chem Rev, 2007, 107, 3514-3543.
Copyright 2007 American Chemical Society. bFor aliphatic side chains, +14 Da products are
normally much less than +16 Da products. cFor Ser and Thr, only trivial amounts of +16 Da and
-2 Da products were found.
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Figure 1. 2 Schematic representation of hydroxyl radical footprinting of proteins coupled
with mass spectrometry. Proteins are oxidatively modified by hydroxyl radicals that can
be generated by a variety of methods. The modified proteins are digested and analyzed
by LC-MS/MS.

Figure 1. 16 Schematic representation of hydroxyl radical footprinting of proteins
coupled with mass spectrometry. Proteins are oxidatively modified by hydroxyl radicals
that can be generated by a variety of methods. The modified proteins are digested and
analyzed by LC-MS/MS.

Figure 1. 17 Schematic representation of hydroxyl radical footprinting of proteins
coupled with mass spectrometry. Proteins are oxidatively modified by hydroxyl radicals
that can be generated by a variety of methods. The modified proteins are digested and
analyzed by LC-MS/MS.

Figure 1. 18 Schematic representation of hydroxyl radical footprinting of proteins
coupled with mass spectrometry. Proteins are oxidatively modified by hydroxyl radicals
that can be generated by a variety of methods. The modified proteins are digested and
analyzed by LC-MS/MS.
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Figure 1. 19 Schematic representation of hydroxyl radical footprinting of proteins
coupled with mass spectrometry. Proteins are oxidatively modified by hydroxyl radicals
that can be generated by a variety of methods. The modified proteins are digested and

HRF has been successfully used to identify protein-protein(18, 19) and protein-ligand(20,
21) interaction sites and regions of protein conformational change(22, 23) on purified protein
systems. As the method has matured, more complex systems have been studied including
membrane proteins that were modified in the presence of detergent,(24) purified membranes,(25)
and nanodiscs(26) demonstrating the feasibility of HRF in complex lipid environments. The
method has also shown to be effective in cell lysates.(27, 28) Taken together, these studies have
demonstrated the possibility of performing HRF in whole cells on macromolecules in their native
cellular environment. This is important since questions still remain about how well in vitro
structures correlate with in vivo structures. Macromolecular crowding within a cell limits
diffusion which effects reaction kinetics, association rates of proteins, and protein-DNA
interactions.(29) These effects are not observed with isolated molecules for in vitro studies.
Membrane proteins present a unique challenge owing to the difficulty in purifying and
solubilizing these proteins for in vitro studies. Multiple advancements have been made in the
field of model membranes but these still lack the heterogeneity of the cell membrane limiting
their application for real-life membrane function.(30) The use of HRF as a tool for studying
macromolecules in their native cellular environment will aid in filling a gap in knowledge on
macromolecular structure in the cell. This review will highlight examples of the use of HRF in
live cells. Although in-cell HRF has been used for several years to study nucleic acids, the
application for proteins is relatively new with only a handful of publications.
1.1.2 Footprinting of nucleic acids in live cells
The use of hydroxyl radicals for footprinting of macromolecules was first established for the
study of nucleic acids. Tullius and Dombrowski(2) identified protein contact regions via
hydroxyl radical footprinting of DNA-protein complexes. Hydroxyl radicals abstract a proton
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from the deoxyribose backbone of nucleic acids leading to backbone cleavage. Radical-induced
cleavage is not dependent on base sequence but rather is solely dependent on base solvent
accessibility. This dependence of HRF on solvent accessibility has provided structural
information on the single nucleotide level and has allowed the method to be used to probe the
tertiary structure of nucleic acids. This has led to hydroxyl radicals being the most widely used in
vitro probe for footprinting nucleic acids.(11) For whole cell analysis, several footprinting probes
have been used. These include dimethylsulfate,(31, 32) potassium permanganate,(33) and 1,10phanthroline-copper.(34) However, dimethysulfate and potassium permanganate are sequence
dependent methylating only purine bases and oxidizing only purine residues, respectively.
Owing to this, interactions sites may not be detected when these are used as stand-alone probes.
And, although 1,10-phanthroline-copper oxidizes all four bases, it does have some sequence
specificity with the sequence of the nucleotide 5’ to the bond cleavage site being a major
influence on the kinetics of the reagent.(35)
As a probe for in-cell analysis of nucleic acids, HRF has an advantage owing to its high
reactivity and sequence independence. For HRF footprinting of nucleic acids in live cells,
methods for radiolysis of water have been employed to generate hydroxyl radicals. Radiolysis
methods utilize a light source to ionize water which generates a positive water radical and an
electron (Reaction 1.1(36)). The ionized water molecule can then react with another water
molecule to generate hydroxyl radicals (Reaction 1.1).
hv

H2 O

H2 O → H2 O+ +e-aq →

H3 O+ + ⋅OH+ e-aq

1

An advantage of the radiolysis methods is they do not require the addition of hydrogen
peroxide to the cells which can lead to cellular damage.(37) The first HRF study of nucleic acids
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in cells was performed by Ottinger and Tullius(38) who used -rays for water radiolysis. Their
study, using the lambda repressor-DNA complex as a model system, showed the footprinting
pattern on the complex in cells was similar to the in vitro pattern where Fenton chemistry was
used to generate hydroxyl radicals.(38) This demonstrated the feasibility for using HRF for incell footprinting. A disadvantage of using the 137Cs gamma ray source for radical generation is
that the cells were exposed to the -rays for 15 min to generate a sufficient amount of radical to
footprint the DNA. This long exposure to radiation could be detrimental to the cells owing to
thermal damage.
Using another source for water radiolysis, Adilakshmi et al.(36) were able to limit the
exposure time of samples to 100 ms or less. They used synchrotron X-rays, which consist of high
flux white light that require minimal exposure times in comparison to -rays. Since the amount
of radical generated is proportional to the absorbed photon energy,(9) a high flux density of the
beam is critical for decreased exposure times. In addition, the width of the beam must be
sufficient to irradiate the entire surface of the sample, which could lead to a diffuse beam with
reduced photon flux.(36) The beam was optimized with a focusing mirror so that its cross section
was large enough to irradiate the entire surface of the sample without reducing the flux density.
In a first iteration of this experiment, frozen samples were used to reduce thermal damage to the
cells. Samples were held in an aluminum cryo-cooled sample holder that was maintained
between -34 to -38 C (Figure 1.3), a motorized table was used to align the sample with the Xray beam, and a shutter was used to control the exposure time.(39) The alignment ensures the
samples are exposed to the most intense fraction of the X-ray beam. As will be discussed in
section 2.1, this technique was used to map the structure of pre 30S RNA complexes. For later
experiments, a multi-sample holder was used for synchrotron analysis. Frozen samples were held
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in a cooled 23-sample holder mounted to a motorized stage and individual samples were aligned
to the X-ray beam using a photodiode.(36)
In a later iteration of the method, RNA was studied by synchrotron X-rays on live cell culture
in a flowing solution.(40) For the liquid culture, exposure times were reduced to 10-20 ms
further limiting cell damage. As demonstrated in Figure 1.4, a bacterial culture was held in a
flask and kept at 37 C. Cells in solution were pumped through a flow cell at 5 mL/min. Again, a
focusing mirror was used to ensure the cross-section of the beam covered the entire sample while
still maintaining a high-density flux. After x-ray exposure, 0.75 mL sample fractions were
collected. For reliable footprinting results, the RNA should be cleaved only one in each detection
window. To ensure this, the x-ray doses was adjusted so that 70-90% of the RNA is not cleaved.
To obtain the desired level of cleavage, a dose response curve was generated using aluminum
sheets of varying thickness to attenuate the X-ray beam.
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Figure 1. 3 Schematic of the synchrotron X-ray setup for hydroxyl radical footprinting of
frozen cells (39).

Figure 1. 31 Schematic of the synchrotron X-ray setup for hydroxyl radical footprinting
of frozen cells (39).

Figure 1. 32 Schematic of the synchrotron X-ray setup for hydroxyl radical footprinting
of frozen cells (39).

Figure 1. 33 Schematic of the synchrotron X-ray setup for hydroxyl radical footprinting
of frozen cells (39).

Figure 1. 34 Schematic of the synchrotron X-ray setup for hydroxyl radical footprinting
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of frozen cells (39).

Figure 1. 35 Schematic of the synchrotron X-ray setup for hydroxyl radical footprinting

Figure 1. 4 Schematic showing the flow of liquid culture past the X-ray beam and into a
fraction collector. A syringe pump (Harvard Model 33) is used to dispense nutrients into
the culture at the desired time. A M50 pump (Vici) displaces culture through a capillary
flow cell in the path of the X-ray beam, at flow rates up to 5 mL/min. The X-ray dose
depends on the flow rate, the length of tubing exposed to the beam (horizontal slit), and
the X-ray flux density of the beam itself. The exposed culture is collected in 0.75–1 mL
fractions (40).

Figure 1. 46 Schematic showing the flow of liquid culture past the X-ray beam and into a
fraction collector. A syringe pump (Harvard Model 33) is used to dispense nutrients into
the culture at the desired time. A M50 pump (Vici) displaces culture through a capillary
flow cell in the path of the X-ray beam, at flow rates up to 5 mL/min. The X-ray dose
depends on the flow rate, the length of tubing exposed to the beam (horizontal slit), and
the X-ray flux density of the beam itself. The exposed culture is collected in 0.75–1 mL
fractions (40).

Figure 1. 47 Schematic showing the flow of liquid culture past the X-ray beam and into a
fraction collector. A syringe pump (Harvard Model 33) is used to dispense nutrients into
the culture at the desired time. A M50 pump (Vici) displaces culture through a capillary
flow cell in the path of the X-ray beam, at flow rates up to 5 mL/min. The X-ray dose
depends on the flow rate, the length of tubing exposed to the beam (horizontal slit), and
the X-ray flux density of the beam itself. The exposed culture is collected in 0.75–1 mL
fractions (40).

Figure 1. 48 Schematic showing the flow of liquid culture past the X-ray beam and into a
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fraction collector. A syringe pump (Harvard Model
33) is used to dispense nutrients into
the culture at the desired time. A M50 pump (Vici) displaces culture through a capillary
flow cell in the path of the X-ray beam, at flow rates up to 5 mL/min. The X-ray dose
depends on the flow rate, the length of tubing exposed to the beam (horizontal slit), and
the X-ray flux density of the beam itself. The exposed culture is collected in 0.75–1 mL

1.1.3 Fenton Chemistry to Oxidatively Modify Proteins in Live Cells
The initial HRF experiments to study proteins in live cells were performed by Zhu et al.(41)
who used Fenton chemistry to generate radicals in situ. Established in the 1890s by J.H.J.
Fenton, Fenton chemistry was first used to oxidize organic compounds.(42) The reaction has
since been expanded by Haber and Weiss(43) to show that hydroxyl radicals are an intermediate
in the reaction upon oxidation of iron. Hydroxyl radicals are generated in solution by Fe(II)promoted reduction of hydrogen peroxide (Reaction 1.2).(43, 44)
Fe(II) + H2 O2 → Fe(III) + ∙OH + OH_

2

The Fenton reaction was the method Tullius and Dombrowski(2) used to generate hydroxyl
radicals in the initial HRF experiments on macromolecules. They successfully used Fenton
chemistry to demonstrate the bacteriophage  repressor and Cro proteins only bind to one side of
a DNA helix. They also showed the hydroxyl radical-based method provides more highresolution information than other DNA footprinting methods such as DNAseI.
For these initial studies, Fe(II)-EDTA was mixed with hydrogen peroxide and the reducing
agent sodium ascorbate. The negatively charged Fe(II)-EDTA complex reduced the electrostatic
association of iron with DNA. In the case of protein studies, the presence of EDTA as a chelating
agent would also prevent iron binding to proteins. The sodium ascorbate reduces Fe(III) back to
Fe(II) allowing for micromolar concentrations of iron to be used. However, this reaction occurs
on the seconds to minutes timescale which would be too slow to study many biological
processes. To reduce the timescale of the reaction, Shcherbakova et al.(45) utilized millimolar
concentrations of the Fe(II) in the absence of sodium ascorbate. In their studies, the quenching of
fluorescence emission of fluorescein upon dye oxidation was followed over time. Using 2 mM of
Fe(II)-EDTA, a concentration 5-times higher than used by Tullius and Dombrowski,(2)
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Shcherbakova et al. observed that after 2 ms, ~40% of the dye fluorescence is lost indicating
that hydroxyl radicals can be generated very quickly in the presence of millimolar concentrations
of Fe(II)-EDTA and 0.3% H2O2. This decreased timescale is advantageous because Fenton
chemistry is the most inexpensive method for generating hydroxyl radicals making it the most
accessible for many labs. The ability to study proteins on the millisecond timescale using this
method of radical generation can lead to HRF being more widely used.
Zhu et al.(41) used the modified Fenton chemistry method with millimolar concentrations of
iron for live cell HRF of the outer membrane porin OmpF. OmpF, a channel-forming membrane
protein embedded in the outer membrane of Gram-negative bacteria, allows for aqueous passive
transport. The stable structure of the membrane porins makes them amenable for footprinting at
longer times. Membrane proteins are a good target for in-cell HFR owing to the difficulty in
purifying these proteins for in vitro studies as well as their low solubility and stability in
solution. The ability to study these proteins in their native cellular environment is a major
advantage.
To oxidatively modify the outer membrane proteins in a suspension of E. coli cells, 10 mM
Fe(II), 5-fold higher concentration than used in the rapid mixing study, was used. The Fe(II)EDTA solution with 0.3% H2O2 was mixed with an E. coli cell solution for 3 min. Centrifugation
to remove the oxidation solution was used to stop the reaction. To demonstrate voltage gating of
the channel, oxidative modification was performed under various conditions including a low pH
buffer, a low ionic strength buffer, and a low pH and low ionic strength buffer. These conditions
all induce closing of the channel by altering the electrostatic field in a highly-charged region of
the protein that is essential for ion diffusion. Oxidized residues were observed on loops L1, L3,
and L6 as well as in -strands 4, 7, and 15 of the protein. The oxidation data of the loop
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regions correlated well with the crystallographic data which shows L1 and L6 are located on the
extracellular side of the protein (Figure 1.5). L3 is located at the entrance of the eyelet in the
center of the channel (Figure 1.5B) but is still highly solvent accessible as evidenced by solvent
accessibility calculations of the crystal structure in the open state of the channel performed by
Zhu et al.(41) In contrast, 4, 7, and 15 are located more toward the interior of the channel
away for the extracellular medium (Figure 1.5). However, in the open state of the channel,
several residues in these strands are solvent accessible. Upon closing of the channel, loops L1
and L3, represented by peptides 48-64 and 123-154, respectively, do not undergo any significant
changes in oxidation (Figure 1.6A). However, peptides 105-111, 163-182, and 328-345
representing 4, 7, and 15, respectively, show a significant decrease in oxidation upon channel
closing (Figure 1.6B). This demonstrates that residues on these -strands are located in the
channel pore. Although voltage gating of OmpF has been demonstrated in in vitro studies, this is
the first time gating was observed in a cellular system. In addition, this data also substantiates the
hypothesis that porin channel switching can be induced by local electrostatic changes in the
eyelet region. This was evidenced by the closing of the channel, demonstrated by decreased
oxidation in the -strands in the presence of low pH buffer, low ionic strength buffer, and lowpH
and low ionic strength buffer.
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Figure 1. 5 3D structures of OmpF from the (A) side view and (B) top view (PDB ID:
1OPF). Oxidatively modified peptides located in the loop regions are highlighted in blue
and those located in the channel are highlighted in green (41).

Figure 1. 61 3D structures of OmpF from the (A) side view and (B) top view (PDB ID:
1OPF). Oxidatively modified peptides located in the loop regions are highlighted in blue
and those located in the -strands are highlighted in green (41).

Figure 1. 62 3D structures of OmpF from the (A) side view and (B) top view (PDB ID:
1OPF). Oxidatively modified peptides located in the loop regions are highlighted in blue
and those located in the -strands are highlighted in green (41).

Figure 1. 63 3D structures of OmpF from the (A) side view and (B) top view (PDB ID:
1OPF). Oxidatively modified peptides located in the loop regions are highlighted in blue
and those located in the -strands are highlighted in green (41).

Figure 1. 64 3D structures of OmpF from the (A) side view and (B) top view (PDB ID:
1OPF). Oxidatively modified peptides located in the loop regions are highlighted in blue
and those located in the -strands are highlighted in green (41).

Figure 1. 65 3D structures of OmpF from the (A) side view and (B) top view (PDB ID:
15 in the loop regions are highlighted in blue
1OPF). Oxidatively modified peptides located
and those located in the -strands are highlighted in green (41).

Figure 1. 6 Extent of oxidation on OmpF of the peptides from different areas, the loop
area outside the ion channel and β-stranded area inside the ion channel in different
conditions, as shown on the x-axis. (A) The extent of oxidation of loops L1 and L3 kept
constant in both channel opening and closing conditions. (B) The oxidation extent of
peptides in β-strand areas fell back to almost the level of control group in channel closing
conditions (41).
Figure 1. 76 Oxidation level of the peptides 16
from different areas, the loop area outside
the ion channel and β-stranded area inside the ion channel in different conditions, as
shown on the x-axis. (A) The extent of oxidation of loops L1 and L3 kept constant in both
channel opening and closing conditions. (B) The oxidation extent of peptides in β-strand

1.1.4 Laser Flash Photolysis for Footprinting of Proteins in Mammalian Cells
The photolysis of hydrogen peroxide by laser light is another method for generating
hydroxyl radicals (Reaction 1.3).
hv

H2 O2 → 2∙OH

3

In 2005, two groups independently published laser-based methods for HRF of proteins.(5, 6) Aye
et al.(5) used one shot of a 3-5 ns pulse of a 266 nm Nd:YAG laser for radical generation. The
energy of the laser was 2 mJ and 0.3 to 1% of hydrogen peroxide was used. This nanosecond
laser photolysis successfully oxidatively modified ubiquitin and apomyoglobin. One shot of the
laser is essential to avoid modifying proteins after a conformational change has occurred.
Hambly and Gross(6) developed the method fast photochemical oxidation of proteins (FPOP)
which uses a 17-ns KrF excimer laser at 248 nm for photolysis of 20 mM hydrogen peroxide. To
shorten the lifetime of the radical, which results in reduced oxidation-induced conformational
changes, 15 mM glutamine was added to the sample as a radical scavenger. The protein solutions
were irradiated while under constant flow through a flow tube so a bolus of sample is only
exposed to the laser once further reducing the probability of over oxidation. The laser-based
methods oxidatively modify proteins in the sub millisecond time regime making them the fastest
type of HRF.
The first study on live cell footprinting in mammalian cells was done by Espino et al.(46)
who used the FPOP method to generate hydroxyl radicals. Their initial study demonstrated the
feasibility of using FPOP to oxidatively modify proteins in live cells. Viability assays were
performed to determine whether the added hydrogen peroxide was lethal to the cells. The
measurement of cellular ATP concentration after incubation with hydrogen peroxide showed that
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>70% of cells were alive. A flowing system was used where Vero cells, African green monkey
kidney cells, were mixed with 20 mM hydrogen peroxide, flowed at 54 L/min, and exposed to
the pulsed laser only once as the cells passed through the light path. The reaction was quenched
by the addition of the cell permeable reactive oxygen species (ROS) scavengers dimethylthiourea
and N-tert-butyl--phenylnitrone, which quench H2O2 and hydroxyl radicals, respectively. Incell FPOP (IC-FPOP) successfully oxidized 105 proteins inside live cells. The expression
abundance of these proteins was considered using expressed sequence tag (EST) counts of the
proteins in kidney cells to estimate the dynamic range of the method. High abundant proteins
such as actin, which has 3154 transcripts per million (TPM), were modified but low abundant
proteins like Protein Shroom 2, which has 4 TPM, were also oxidatively modified. Owing to this,
it was determined IC-FPOP has an estimated dynamic range of 1100-fold. Interestingly, these
105 proteins come from various compartments within the cell including the cytoplasm and
nucleus (Figure 1.7A). A fluorophore that localizes within the cytoplasm was used to show that
cells were intact after IC-FPOP demonstrating these proteins were modified in their native
cellular compartments (Figure 1.7B). To demonstrate that IC-FPOP probes solvent accessibility
similarly to the in vitro method, the extent of modification of the protein actin was calculated on
the residue-level and correlated to solvent accessible surface area (SASA) of two crystal
structures of actin, an open and tight state. The IC-FPOP data correlated well with both
structures although the fit with the open state was slightly better demonstrating IC-FPOP does
query solvent accessibility inside the cell (Figure 1.7C).
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Figure 1. 7 Validation of IC-FPOP (A) Pie chart of the cellular compartment location of
proteins that LC/MS/MS demonstrated were oxidatively modified. Proteins that are
present in multiple compartments are represented multiple times. (B) Fluorescence
imaging of CellROX treated cells after IC-FPOP show the cells are still intact after
oxidative labeling. Cells were imaged using an Olympus Fluoview FV1000 MPE
multiphoton microscope at 665 nm. Image shown is a single slice. (C) Correlation of
residue FPOP modifications with SASA in the tight (triangles, dashed trend line) and open
(circles, solid trend line) states of actin (46).

Figure 1. 91 (A) Pie chart of the cellular compartment location of proteins that LC/MS/MS
demonstrated were oxidatively modified. Proteins that are present in multiple
compartments are represented multiple times. (B) Fluorescence imaging of CellROX
treated cells after IC-FPOP show the cells are still intact after oxidative labeling. Cells
were imaged using an Olympus Fluoview FV1000 MPE multiphoton microscope at 665
nm. Image shown is a single slice. (C) Correlation of residue FPOP modifications with
SASA in the tight (triangles, dashed trend line) and open (circles, solid trend line) states
of actin (46).
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Figure 1. 92 (A) Pie chart of the cellular compartment location of proteins that LC/MS/MS
demonstrated were oxidatively modified. Proteins that are present in multiple

To increase the number of oxidatively modified residues, which would increase the utility
of the method, a single cell flow system based on the principles of hydrodynamic focusing was
designed for IC-FPOP.(47) The flow system utilizes a sheath buffer moving at a fast rate to drag
along a stream of cells one at a time (Figure 1.8A). In addition, to reduce the breakdown of
hydrogen peroxide by endogenous catalase prior to laser exposure, cells were kept separate from
the peroxide until a few milliseconds before laser photolysis. Fluorescence imaging determined
that the cell stream was kept separate from the sheath buffer and cells did flow in a single stream
(Figure 1.8B). Uniform exposure of cells to laser light coupled with reduction of hydrogen
peroxide breakdown by catalase increased the number of oxidatively modified proteins by 13fold.(47)
Zhu et al.(48) used the nanosecond laser photolysis method described earlier to study the
interactions between EGF and EGFR in mammalian cells. For this study, a suspension of cells
(~1 x 107/mL) was added to a 12-well plate and H2O2 was added to a final concentration of 1%.
The plate was held on a horizontal axis so the laser beam was reflected down onto the plate
(Figure 1.9). Using a concave mirror, the beam size was expanded to the cross-section area of a
well. The laser bean size was expanded by ~30x which significantly decreases the beam
intensity. Owing to this, a more powerful Nd:YAG laser (30 mJ) than used in earlier studies (1
mJ) was utilized to compensate for the expanded beam size. Each well was aligned to the laser
beam and exposed to one laser shot and then catalase was added to breakdown the remaining
hydrogen peroxide.
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Figure 1. 8 Single cell flow system (A) IC-FPOP flow cell schematic. Blue arrows
indicate flow, and colored lines represent tubing (not to scale). Optimal conditions were
observed with a 10:1 sheath buffer to cellular analyte ratio: 360μm o.d., 75 μm i.d.
capillary in orange, 360 μm o.d., 150 μm i.d. capillary in red, 673 μm o.d., 450 μm i.d.
capillary in dark blue, window for laser light in light blue. (B) Maximum intensity heat
map showing the location of detected cells. (C) Three-dimensional average intensity heat
map of the sheath buffer (47).

Figure 1. 106 (A) IC-FPOP flow cell schematic.
21 Blue arrows indicate flow, and colored
lines represent tubing (not to scale). Optimal conditions were observed with a 10:1
sheath buffer to cellular analyte ratio: 360μm o.d., 75 μm i.d. capillary in orange, 360 μm
o.d., 150 μm i.d. capillary in red, 673 μm o.d., 450 μm i.d. capillary in dark blue, window
for laser light in light blue. (B) Maximum intensity heat map showing the location of

Figure 1. 9 Schematic representation of the nanosecond laser photolysis footprinting of
integral membrane protein EGFR in living 293-F cells. Cells were harvested after 24 h
transfection. Cells were aliquoted into a 12-well plate. H2O2 was added into each well at
a final concentration of 1% for nanosecond laser photolysis (48).

1.2 Applications
1.2.1 Probing the structure of pre-30S complexes
HRF footprinting of nucleic acids in cells is a more established method than in-cell
protein footprinting with a few applications in literature.(38, 39) In one application, the structure
of pre-30S ribosomes in E. coli cells was interrogated.(14) Cells were grown at conditions
where 17S pre-RNA signals were dominant. These conditions included growing rimM and
rbfA strains, which lack the chaperones RimM and RbfA, respectively, at cold temperatures.
These chaperones have been shown to preferentially bind to immature 30S subunits and aid in
assembly.(14) For HRF, frozen cell samples were oxidatively modified by synchrotron X-ray
generated hydroxyl radicals. Samples were irradiated for 100 ms and, after RNA purification
from the cell, the cleavage pattern was analyzed. The footprinting pattern of the mutant strains
was compared to the corresponding wild-type control strains and several differences were
observed that demonstrated the differences between mature 30S ribosomes and pre-30S
complexes. Many of the differences in the footprinting pattern between the mutant and wild-type
strains were due to increased exposure in the mutant strains.(14) The ratios of nucleotide
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accessibilities for the mutant strain versus its wild-type control were calculated to further
characterize structural differences between pre-30S and mature 30S ribosomes. The differences
in solvent accessibility were mapped onto the 16S secondary structure (Figure 1.10). Many of the
differences observed were found in the 3’ major domain which includes helix 44. In addition, the
regions in the tetraloop that have increased oxidation in the mutant strains compared to the wildtype strains have been shown to be involved in tertiary interactions in the mature 30S subunit.
The increased solvent accessibility of these regions in the mutant strains indicate these
interactions are not present in the pre-30S complexes. HRF footprinting in live cells was able to
detect the structural differences between pre-30s and the mature 30S ribosomes shedding light on
ribosome assembly.
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Figure 1. 10 Probing the structure of pre-30S complex (A) Map of altered rRNA solvent
accessibility in ΔrimM and on the 16S secondary structure. Residues with ≥ 2-fold
change in cleavage in MW37 (ΔrimM) relative to MW100 were clustered. Red,
nucleotides exposed in ΔrimM pre-30S complexes (1.8–10x); blue, protected (0.4–2x);
black, changed<0.4–1.8x; light gray, data not available. Helix numbers are in blue italics.
(B) Changes in pre-30S complexes from the ΔrbfA strain as in (A) (14).

Figure 1. 121 (A) Map of altered rRNA solvent accessibility in ΔrimM and on the 16S
secondary structure. Residues with ≥ 2-fold change in cleavage in MW37 (ΔrimM)
relative to MW100 were clustered. Red, nucleotides exposed in ΔrimM pre-30S
complexes (1.8–10x); blue, protected (0.4–2x); black, changed<0.4–1.8x; light gray,
data not available. Helix numbers are in blue italics. (B) Changes in pre-30S complexes
from the ΔrbfA strain as in (A) (14).

Figure 1. 122 (A) Map of altered rRNA solvent accessibility in ΔrimM and on the 16S
secondary structure. Residues with ≥ 2-fold change in cleavage in MW37 (ΔrimM)
relative to MW100 were clustered. Red, nucleotides exposed in ΔrimM pre-30S
complexes (1.8–10x); blue, protected (0.4–2x); black, changed<0.4–1.8x; light gray,
data not available. Helix numbers are in blue italics. (B) Changes in pre-30S complexes
from the ΔrbfA strain as in (A) (14).

Figure 1. 123 (A) Map of altered rRNA solvent accessibility in ΔrimM and on the 16S
secondary structure. Residues with ≥ 2-fold change in cleavage in MW37 (ΔrimM)
relative to MW100 were clustered. Red, nucleotides exposed in ΔrimM pre-30S
complexes (1.8–10x); blue, protected (0.4–2x);
24 black, changed<0.4–1.8x; light gray,
data not available. Helix numbers are in blue italics. (B) Changes in pre-30S complexes
from the ΔrbfA strain as in (A) (14).

1.2.2 EGF-induced activation of EGFR
The first application of laser-based in-cell footprinting was used to analyze the activation
of the epidermal growth factor receptor (EGFR) by the epidermal growth factor (EGF).(48) The
nanosecond laser photolysis footprinting technique described above was used to study the
EGF/EGFR complex, which has been well characterized by other methods making it a good
model system for in-cell footprinting. Two groups of cell samples, EGFR alone and EGFR with
EGF, were oxidatively modified using the set-up in Figure 8. A control group of cells was also
analyzed that were not exposed to oxidation. After cell lysis, EGFR was enriched by
immunoprecipitation using an EGFR antibody, then resolved on a SDS-PAGE gel, and in-gel
trypsin digestion of the EGFR bands was performed. LC-MS/MS analysis revealed 10 peptides
that were oxidatively modified above background (Figure 1.11A). Of these, seven peptides
exhibited an increase in oxidation after EGF activation. These include two sets of overlapping
peptides, 109-129 and 109-133 and peptides 310-324 and 310-325. Two peptides, 415-427 and
501-521, exhibited decreases in oxidation (Figure 1.11A). These changes indicate in-cell HRF is
capable of detecting structural changes in proteins in cells upon ligand binding. However, the
three known EGF binding sites could not be interrogated by the method. One site, consisting of
peptide 38-53 had a high level of background oxidation in the control sample. Peptides 361-377
and 400-414, which represent binding sites two and three, were not oxidatively modified.
Amongst the structures available for EGF-bound EGFR, Zhu et al. have used two, the
tethered monomer (PDB ID: 1NQL) and the extended dimer (PDB ID: 1IVO) to compare their
data. They calculated the log2 value of the solvent accessibility surface area (SASA) from these
structures and compared the differences in SASA in the 2 structures. They found the changes in
SASA in the structures correlated well with their footprinting data. Oxidized residues 122L,
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129K, and 133K from peptide 109-129, whose oxidation level increased after EGF activation, all
have a higher SASA in the extended form in 1IVO (Figure 1.11B). Residues 427R and 510C
from peptides 415-427 and 501-521, who both displayed decreases in oxidation upon EGF
activation, had a lower solvent accessibility in the extended form than the tethered conformer
(Figure 1.11B). This data suggests that upon EGF activation an extended conformation of EGFR
is formed. In this extended conformation, domain I, represented by peptides 109-129 and 109133 becomes more solvent exposed while domain IV represented by peptide 501-521 becomes
more buried. However, it is unclear whether these changes are induced by EGF activation or
another cellular process.
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Figure 1. 11 EGF-induced activation of EGFR (A) Comparison of the oxidation extent
observed for the tryptic peptides of EGFR from treatment conditions with or without EGF
activation, named EDF and Norm, respectively. (B) Comparison of the SASA of each
amino acid from the two different EGF conformers, in log2 ratio based on the crystal
structures of EGFR (PDB ID: 1NQL for the tethered monomer and 1IVO for the dimer).
Selected amino acids showing substantial changes in SASA from the 10 peptides are
pinpointed in the figure (48).
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1.3 Future Perspectives
The initial studies of HRF on live cells indicate the method has potential for studying
macromolecules in their native cellular environment. Although, the use of HRF on nucleic acids
in cells is well established, the study of proteins requires more optimization. For their
EGFR/EGF study, Zhu et al. acknowledged the use of immunoprecipitation for enrichment of the
protein of interest is hampered by an oxidation-induced decrease in EGFR binding to its
antibody. A reduction of binding affinity when a protein is oxidized has been demonstrated in
literature.(49, 50) Owing to this, for analysis of protein HRF footprinting it may be necessary to
adapt multiple orthogonal chromatographic methods for analysis of the whole cell lysate in order
to obtain good sequence coverage on the protein of interest. It has been demonstrated that the
chromatographic method multi-dimensional protein identification technology (MudPIT)
increases the identification of oxidatively modified peptides in cell lysate by 37%.(27) There is
also a strong need for analysis software that can handle in-cell protein HRF data. The analysis is
already complex owing to the high number of modifications that can be induced (Table 1).
Coupling this with the large number of proteins in whole cell lysates increases the analysis
difficulty and search times. Several analyses platforms have been used for in vitro protein
HRF.(51-54) The utility of these platforms for in-cell analysis has not yet been fully investigated.
The work highlighted here demonstrates the efficacy of the HRF for studying macromolecules in
their native cellular environments.
1.4 Aims of the Thesis
My thesis research focuses on expanding the use of FPOP for both in vitro and in-cell
studies. My second chapter provides detailed steps on how to perform IC-FPOP. It also provides
typical results and potential issues that might arise. Chapter three is my first in vitro FPOP
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application to test if FPOP probes the native state of a protein. Following in vitro FPOP, the
enzymatic activity of the FPOP modified protein was maintained, thus increasing the confidence
that FPOP accurately probes the solvent accessibility of the native protein structure. Chapter four
I combined FPOP with multiple MS techniques to gain additive structural information.
Combining FPOP with native MS, ion mobility separation (IMS), and top-down proteomics, we
were able to gain information about different conformational states of a protein that bottom-up
proteomics alone cannot obtain. Chapter five utilizes in-cell FPOP (IC-FPOP) as a proteome
wide structural biology tool to characterize the effects of Gleevec on an African ancestry and
European ancestry triple negative breast cancer cell line (TNBA-AA and TNBC-EA,
respectively). With the use of IC-FPOP multiple biological pathways, including metabolism,
were affected by Gleevec differently in TNBC-AA versus TNBC-EA. Finally, in chapter six I
compare IC-FPOP against cellular thermal shift assay (CETSA) as methods to characterize drug
engagement in cells. With the use of IC-FPOP, I was able to provide a broader characterization
of methotrexate’s effects in chronic myelogenous leukemia (CML).
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Chapter 2
Characterizing Cellular Proteins with In-cell Fast Photochemical Oxidation of Proteins1
2.1 Introduction
Hydroxyl radical protein footprinting (HRPF) is a method that probes the solvent
accessibility of a protein through covalent modifications produced from hydroxyl radicals. When
protein structure or protein interactions change, it will alter the solvent exposure of amino acids
thus altering the extent of modification of residues. With HRPF, protein interactions(1-3) and
protein conformational changes(4-6) have successfully been interrogated in vitro. There are
several methods that generate hydroxyl radicals for HRPF experiments, one being fast
photochemical oxidation of proteins (FPOP). FPOP was developed by Hambly and Gross in
2005 and utilizes a 248 nm excimer laser to produce hydroxyl radicals through the photolysis of
hydrogen peroxide (H2O2).(7)
Recently, Espino et al. extended the use of FPOP to probe protein structure in live cells, a
method termed in-cell FPOP (IC-FPOP).(8) In contrast to in vitro studies, studying proteins in
cells accounts for molecular crowding along with various protein interactions that could
potentially influence structure. Additionally, it presents the advantage of providing a snapshot of
the full proteome potentially providing structural information of numerous systems at once to
perform proteome wide structural biology. Furthermore, this technique is ideal for proteins that
are difficult to study in vitro, like membrane proteins.
Initial studies of IC-FPOP successfully probed 105 proteins ranging in protein abundance
and cellular localization. To improve the IC-FPOP method, Rinas et al. developed a microflow

1
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system for single cell flow.(9) The enhancement of the original flow system limits cell
aggregation and increases the available H2O2 available for irradiation. In the initial flow system,
cells clumping in the silica tubing resulted in clogs and uneven irradiation. The incorporation of
two streams of a sheath buffer hydrodynamically focuses the cells, allowing them to flow
individually past the laser. The incorporation of a separate syringe for the H2O2 enables more
controlled and optimizable exposure time allowing higher H2O2 concentrations without adverse
effects. Also, limiting the incubation time limits the breakdown of H2O2 by endogenous catalase.
By incorporating this new flow system, the detected number of proteins with an FPOP
modification increased 13-fold, thus expanding the capabilities of this method to probe a
multitude of proteins in living cells. In this protocol a general IC-FPOP experiment is described
focusing on the assembly of the IC-FPOP flow system.
2.2 Protocol
2.2.1 Set up IC-FPOP flow system
2.2.1.1 To begin the assembly of the flow system, cut the fused silica using a cleavage stone to
size. The IC-FPOP flow system requires four 12 cm and one 17 cm fused silica with an inner
diameter (ID) of 450 µm and outer diameter (OD) of 670 µm, two 24 cm and one 40 cm with an
ID of 75 µm and an OD of 360 µm, and finally two 57 cm with an ID of 150 µm and an OD of
360 µm.
NOTE: When cutting the silica tubing, gently scrape away the polyimide coating, and bend to get
the cleanest cut. Check to make sure it is a straight cut (this is necessary to ensure no blockages or
leaks form).
2.2.1.2 Set up 15 connections using nano-tight sleeves (0.0155” ID X 1/16” OD for 360 µm OD
silica tubing and 0.027” ID X 1/16” OD for the 670 µm OD silica tubing) with super flangeless
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nut PEEK 1/4-28 flat-bottom for 1/16” OD and super flangeless ferrule w/SST ring, Tefzel
(ETFE), 1/4-28 flat-bottom, for 1/16” OD. Construct connections as per the manufacturer’s
protocol (Figure 2.1).
2.2.1.3 Place 6 small cylindrical magnets in one 500 µL syringe. Fill this syringe along with
another 500 µL syringe and two 5 mL syringes with buffer and remove air. Position on syringe
pump as shown on Figure 2.2A.
NOTE: The 5 mL syringes are larger than the 500 µL syringes, so a spacer is needed to tighten all
the syringes simultaneously in place (Figure 2.2B).
2.2.1.4 Tighten syringe pump stopper so that the cell syringe has roughly 50 µL left when the
motor stalls. This will leave room for the magnetic stirrers. (Figure 2.2C and 2.2D).
Caution: If the syringe pump puts pressure on the magnets, they will jam the syringe and can cause
the syringe to break.
2.2.1.5 Using a luer adapter, connect a manual valve to each syringe. Assemble the silica tubing
as shown in Figure 2.3.
NOTE: Thread the line with the cells + H2O2 all the way through the cross to the other side. Then
insert it into the 450 µm ID silica tubing. The sheath buffers in the 5 mL syringe will be flowing
at a faster rate than the cells + H2O2. With the sheath buffers on both sides, the cells will be
hydrodynamically focused into a single line for irradiation.
2.2.1.6 Position flow system next to laser. Using a lighter, burn away the silica coating on the 450
µm ID tubing to make a window for laser irradiation.
2.2.1.7 Place a magnetic stirrer above the cell syringe containing the six magnets.
2.2.1.8 Set syringe pump to 492.4 µL/min for a final flow rate of 1083.3 µL/min. Flow buffer
through the system three times to flush the system and test for any leaks.
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Figure 2. 1 Construct connections for flow system. (A) Place ferrules, silica tubing, and
sleeve together before tightening. (B) Tighten all components together. (C) Final product
will produce a ferule that has been tightened down on the sleeve.

Figure 2. 2 Positioning syringes for flow system. (A) Image of a fully assembled IC-FPOP
flow system positioned next to the laser. (B) Example of a spacer needed to increase the
outer diameter of the 500 µL syringes to successfully tighten all syringes down together.
(C) Representative pictures showing the space required for the magnetic stirrers. (D)
Stoppers are necessary to stall the syringe pump without breaking the syringes.
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Figure 2. 3 Schematic for flow system. Blue lines represent silica tubing with a 450 µm
ID and 670 µm OD, red lines have a 150 µm ID and 360 µm OD, and orange lines have a
75 µm ID and 360 µm OD.
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2.2.1.9 Focus the excimer laser onto the silica tubing using a convex lens. Once focused, test the
irradiation window by placing a small piece of paper behind the silica tubing and turn the laser on.
Measure the region burnt from the irradiation. Calculate the needed laser frequency by using the
irradiation window and flow rate to obtain an exclusion fraction of zero.
NOTE: The recommended laser energy for an IC-FPOP experiment is ≥120 mJ.
NOTE: To get an exclusion fraction of 0 with an irradiation window of 2.58 mm and a flow rate
of 1083.3 µL/min, the frequency needs to be 44. Below are the equations that are needed to
calculate the laser frequency if the irradiation window, flow rate, and exclusion fraction is known.
Equation 1: w = π*x*100,000*(y*5*10-5 )
Equation 2: v =
Equation 3: f =

2

w
((1-b)*1000)
a
60*v

Where w is the volume in nL, x is the laser spot width in mm, y is the silica tubing ID in µm, v is
the total volume in µL, b is the exclusion fraction, a is the flow rate in µL/min, and f is the
frequency in Hz.
2.2.2 Make quench and H2O2
2.2.2.1 Make quench containing 100 mM N-tert-Butyl-alpha-phenylnitrone (PBN) and 100 mM
N,N’-Dimethylthiourea (DMTU). Aliquot 11 mL of quench for each sample into a 50 mL conical
tube.
2.2.2.2 Dilute H2O2 to 200 mM. Each sample requires 500 µL of H2O2.
NOTE: The quench can be made the day before and stored at 4 ̊C overnight, protected from light.
H2O2 should be made fresh the day of experimentation.
2.2.3 Collect cells
2.2.3.1 Grow cells in a T175 flask to about 70-90% confluency.
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2.2.3.2 Remove media and rinse with buffer.
Note: Typical buffers to use are cell culture grade Dulbecco’s phosphate-buffered saline (DPBS)
or Hank’s balanced salt solution (HBSS).
2.2.3.3 Detach cells using either trypsin-EDTA or with a scraper.
2.2.3.4 Once detached resuspend in 10 mL of buffer and count the cells.
2.2.3.5 Spin down, remove the buffer and trypsin-EDTA, and resuspend to make 2e6 cells/mL.
2.2.3.6 Aliquot 500 µL of the cells per sample.
NOTE: For each condition, make a minimum of 3 laser samples, and 3 no laser controls.
2.2.4 Performing IC-FPOP
2.2.4.1 Fill the two 5 mL syringes with buffer, the 500 µL syringe containing the magnets with the
cells, and the final 500 µL syringe with H2O2. Turn the magnetic stirrer on.
2.2.4.2 Spike in 220 µL of Dimethyl Sulfoxide (DMSO) to one aliquot of quench, gently mix, and
place behind flow system to collect irradiated samples. The addition of DMSO will inhibit
endogenous methionine sulfoxide reductase.
2.2.4.3 Turn on laser, wait 7 s, and then turn on flow system.
2.2.4.4 Once the sample finishes flowing, turn the laser off, and gently mix the quench with the
collected sample. Place this to the side during steps 4.5 and 4.6.
2.2.4.5 Fill all four syringes with the buffer the cells are suspended in and flow it through the flow
system.
2.2.4.6 After the system finishes flushing, repeat steps 4.1 and 4.2. Start the flow without
irradiation. This is the no laser control to account for background oxidation in the cells.
2.2.4.7 While the next sample is running, spin down the previous sample at 450-800 x g for 5 min,
remove the solvent, and resuspend in 100 µL of a cell lysis buffer like radioimmunoprecipitation

45

assay (RIPA) buffer.
2.2.4.8 Transfer the sample to a microcentrifuge tube and flash freeze in liquid nitrogen.
2.2.4.9 When all samples have finished running, disassemble the flow system for cleaning. Discard
the used silica tubing and clean all the other connections by sonicating for 1 h in 50% water: 50%
methanol. Clean the syringes as per manufacturer’s instructions.
2.2.5 Digest
2.2.5.1 Digest the whole cell lysate. Begin by thawing the samples and heat at 95 ̊ C for 10 min.
2.2.5.2 After heating, cool the lysate on ice for 15 min.
2.2.5.3 Add 25 units of nuclease to digest DNA and RNA and incubate at room temperate for 15
min.
2.2.5.4 Spin samples using a table-top centrifuge at 16000 x g for 10 min at 4 ̊C.
2.2.5.5 Collect the supernatant and transfer it to a clean microcentrifuge tube.
2.2.5.6 Check the protein concentration using a protein assay kit.
2.2.5.7 Transfer 20-100 µg of sample to a clean microcentrifuge tube and bring to 100 µL.
2.2.5.8 Reduce samples with 20 mM dithiothreiotol (DTT) at 50 ̊ C for 45 min.
2.2.5.9 Cool the samples at room temperature for 15 min.
2.2.5.10 Alkylate with 20 mM iodoacetamide (IAA) at room temperature for 20 min protected
from light.
2.2.5.11 Add pre-chilled acetone at a 1:4 ratio protein: acetone. Mix samples and place in -20 ̊ C
overnight.
2.2.5.12 The next morning, spin samples at 16000 x g for 10 min at 4 ̊ C.
2.2.5.13 Remove the supernatant and add 50 µL of 90% pre-chilled acetone. Mix samples and spin
down at 16000 x g for 5 min at 4 ̊ C.
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2.2.5.14 Remove acetone and let samples dry by leaving the caps of the microcentrifuge open with
a lint free wipe covering the top. After the samples have dried, resuspend protein pellet with 10
mM Tris buffer pH 8.
2.2.5.15 Resuspend 20 µg of trypsin in 40 µL of 10 mM Tris buffer pH 8. Add 2 µg of trypsin
(mass: mass ratio of 1trypsin: 50 sample). Incubate samples at 37 ̊ C overnight.
2.2.5.16 The next morning check the peptide concentration using a peptide assay. After sample
has been removed for the peptide assay, quench the trypsin digestion by adding formic acid to the
samples (final concentration is 5% formic acid).
2.2.5.17 Once final peptide concentration is determined, transfer 10 µg of each sample to a clean
microcentrifuge tube. This ensures the same amount of each sample is analyzed. Dry the sample
using a vacuum centrifuge. Once dried resuspend with 20 µL of mass spectrometry grade 0.1%
formic acid. Transfer samples to autosampler vials.
2.2.6 Liquid Chromatography-Tandem Mass Spectrometry
2.2.6.1 To localize FPOP modifications analyze the digested cell lysate using LC-MS/MS analysis.
2.2.6.2 Use mobile phases of 0.1% formic acid in water (A) and 0.1% formic acid in acetonitrile
(B).
2.2.6.3 Load 0.5 µg of sample onto a 180 µm x 20 mm C18 (5 µm and 100 Å) trapping column
and wash sample with 99% (A) and 1% (B) for 15 min.
2.2.6.4 Using a 75 µm x 30 cm C18 (5 µm and 125 Å) analytical column, run the analytical
separation method with a flow rate of 0.300 µL/min starting at 3% (B) for one min then ramp to
10% (B) from 1-2 min. Next ramp to 45% (B) from 2-100 min then 100% (B) from 100-110 min.
Clean the column by holding at 100% (B) from 110-115 min. Recondition the column by ramping
down to 3% (B) from 115-116 min and hold at 3% (B) from 116-130 min.
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2.2.6.5 Set the MS acquisition method to have a resolution of 60,000 with an m/z scan range of
375-1500. Set the automatic gain control (AGC) target to 5.0e5 with a maximum injection time of
50 ms.
2.2.6.6 During the MS acquisition, select the precursor ions with charge states 2-6 for isolation via
data dependent acquisition (DDA) with an isolation window of 1.2 m/z and a cycle time of 4 s.
Select the peptides with an intensity threshold of 5.0e4 for HCD activation with a normalized
energy set to 32%. Exclude the peptides after 1 MS/MS acquisition for 60 s. Set the MS/MS
resolution to 15,000 with an AGC target of 5.0e4 and a maximum injection time of 35 ms.
2.2.7 Data Processing
2.2.7.1 Search the RAW files on an available protein analysis software against a relevant protein
database and the relevant digest enzyme. Here, the Swiss-Prot Homo Sapiens database and trypsin
was used.
2.2.7.2 Set the precursor mass to search between 350 to 5,000 Da and a mass tolerance of 10 ppm.
There can be at most 1 missed cleavage site with a peptide length between 6 to 144 residues. These
limitations facilitate database searching.
2.2.7.3 Set the fragment ions maximum mass tolerance to 0.02 Da with the carbamidomethyl
(+57.021) as a static modification and all FPOP modifications from 17 amino acids as a dynamic
modification (Figure 2.4 is an example of the protein analysis workflow used to detect FPOP
modifications).
NOTE: FPOP modifications on serine and threonine are not included in the search due to their
lower reactivity with hydroxyl radicals.
2.2.7.4 Search with a decoy database with a false discovery rate of 1% and 5%.
2.2.7.5 Once files are finished searching calculate the extent of FPOP modification. Open
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Proteome Discoverer 2.2, export sequence, modification locations, protein accession, spectrum
file, precursor abundance, and retention time information. Calculate the extent of modification
from equation 4:
ΣEIC area modified
ΣEIC area

The EIC area modified is the chromatographic area of a specific peptide with a hydroxyl radical
modification. The EIC area is the total chromatographic area of both modified and unmodified
areas of that specific peptide. The extent of oxidation is calculated in the samples with and without
irradiation. The sample omitting irradiation (control) accounts for any background oxidation that
could have been present in the cells before and after H2O2 exposure. The controls are subtracted
from the irradiation samples to help isolate FPOP specific modifications.
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Figure 2. 4 A typical workflow with the corresponding modifications searched in each
node.
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2.3 Representative Results:
IC-FPOP is a footprinting method to interrogate protein interactions in live cells. In the ICFPOP flow system, the H2O2 exposure time is limited to roughly 3 s warranting higher H2O2
concentrations without detrimental consequences for the cells. The flow system also incorporates
two streams of sheath buffer which hydrodynamically focuses the cells to the center of the tubing
producing a single flow of cells to be uniformly irradiated (Figure 2.5).(9) Fluorescence imaging
of orthogonal YZ stacked images (Figure 2.5A) show a clear separation of the sheath buffer
(containing a FITC fluorophore) from the cell solution (containing a TMRM fluorophore). To
emphasize this separation Figures 2.5B and 2.5C show three-dimensional average heat maps of
either the sheath buffer solution or cell solution, illustrating minimal mixing of the two solutions.
The use of the single cell flow system increases the number of oxidatively modified
proteins by 13-fold (Figure 2.6A).(9) In this method, proteins in many of the cellular compartments
are labeled with membrane proteins, cytoplasmic proteins, and proteins within the nucleus being
the most prevalent.(8, 9) To ensure proteins were modified within intact cells, fluorescent images
of CellROX treated cells were performed following H2O2 treatment and irradiation (Figure
2.6B).(8) The stability of the cells throughout the labeling process further confirms the efficacy of
IC-FPOP to probe proteins in their native cellular environment. By using tandem-mass
spectrometry, these modifications can be localized to specific amino acids on a protein. Figure 2.7
represents a modification that takes place during IC-FPOP along with its extracted ion
chromatogram. The shift observed in the extracted ion chromatogram translates to the change in
hydrophobicity caused by the oxidized methionine in the modified peptide.
To test if the FPOP modifications probes solvent accessibility inside the cells, in-cell
labeled actin was compared to both an in vitro footprinting study and various crystal structures of
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actin (Figure 2.8).(8) The in-cell labeled actin is represented in Figure 2.8A shows comparable
extents of oxidation from the in vitro study by Guan et al.(10) (Figure 2.8B) concluding actin has
similar solvent accessibility for both in-cell and in vitro studies. To further confirm IC-FPOP was
probing the solvent accessibility of actin, the extent of FPOP modifications were compared to the
solvent accessibility of the labeled residues calculated from two actin crystal structures (Figure
2.8C). This correlation demonstrates that IC-FPOP probes the solvent accessibility of the
monomeric protein well.
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Highest

Lowest

Figure 2. 5 Sheath buffer hydrodynamically focuses cells. (A) Orthogonal YZ stack
illustrating 3D focusing of the cellular analyte (red, TMRM fluorophore) surrounded by the
sheath buffer (green, FITC fluorophore). Three-dimensional average intensity heat map of
the sheath buffer (B) and cellular analyte (C). Lower intensities are blue and highest are red
(B-C). This figure has been modified from Rinas et al. (9).
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Figure 2. 6 Improved results using flow system. (A) Comparison of oxidized proteins
identified with and without the flow system. The flow system identified 1391 FPOP
modified proteins while only 105 proteins were identified with no flow system with an
overlap of 58 modified proteins. This figure has been modified from Rinas et al.(9) (B)
Fluorescence imaging of CellROX treated cells after IC-FPOP show the cells are still intact
after oxidative labeling. Cells were imaged using an Olympus Fluoview FV1000 MPE
multiphoton microscope at 665 nm. Image shown is a single slice. This figure has been
modified from Espino et al. (8).
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Figure 2. 7 Example of MS/MS spectra of FPOP modified peptide. Product-ion (MS/MS)
spectra of an (A) unmodified peptide, and an (B) oxidation detected on residue M8 found
on that peptide. A representative EIC of the (C) unmodified peptide and (D) modified
peptide.
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Figure 2. 8 Compare extent of oxidation from in-vitro FPOP and IC-FPOP. (A) Extent of
modification for the 9 oxidatively modified peptides from actin. Values are shown as
averages plus and minus standard deviation (n = 3). (B) Modification of actin peptides
oxidized in vitro by synchrotron radiolysis from Guan et al. (10) (C) Correlation of residue
FPOP modifications with SASA in the tight (triangles, dashed trend line) and open (circles,
solid trend line) states of actin. This figure has been modified from Espino et al. (8).
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2.4 Discussion:
Several mass spectrometry-based techniques have been developed to study protein
structure and protein-ligand complexes in a proteome-wide manner in whole cells or cell lysates.
These techniques include but are not limited to stability of proteins from rate of oxidation
(SPROX), thermal proteome profiling (TPP), chemical cross-linking (XL-MS), and hydroxyl
radical protein footprinting (HRPF). Each technique have unique limitations and advantages
compared to one another, which have been extensively reviewed.(11) Each of these methods have
been used for proteome wide structural biology to elucidate protein structure and ultimately
function within the complex cellular environment. IC-FPOP is a HRPF technique that utilizes
hydroxyl radicals to oxidatively modify solvent exposed side chains of amino acids, probing
protein structure and protein-ligand interactions within viable cells.(12) IC-FPOP is an
improvement to initial HRPF in live cells which used Fenton chemistry to generate radicals on the
minutes timescale.(13) In this study structural changes in an integral membrane protein in response
to lowering the pH or ionic strength of the buffer were successfully characterized with good
oxidation coverage across the protein. Compared to Fenton chemistry, IC-FPOP is much faster,
modifying proteins on the microsecond timescale, thus enabling the native protein conformation
to be studied.
A key test for IC-FPOP is to confirm the viability of the cells following exposure to H2O2
. Using a 40 cm mixing line, the cells are incubated in H2O2 for roughly 3 s before irradiation. This
time can be adjusted by changing the length of this silica tubing. It is noteworthy that although the
use of trypan blue to test cell viability shows the integrity of the cells are sustained following H2O2
incubation, the cells could potential be under stress effecting signaling pathways that interact with
H2O2. Fortunately, the short incubation time is faster than protein synthesis providing confidence
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the proteins present are not induced by H2O2.
The next important step is to confirm proper assembly of the flow system. Once assembled,
ensure there are no leaks present after flushing the system with the desired buffer. If leaks are
present, make sure the silica tubing was cut properly and is flush against the ferrule to make a
proper seal once tightened down. All parts are hand-tightened, so no tools are necessary. During
each IC-FPOP experiment, make sure the magnetic stirrers in the cell syringe remain in motion.
This small agitation limits the number of cells that settle at the bottom of the syringe but is not
harsh enough to shear the cells. After one run, there is roughly 50 µL of cells left in the syringe.
Always make sure to dilute this out with a rinsing step to limit the number of cells that carry over
to the next experiment. It is recommended to use a fresh cell syringe if multiple cell treatments are
being compared. It is also important to select an appropriate buffer for the cells being tested. Some
buffers quench the hydroxyl radical leading to fewer modifications on proteins. Xu et al. have
shown that some commonly used buffers decrease the hydroxyl radical lifetime.(14) DPBS and
HBSS are common buffers used for IC-FPOP experiments.
Following IC-FPOP, optimize the digestion protocol how you see fit. Since FPOP produces
irreversible covalent modifications, there is ample time available for a thorough digestion and
clean-up without losing the labeling coverage. Always test and normalize the protein concentration
so uniform peptide concentrations are loaded for tandem mass spectrometry. Finally, be mindful
that an immunoprecipitation cannot be performed in conjunction with IC-FPOP. If an FPOP
modification targets the region of interaction the affinity of the antibody will be lowered. To help
increase the identification of FPOP modifications, 2D-chromatographic separation steps have
shown to more than triple the number of oxidized peptides detected.(15)
A challenge of any FPOP experiment is the complicated level of data analysis due to the
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possible oxidation products that can arise. This is true for both in-cell or in vitro but is drastically
increased with the added complexity of analyzing cell lysates. With further optimization of ICFPOP more proteins with higher modification coverages are arising, thus expeditiously making
analysis more arduous. The shear amount of data generated from a single IC-FPOP experiment
limits the use of manual validation causing researchers to rely more heavily on software. Due to
this, Rinas et al. developed a quantitation strategy for HRPF using Proteome Discoverer (PD).(16)
This method utilizes a multi-search node workflow on PD combined with a quantitative platform
on Excel. Further improvements on the IC-FPOP platform are underway to increase the number
of identified peptides with FPOP modifications along with increased reproducibility and
quantitation accuracy.
2.5 References:
1.

Gau B, Garai K, Frieden C, Gross ML. Mass spectrometry-based protein footprinting

characterizes the structures of oligomeric apolipoprotein E2, E3, and E4. Biochemistry.
2011;50(38):8117-26.
2.

Li Z, Moniz H, Wang S, Ramiah A, Zhang F, Moremen KW, Linhardt RJ, Sharp JS.

High structural resolution hydroxyl radical protein footprinting reveals an extended Robo1heparin binding interface. Journal of Biological Chemistry. 2015;290(17):10729-40.
3.

Zhang H, Gau BC, Jones LM, Vidavsky I, Gross ML. Fast photochemical oxidation of

proteins for comparing structures of protein− ligand complexes: the calmodulin− peptide model
system. Analytical chemistry. 2010;83(1):311-8.
4.

Jones LM, Zhang H, Cui W, Kumar S, Sperry JB, Carroll JA, Gross ML. Complementary

MS methods assist conformational characterization of antibodies with altered S–S bonding
networks. Journal of the American Society for Mass Spectrometry. 2013;24(6):835-45.

59

5.

Kiselar JG, Janmey PA, Almo SC, Chance MR. Structural analysis of gelsolin using

synchrotron protein footprinting. Mol Cell Proteomics. 2003;2(10):1120-32.
6.

Vahidi S, Stocks BB, Liaghati-Mobarhan Y, Konermann L. Mapping pH-induced protein

structural changes under equilibrium conditions by pulsed oxidative labeling and mass
spectrometry. Analytical chemistry. 2012;84(21):9124-30.
7.

Hambly DM, Gross ML. Laser flash photolysis of hydrogen peroxide to oxidize protein

solvent-accessible residues on the microsecond timescale. J Am Soc Mass Spectrom.
2005;16(12):2057-63. doi: 10.1016/j.jasms.2005.09.008.
8.

Espino JA, Mali VS, Jones LM. In cell footprinting coupled with mass spectrometry for

the structural analysis of proteins in live cells. Analytical chemistry. 2015;87(15):7971-8.
9.

Rinas A, Mali VS, Espino JA, Jones LM. Development of a Microflow System for In-

Cell Footprinting Coupled with Mass Spectrometry. Analytical chemistry. 2016;88(20):10052-8.
10.

Guan J-Q, Almo SC, Reisler E, Chance MR. Structural Reorganization of Proteins

Revealed by Radiolysis and Mass Spectrometry: G-Actin Solution Structure Is Divalent Cation
Dependent. Biochemistry. 2003;42(41):11992-2000. doi: 10.1021/bi034914k.
11.

Kaur U, Meng H, Lui F, Ma R, Ogburn RN, Johnson JHR, Fitzgerald MC, Jones LM.

Proteome-Wide Structural Biology: An Emerging Field for the Structural Analysis of Proteins on
the Proteomic Scale. Journal of Proteome Research. 2018;17(11):3614-27. doi:
10.1021/acs.jproteome.8b00341.
12.

Chea EE, Jones LM. Analyzing the structure of macromolecules in their native cellular

environment using hydroxyl radical footprinting. Analyst. 2018;143(4):798-807. Epub
2018/01/23. doi: 10.1039/c7an01323j. PubMed PMID: 29355258.

60

13.

Zhu Y, Guo T, Park JE, Li X, Meng W, Datta A, Bern M, Lim SK, Sze SK. Elucidating

in vivo structural dynamics in integral membrane protein by hydroxyl radical footprinting. Mol
Cell Proteomics. 2009;8(8):1999-2010. Epub 2009/05/29. doi: 10.1074/mcp.M900081-MCP200.
PubMed PMID: 19473960; PMCID: PMC2722762.
14.

Xu G, Chance MR. Hydroxyl radical-mediated modification of proteins as probes for

structural proteomics. Chemical reviews. 2007;107(8):3514-43.
15.

Rinas A, Jones LM. Fast photochemical oxidation of proteins coupled to

multidimensional protein identification technology (MudPIT): expanding footprinting strategies
to complex systems. J Am Soc Mass Spectrom. 2015;26(4):540-6.
16.

Rinas A, Espino JA, Jones LM. An efficient quantitation strategy for hydroxyl radical-

mediated protein footprinting using Proteome Discoverer. Analytical and bioanalytical
chemistry. 2016;408(11):3021-31.

61

Chapter 3
Modifications Generated by Fast Photochemical Oxidation of Proteins Reflect the Native
Conformations of Proteins1
3.1 Introduction
A protein must fold to a native state sampled from an ensemble of states to perform its
designated function. Misfolding of proteins has been implicated in numerous diseases that lead to
dysfunction, hence, it is important to study protein structure to understand the connection
between folding and function. High resolution methods such as X-ray crystallography and NMR
have provided a wealth of knowledge on protein structure. These methods are not accessible for
the study of all proteins making it necessary to develop other tools for structural analysis.
Methods such as cryo-electron microscopy and fluorescence-based methods are being
increasingly used to interrogate protein structure. Although these methods are not as high
resolution as crystallography and NMR, they still provide significant information on the native
conformation of proteins.
In recent years, hydroxyl radical footprinting (HRF) coupled with mass spectrometry has
emerged as a new tool for analyzing protein structure. In HRF, the comparison of the oxidative
modification of solvent accessible residues between two protein states is used to provide
information about protein-protein interactions,(1, 2) protein-ligand interactions,(3, 4) and
protein conformational change.(5, 6) Mass spectrometry (MS) is used to identify the modified
amino acids and quantitate the extent of oxidation. HRF methods are not limited in the size of
proteins they can study, it requires a small amount of material (a few micrograms), and it offers
1

Adapted from the publication: Chea, E.E. and Jones, L.M. Protein Sci. 2018 June; 27(6):
1047-1056.
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relatively fast analysis in comparison to crystallography and NMR. Frequently, solvent
accessibility information from x-ray crystallography or NMR is combined with the differential
HRF experiments to provide more detailed information.(7-11)
The efficacy of HRF in providing information on protein structure relies on the method
analyzing the native structure of the protein. Since studies have shown that oxidation can induce
protein unfolding,(12, 13) many HRF methods limit the number of oxidations per protein to
minimize over-oxidation.(14) Although there are multiple methods for generating hydroxyl
radicals, including synchrotron radiolysis of water,(15) laser photolysis of hydrogen
peroxide,(16, 17) and electrochemistry,(18, 19) limiting the total oxidation level to less than
30%, regardless of the method of radical generation, helps maintain structural integrity.(20, 21)
It has been demonstrated that for synchrotron radiation, exposure times of 50 msec or less are
sufficient to oxidatively modify proteins without inducing structural changes to the protein.(21)
Ion mobility mass spectrometry has also been used as a direct assay to show that synchrotronbased HRF does not alter the native state of the protein.(22) Other experimental assays to
validate that HRF methods are probing proteins in their native conformation include measuring
the kinetics of oxidation for peptides(10, 23, 24) and proteins,(14, 25) and analyzing protein
structure after modification using circular dichroism (26),(14, 17, 23) and NMR.(27) These
studies tested HRF methods where radicals were generated by synchrotron radiation, irradiation, a pulsed electron beam, and a nanosecond flash laser.
Fast photochemical oxidation of proteins (FPOP) is an HRF method that generates
hydroxyl radicals via photo-dissociation of hydrogen peroxide by an excimer laser leading to
multiple oxidations per protein. The large number of oxidations for FPOP could possibly lead to
over oxidation and protein unfolding. To limit oxidation-induced unfolding, several experimental
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controls are utilized. First, a radical scavenger is added to the reaction to reduce the lifetime of
the radical to 1 s. Second, the protein sample is under constant flow, and an exclusion fraction
is used to ensure a bolus of sample receives only one pulse of the laser.(16) Lastly, samples are
collected in a quench solution containing catalase and methionine to quench excess hydrogen
peroxide and hydroxyl radicals, respectively. Kinetic calculations(16) and dosimetry
experiments(28) have shown, with the addition of glutamine as a radical scavenger, the lifetime
of the hydroxyl radicals is reduced, preventing over-oxidation of the protein. This ensures the
native structure is being probed. However, a recent study by Vahidi and Konermann(29) suggest
protein oxidation using FPOP could last up to tens of milliseconds due to metastable secondary
radicals generated from the glutamine scavenger. Due to this discovery, further validation that
FPOP probes the native structure is needed. Gau et al.(30) performed the first evaluation of
whether FPOP probes the native structure of proteins by confirming that the distribution of the
FPOP modifications fit a Poisson, which is indicative of a single conformation modification
model. Further validation, using an experimental assay that characterizes the sample after FPOP
in a direct manner, would provide evidence that FPOP probes the native conformation of
proteins.
Here, we report the use of the catalytic activity of enzymes to monitor whether FPOP
modification unfolds proteins. Catalytic activity is a good benchmark owing to its sensitivity to
protein unfolding which leads to significant activity loss.(31, 32) Using two different enzymes,
lysozyme and invertase, the catalytic activity was used as a measure to determine retained native
structure post FPOP modification. Lysozyme and invertase were used for this study due to the
extensive information available for these enzymes and the ease of measuring the enzymatic
activity. They contrast each other in structural make-up and size. Lysozyme is majority alpha64

helix and a relatively small enzyme while invertase has majority beta-sheets and is much larger.
By comparing catalytic activity of seven different conditions, chosen to specifically interrogate
the role of the glutamine scavenger in limiting oxidation-induced conformational change, and
localizing the residues with FPOP modifications using bottom-up proteomics, we determined
FPOP does not show a significant structural change and retains the native structure required for
efficient catalytic activity.
3.2 Materials and Methods:
3.2.1 In Vitro FPOP
The lyophilized lysozyme (Sigma-Aldrich) and invertase (Sigma-Aldrich) was
resuspended in 66 mM potassium phosphate (Sigma-Aldrich) and water, respectively. For each
protein, two different FPOP conditions were used. In the first condition, the typical FPOP
condition, FPOP was performed as previously described.(8) Briefly, immediately prior to
infusion, 7.5 mM hydrogen peroxide (Thermo Fisher Scientific) was added to a sample of 0.18
mg/mL of protein with 10 mM glutamine (Thermo Fisher Scientific). Samples were infused
through a flow tube and exposed to laser irradiation at 248 nm. Samples were collected in a vial
containing 100mM dimethylthiolurea (DMTU) (Sigma-Aldrich) and 10 mM methionine
(Thermo Fisher Scientific) to quench the reaction. For this study, DMTU was used in place of
catalase to quench hydrogen peroxide to reduce interference in the enzymatic assay. Three
technical replicates were performed for this condition as well as three technical replicates
without laser irradiation (typical FPOP control). In the second condition, the over-oxidized
condition, sample specifications were the same as above except that glutamine was omitted from
the reaction thus extending the lifetime of the hydroxyl radicals. Samples were infused and
exposed to laser irradiation similar to the typical FPOP condition. Three technical replicates were
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performed for this condition as well as three technical replicates without laser irradiation (overoxidized control). For laser irradiation, samples were passed through a 3 mm irradiation window
at 39.76 µl/min with a laser frequency of 10 Hz allowing a 20% exclusion factor. A 248-nm KrF
excimer laser (GAM Laser Inc.) was used to irradiate the samples at 100 mJ/pulse.
3.2.2 Enzymatic Activity Assays
After FPOP, the enzymatic activity was measured for each protein. Three separate
controls were used to monitor the effects FPOP on the activity of the protein. Control one was
the protein in buffer, for lysozyme, and water, for invertase (folded condition). Control two was
the unfolded protein (unfolded condition). To unfold the protein, samples were incubated in 8 M
urea and 100 mM DTT for 48 and 24 hours for lysozyme and invertase, respectively, at room
temperature. Control three had the normal FPOP components but omitted hydrogen peroxide to
consider the effects of scavenger and quench (quench condition). The catalytic activity of
lysozyme and invertase was determined by using a lysozyme activity kit (Sigma Aldrich) and an
invertase activity kit (Sigma Aldrich), respectively, according to the manufacturer’s instructions.
For each sample, a blank, where protein was omitted, was analyzed to remove matrix effects.
Approximately 0.22 µg of lysozyme was added to 0.05% of Micrococcus lysodeikticus cells.
The absorbance at 450 nm was recorded every minute for 15 minutes. For invertase, 0.07 µg/mL
of protein was incubated with a sucrose solution and the Master Reaction Mix. The absorbance at
570 nm was measured after 20 minutes. Owing to observed protein loss after infusion through
silica tubing during FPOP, the activity of each sample was normalized by concentration. For
both lysozyme and invertase activity, the control sample with folded protein was set to 100%
enzymatic activity, and all samples were compared to it.
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3.2.3 MS Analysis
Intact MS analysis was completed using a nanoAcquity UPLC (Waters) and a Q Exactive
(Thermo Fisher Scientific) mass spectrometer. Protein was loaded onto a MassPREP Micro
Desalting column (Waters) and washed with 0.1% formic acid in water for 5 minutes and eluted
protein at 60% acetonitrile and 0.1% formic acid for 5 minutes with a rate of 5 µl/min. Using
MagTran, the area of the top 8 Gaussians were calculated to determine the amount of modified
and unmodified protein.
For bottom-up analysis, protein was digested as previously described.(33) FPOP samples
and controls were dried using a vacuum centrifuge and resuspended in 8 M Urea and 100 mM
Tris-HCl pH 8.5. The samples were reduced with tris(2-carboxyethyl)phosphine (TCEP) (SigmaAldrich), alkylated with iodoacetamide (IAA) (Sigma-Aldrich), and the reaction quenched with
dithiothreito (DTT) (Sigma-Aldrich). Samples were then subjected to a tryptic digest (Thermo
Fisher Scientific) overnight at 37˚C. The digestion was quenched with formic acid (Thermo
Fisher Scientific) with a total concentration of 5%. Samples were desalted using NuTip C-18
media packed zip tips (Glygen Corporation). After clean-up, the samples were dried and
resuspended in 20 µL of 10% acetonitrile with 0.1% formic acid (Thermo Fisher Scientific).
MS/MS analysis was completed using a nanoAcquity UPLC (Waters) and Q Exactive mass
spectrometer (Thermo Fisher Scientific). Samples were loaded on an Acquity UPLC C18 Trap
Column (Waters) and washed for 10 minutes at 5 µL/min with 1% acetonitrile 0.1% formic acid.
Samples were separated on an in house packed 75 µM diameter column with 20 cm bed of
Magic 5 µm C18 particles (Michrom Bioresources Inc.) with a 70-minute gradient reaching 45%
acetonitrile 0.1% formic acid. The total run time was 106 minutes including loading, washing,
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and equilibrating. For MS1 the AGC target was set to 3e6 and for data-dependent MS2 it was set
to 1e5.
3.2.4 Data Analysis
For lysozyme, the tandem MS data was searched using Byonic (Protein Metrics). The data
was searched in two stages. In the first stage, a single no laser dataset was searched against a
Swiss Prot human database which contains 20,165 proteins with the carbomidomethylation of
cysteines as the only modification with a parent ion tolerance of 5 ppm and fragment tolerance of
0.2 Da. A target decoy database search was also performed and the false discovery rate (FDR)
was set to 1%. From this search, a focused database was generated that included decoy
sequences. In the second stage, all data files were searched against the focused database will all
known hydroxyl radical side-chain reactions products(34) as variable modifications. The FDR
was set to 1%. The software Byologic (Protein Metrics) was used to quantitate the extent of
FPOP modification using equation 1:
∑ 𝐸𝐼𝐶 𝑎𝑟𝑒𝑎 𝑚𝑜𝑑𝑖𝑓𝑖𝑒𝑑
∑ 𝐸𝐼𝐶 𝑎𝑟𝑒𝑎
The EIC area modified is the area of the peptide with a modified residue and EIC area is the total
area of the same peptide with and without the modified residue.
For invertase, MS/MS data analysis was completed like previously described.(8, 33)
Samples were searched using Proteome Discoverer (Thermo Fisher Scientific) with Sequest HT
(Matrix Sciences Ltd.) against a yeast FASTA database which contains 6,566 proteins.
Carbomidomethylation of cysteine was searched as a static modification while the FPOP
modifications searched as dynamic modifications with a parent ion mass tolerance of 10 ppm and
the fragment mass tolerance of 0.02 Da. The fractional oxidation per residue was determined
using equation 1.
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3.3 Results and Discussion
3.3.1 The enzymatic activity of lysozyme is preserved after FPOP
As a first step toward using catalytic activity as a means to elucidate whether FPOP
probes the native conformation of proteins, we considered various experimental conditions that
would best provide insight into the role of oxidation-induced protein unfolding. These conditions
should take into account the role of the glutamine scavenger in limiting over oxidation as well as
how the catalytic activity of the protein would be effected if the protein was unfolded. Seven
conditions that provide a comprehensive representation of the effect of oxidation were chosen for
this study. These conditions are 1) folded, 2) unfolded, 3) typical FPOP sample, 4) typical FPOP
control, 5) over-oxidized sample 6) over-oxidized control, and 7) quench condition. The enzyme
was in its native conformation and not subjected to FPOP for the folded condition representing a
positive control for enzymatic activity. To demonstrate the effect of protein unfolding on
catalytic activity, the enzyme was chemically unfolded using 8 M urea and 100 mM DTT for the
unfolded condition. For the typical FPOP sample condition, the enzyme was oxidatively
modified using standard FPOP conditions (as described in the Materials and Methods) including
glutamine as a radical scavenger. In the typical FPOP control, the enzyme was mixed with
hydrogen peroxide at concentrations similar to the typical FPOP sample but not exposed to laser
irradiation. For the over-oxidized sample, the enzyme was oxidatively modified in the absence
of the glutamine scavenger providing information on the role of the scavenger in limiting
oxidation. The typical FPOP and over-oxidized controls do not get exposed to laser irradiation
allowing background oxidation to be subtracted from the laser samples. Finally, the quench
condition did not contain hydrogen peroxide and was not exposed to laser irradiation but did
include glutamine and the quench reagents, methionine and dimethylthiourea (DMTU). The
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quench reagents were added to all of the FPOP samples to stop the FPOP reaction. The presence
of these reagents and glutamine in the typical FPOP samples might have an effect on the
enzymatic assay which this condition takes into account.
The catalytic activity of lysozyme was tested immediately after FPOP oxidation. The rate
of enzymatic activity, measured as a change in absorbance over time in the presence of substrate,
in the seven different conditions are shown in Figure 3.1A. First, protein concentration was used
to normalize the enzymatic activity, and then activity was further normalized to the folded
sample which was set at 100% retained activity (Figure 3.1B). In parallel to the enzymatic assay,
far-UV circular dichroism (26) spectra were collected for the folded and unfolded samples to
assess protein structure (Figure 3.2). Using the structure predictive software K2D2,(35) the
folded samples consisted of 84% alpha-helical and 0.6% beta-sheet secondary structure
compared to 15% alpha-helical and 7.7% beta-sheet secondary structure in the unfolded samples.
Unfolded samples retained <1% of its catalytic activity due to loss of secondary structure (Figure
3.1B, Table 3.1). The typical FPOP sample condition retained 47%±0.2 activity which was 8fold higher than the over-oxidized sample condition which only retained 6%±0.02 activity. The
typical FPOP control, over-oxidized control, and quench condition samples retained 106±1.2,
49±1.7, and 87±2.5% activity, respectively.
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Figure 3. 1 Enzymatic activity and extent of oxidation for lysozyme. (A) Absorbance at
450 nm was tested every minute for 15 minutes to determine the activity of lysozyme.
The highest activity was in the folded lysozyme sample followed by typical FPOP
control, quench condition, over-oxidized control, typical FPOP sample, over-oxidized
sample, and unfolded sample, respectively. (B) For each condition, the activity was
normalized using their protein concentration and compared to the folded lysozyme which
was set to 100% activity. (C) Extent of FPOP modifications for lysozyme on the residuelevel for the typical FPOP and over-oxidization condition. Red boxes highlight the
residues involved with catalytic activity and purple boxes highlight the buried residues.
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Figure 3. 2 CD spectra of folded and unfolded lysozyme. The JASCO J-810
Spectropolorimeter with a 1 mm quartz rectangular spectrophotometer cell was used. The
unfolded protein incubated in 8 M urea and 100 mM DTT for 48 hours. The folded protein
was suspended in 66 mM potassium phosphate. Samples were continuously scanned
between 280 nm and 180 nm with scanning speeds of 100 nm/min. Three scans were
accumulated and averaged. Both conditions a blank was collected to subtract any
background signal taking place. K2D2 predictive software showed the folded lysozyme
consisted of 84% alpha-helical and 0.6% beta-sheet secondary structure, and the unfolded
lysozyme consisted of 15% alpha-helical and 7.7% beta-sheet secondary structure.
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Table 3.1 Retained lysozyme activity normalized to concentration.

Rate (Abs/time)

Concentration
(ng/mL)

Abs/Conc

%Retained
Activity

Folded Protein

1.61E-02±5.64E-04 17.22±0.20 9.35E-04±2.22E-05

100±2.37

Unfolded Protein

1.60E-04±4.82E-05 18.36±0.22 8.71E-06±2.52E-06

0.93±0.27

Typical FPOP Sample 6.12E-03±9.71E-05 13.77±0.28 4.44E-04±1.83E-06

47.6±0.20

Typical FPOP Control 1.40E-02±2.77E-04 14.11±0.12 9.89E-04±1.11E-05

106±1.19

Over-Oxidized Sample 7.65E-04±3.44E-05 13.37±0.64 5.72E-05±1.66E-07

6.12±0.018

Over-Oxidized Control 6.51E-03±2.94E-04 14.21±0.15 4.58E-04±1.58E-05

49.0±1.69

Quench Condition

1.35E-02±3.48E-04 16.71±0.91 8.09E-04±2.32E-05
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86.6±2.48

To further elucidate the effect of the glutamine scavenger on protein modification, we
performed ESI-MS analysis on the intact protein after FPOP. In both the absence and presence of
glutamine, the unmodified protein was the most abundant followed by several oxidations that are
multiples of +16 Da (Figure 3.3). In the absence of the glutamine scavenger, lysozyme displays
an abundance of the singly modified protein (~95% of the unmodified protein) and a multitude
of multiply oxidized proteins (Figure 3.3A). In comparison, when glutamine is present in the
FPOP reaction, the singly modified protein comprises only 30% of the unmodified protein
(Figure 3.3B).

Figure 3. 3 Intact MS analysis of lysozyme. Intact MS show multiple oxidation states of
lysozyme after FPOP in the (A) over-oxidized sample and (B) typical FPOP sample.
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This is comparable to other HRF studies where appreciable protein structural damage was
not observed when the singly modified protein was between 30-50% of the unmodified
protein.(20) In addition, in the typical FPOP sample, only eight multiply oxidized proteins are
present, which is less than the eleven modified peaks observed in the condition lacking
glutamine. The abundance of these eleven peaks are significantly higher than any of the modified
species when glutamine is present. The excess of modifications in the absence of glutamine
denotes an increased radical lifetime leading to over-oxidation. This, in conjunction with the
almost complete loss of catalytic activity after FPOP without glutamine present, indicates the
high levels of oxidation leads to disruption of the native structure of the protein. The retention of
some activity in the typical FPOP sample suggests lysozyme remains folded after FPOP.
To ensure the retained activity in each condition is not solely due to the presence of
unmodified protein in the sample, the peak areas of the intact protein spectra were calculated.
For the typical FPOP sample, typical FPOP control, over-oxidized sample, and over-oxidized
control, the unmodified protein makes up 40%, 60%, 20%, and 59% of the total area,
respectively (Figure 3.4). These areas do not correlate with the retained activity of any of the
conditions indicating the modified protein is also contributing to the enzymatic activity.
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Figure 3. 2 Area of oxidized species of FPOP modified lysozyme. Intact analysis for A)
over-oxidized sample, B) over-oxidized control, C) typical FPOP sample and, D) typical
FPOP control. The total area of 8 Gaussian curves were calculated using MagTran. The
protein peaks labeled are the top 8 Gaussians detected. Each protein peak is numbered and
the corresponding number lists the center mass and the percent area of that protein.
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3.3.2 Tandem MS reveals localized sites of oxidation
To investigate the effects of over oxidation on protein structure, FPOP modifications
were localized using tandem MS after trypsin digestion, and the extent of FPOP modification at
the residue level was calculated (Figure 3.1C). The residues modified in the typical FPOP and
over-oxidized conditions were mapped onto the crystal structures of lysozyme (Figure 3.5A,
3.5B). There were seven residues, Y41, E53, F56, D70, W80, C82, and D137 that were modified
in both conditions. Six residues, C94, V117, C133, K134, V138, and Q139 were uniquely
modified in the typical FPOP condition. An additional ten residues, E25, L26, L43, W46, D66,
D84, D119, M123, W126, and V127 were uniquely modified in the over-oxidized condition. The
increased number of modifications in the over-oxidized condition correlates well with the intact
MS data and underscores the increase in modifications observed in the absence of a radical
scavenger. Furthermore, based on the solvent accessible surface area (SASA) of each residue
calculated from the x-ray crystal structure (pdb ID: 4WMG), more buried residues (SASA ≤0.11)
were modified in the over-oxidized condition (Figure 3.5A, 3.5B). These buried residues include
L26, L43, W46, W123, and M126 that were modified only in the over-oxidized condition, V117
and C113 modified in the typical FPOP condition, and F56 and C82 modified in both conditions.
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Figure 3.5 FPOP modifications from lysozyme mapped on a crystal structure
(PDB ID: 4WMG) for the (A) typical FPOP condition and (B) over-oxidized
condition. The modified active site residues are highlighted in red, and the
modified residues with a SASA value ≤0.11 are highlighted in purple.
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In the typical FPOP samples buried residue C82 is highly modified (>30%), however the
other three buried residues F56, V117, and C133 all have less than 1% modifications (Figure
3.1C). In contrast, three of the buried residues modified in the over-oxidized condition, L26,
W46, and M123, have greater than ~5% oxidation. Residues L43, F56, C82, and W126 have
oxidations of 0.2%, 2.6%, 0.4%, and 1.5%, respectively. The increased number of modified
buried residues with a higher overall modification indicates the longer radical lifetime leads to
conformational changes that expose these buried residues.
The limited oxidation of buried residues in the typical FPOP condition compared to the
over-oxidized condition suggests the protein structure remains intact after FPOP in the presence
of glutamine. However, the complete retention of activity in the typical FPOP control indicates
that FPOP is contributing to the observed 2-fold loss in activity in the typical FPOP sample. The
catalytic residues of lysozyme, E53 and D70, and a residue involved in substrate binding, W80,
was oxidatively modified in the typical FPOP sample and over-oxidized control. The oxidation
of these residues could be contributing to the decrease in activity in the typical FPOP samples.
In a previous study by Lin et al. (36), carboiimide labeling was used to modify the
carboxyl groups in lysozyme. Performing the labeling procedure in the presence of the substrate
led to all carboxyl residues being modified with the exception of catalytic residues Glu53 and
Asp70, which were protected from labeling by the substrate interaction, and a retention of 56.5%
catalytic activity. In a sequential step with the same sample, the substrate was removed, and the
labeling reaction was repeated. Both Glu53 and Asp70 were modified, and a complete loss of
enzymatic activity was observed demonstrating modification at these residues leads to a loss of
catalytic activity. In our study, a complete loss of activity was not observed when the catalytic
residues were oxidatively modified. Under typical FPOP conditions, Glu53 and Asp70 were only
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modified at 0.7 and 0.3% (Figure 3.1C) which may explain having only a 2-fold loss of catalytic
activity. In comparison, Lin et al. observed 30 and 70% labeling for Glu35 and Asp70,
respectively, leading to a complete loss of activity.(36) The no laser control for the over-oxidized
condition also has a 2-fold loss of catalytic activity (Figure 3.3B). This can be attributed to the
background oxidation of Asp70 (Table 3.2) further correlating the loss of catalytic activity with
the oxidation of active site residues. For the typical FPOP control condition, which shows no loss
of catalytic activity (Figure 3.3B), neither of the active site residues were modified. Another
consideration for the loss of enzyme activity is the improper substrate binding with lysozyme.
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Table 3.2. Residues showing FPOP modifications in Lysozyme for the over-oxidized sample,
over-oxidized control, typical FPOP sample, and typical FPOP control.
Typical
Over-Oxidized Over-Oxidized
Row Labels

Sample

Typical FPOP

FPOP

Control

Sample

Control

R23

--

--

--

--

E25

4.818

--

11.600

34.202±3.680

L26

4.730

--

11.600

33.8±3.680

M30

--

--

--

--

Y41

0.339

--

0.900

--

L43

0.193±0.081

--

0.056

0.094

W46

6.880±1.140

2.318±1.132

3.137±0.367

2.760±1.568

C48

--

0.228

0.284

0.417±0.332

F52

0.035

--

--

--

E53

0.684

--

0.682±0.112

--

F56

2.800±1.480

0.189±0.001

0.884±0.466

0.088±0.43

D66

19.600

--

--

--

D70

1.090±0.743

0.016

0.339±0.104

--

Y71

--

0.031

--

--

W80

0.464

--

3.550

--

W81

1.106±0.276

33.310±21.028

27.2±28.400

0.469±0.231

C82

0.359

--

30.900±3.680

--

D84

1.260

--

--

--

C94

--

11.700

22.200

--

V117

--

0.378

13.800

13.100

D119

2.720

0.378

13.800

16.680±0.297

M123

16.546

3.420

--

10.539

W126

1.506

--

--

0.977±0.166

V127

2.720

--

--

3.580±0.297
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C133

--

--

0.309

--

K134

--

0.674

0.309

--

D137

0.240

--

1.510

1.140

V138

--

--

1.564

0.037

Q139

--

--

1.569

1.140

For proper substrate binding, a major shift in the main chain and side chains of residues
88 to 94 takes place owing to changes in the hydrogen bonding network.(37, 38) In the absence
of substrate, residues W80 and W81 form hydrogen bonds within this region. For substrate
binding, W80 shifts to form a new hydrogen bond with the substrate. This shift along with other
dielectric constant changes leads to the shifting of residues 88-94 towards the active-site
cleft.(37) The typical FPOP sample showed 3.6% oxidation of W80 (Figure 3.1C). This
oxidation would affect the hydrogen bonding network between this residue and the substrate
leading to lysozyme forming a weaker bond with the substrate. This further explains the loss of
enzymatic activity observed in the typical FPOP sample. It is important to note that W80 is not
modified in the typical FPOP control samples where minimal enzymatic activity was lost.
Furthermore, a second residue in this important 88-94 region, C94, is modified in both the
typical FPOP sample (Figure 3.1C) and over-oxidized control (Table 3.2) which may lead to
other changes in the active-site cleft. The retention of 47.5% catalytic activity after typical FPOP
sample in comparison to an almost complete loss of activity for the chemically unfolded protein
and over-oxidized FPOP sample demonstrates that FPOP does not induce protein unfolding.
3.3.3 Invertase retains enzymatic activity after FPOP
To further verify FPOP does not alter the native conformation of proteins, a second
enzyme, invertase, was tested. The same seven conditions as lysozyme were applied to invertase
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and studied by using an enzymatic assay. Far-UV CD spectra collected for folded and unfolded
invertase were collected (Figure 3.6). The folded invertase samples consisted of 36% beta
strands and 14% alpha-helices compared to the unfolded samples with 29% beta stands and 8.2%
alpha-helices. After 24 hr incubation with 100 mM DTT and 8 M urea, the protein still retained a
significant amount of secondary structure.
This is evident in the enzymatic assay where the unfolded sample retained 45%±1.1 of its
catalytic activity (Figure 3.7A, Table 3.3). This is similar to the typical FPOP sample which
retained 34%±2.8 activity. The over-oxidized sample had a significant loss in activity with only
9%±1.3 retention. Both typical FPOP and over-oxidized controls displayed a decrease in activity
with 61±4.2 and 38%±10.2 retention, respectively (Figure 3.7A, Table 3.3).
The specific residues that were modified in the typical FPOP and over-oxidized
conditions were mapped onto the crystal structure of invertase (Figure 3.8A, 3.8B). The typical
FPOP condition displayed 19 modified residues compared to 13 modified residues in the overoxidized condition (Figure 3.7B-D), which contradicts the fact that the loss of catalytic activity
in the over-oxidized condition is caused by the increase in oxidations. The increase in oxidations
in the absence of a radical scavenger may have led to protein unfolding and increasing exposure
to the backbone leading to backbone cleavages, which would limit the number of oxidized
residues identified. Previously, Aye et al. observed that oxidatively modifying unfolded ubiquitin
led to backbone cleavages owing to the increased solvent accessibility of the backbone in the
unfolded state.(17)
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Figure 3.6 CD spectra of folded and unfolded invertase. The JASCO J-810
Spectropolorimeter with a 1 mm quartz rectangular spectrophotometer cell was used. The
unfolded protein incubated in 8 M urea and 100 mM DTT for 24 hours. The folded
protein was suspended in water. Samples were continuously scanned between 280 nm and
180 nm with scanning speeds of 100 nm/min. Three scans were accumulated and
averaged. Both conditions a blank was collected to subtract any background signal taking
place. K2D2 predictive software showed the folded invertase consisted of 14% alphahelical and 36% beta-sheet secondary structure, and the unfolded invertase consisted of
8.2% alpha-helical and 29% beta-sheet secondary structure.
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Figure 3.7 (A) Normalized catalytic activity of invertase with folded protein set to 100%
activity. (B-D) Extent of FPOP modifications for invertase on the residues level for
typical FPOP condition and over-oxidized condition.
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Table 3.3. Retained invertase activity normalized to concentration.
Concentration
Activity (Abs570)

(ng/mL)

Abs/Conc

%Retained

Folded Protein

0.64±0.00

16.47±0.48

0.04±1.14E-03

100±2.92

Unfolded Protein

0.33±0.00

18.58±0.46

0.018±4.40E-04

45.32±1.13

Typical FPOP Sample

0.12±0.01

9.22±0.25

0.014±1.10E-03

34.49±2.82

Typical FPOP Control

0.23±0.02

9.47±0.24

0.02±1.62E-03

61.97±4.15

Over-Oxidized Sample

0.03±0.00

9.04±0.11

0.004±5.25E-04

9.20±1.34

Over-Oxidized Control

0.17±0.06

11.32±1.04

0.02±3.98E-03

38.35±10.19

Quench Condition

0.69±0.00

19.27±0.13

0.04±2.48E-04

92.26±0.64

Figure 3.8 FPOP modifications from invertase mapped on a crystal structure (pdb ID:
4EQV) for the (A) typical FPOP condition and (B) over-oxidized condition. The
modified residue in the active site is highlighted in red.
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An important residue in the catalytic activity of invertase, Asp42, is modified in the
typical FPOP sample which would account for the loss of activity in that sample. A previous
study by Reddy and Maley demonstrated the importance of Asp42 in the catalytic process by
changing it to asparagine using site-directed mutagenesis.(39) The mutated protein had a 20-fold
decrease in activity when the neutral residue was present, and the residual activity observed was
contamination from the wild type enzyme from endogenous to the host yeast cells.(39) Under
typical FPOP conditions, Asp42 undergoes a loss of CO2, as evidenced by a -44 Da mass shift in
the b5 and y10 ion in the MS/MS spectrum, resulting in a neutral residue in the active site (Figure
3.9). This modification was not very abundant at only 0.82% leading to only a 2-fold loss in
activity (Figure 3.7). The role of Asp42 in the decrease in catalytic activity is further
demonstrated in the typical FPOP and over-oxidized controls where Asp42 is oxidatively
modified in both samples (Table 3.4), which have a decrease in activity of 1.6- and 2.6-fold,
respectively (Figure 3.7A). For the typical FPOP control, Asp42 had 0.10% background
oxidation and the over-oxidized control had 0.65% background oxidation (Table 3.4). Asp42 was
also modified in the over-oxidized sample at similar levels, 0.8%, to the typical laser sample, but
an almost complete loss of catalytic activity is observed indicating that an additional component,
protein unfolding, is contributing to the loss of catalytic activity.

87

Figure 3.9 The MS/MS spectra for the (A) unmodified peptide and the (B) modified
peptide. A 44 Dalton lose for both the b5 and y10 ion on the modified peptide
corresponds to a CO2 loss on Asp42.
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Further consideration of modified residues adjoined to the active site effecting enzymatic
activity is needed. In each condition, residues M40, N41, and N44 were modified, while P43 was
modified in the typical FPOP sample, typical FPOP control, and over-oxidized control (Table
3.4). Due to the proximity of these residues (Figure 3.10), various hydrophobic interactions or
Van der Waals forces could be formed or disrupted altering the dielectric response between the
active residue and substrate and possibly the flexibility of the binding pocket. To fully conclude
the effects of oxidation near the active site and loss of activity, additional investigation is needed,
but the correlation between the oxidation of these four residues and the decrease in activity in the
typical FPOP sample, typical FPOP control, and over-oxidized control points to a possible
connection.
We have demonstrated, using enzymatic assays, that FPOP performed under strict
experimental conditions does not significantly alter the native structure of proteins. The inclusion
of the radical scavenger to reduce the radical lifetime limits oxidation-induced unfolding of the
protein as evidence by retained catalytic activity after FPOP in the presence of glutamine. This
study strengthens the assertion of Gau et al.(30) that the method is analyzing proteins in their
native conformation.
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Table 3.4 Residues showing FPOP modifications in Invertase for the over-oxidized sample,
over-oxidized control, typical FPOP sample, and typical FPOP control.
Row
Labels

Over-Oxidized
Sample

Over-Oxidized
Control

Typical FPOP
Sample

Typical FPOP
Control

W39

0.597

0.448±0.238

0.418±0.568

0.248±0.011

M40

1.464±0.780

2.169±0.393

2.099±1.007

0.326±0.086

N41

1.411±1.058

1.316±0.502

1.271±0.704

0.142±0.073

D42

0.807±0.850

0.653±0.094

0.918±0.498

0.102±0.012

P43

--

0.241±0.063

0.154±0.004

0.060±0.021

N44

0.751

0.455±0.151

0.310±0.132

0.075±0.016

L46

--

0.606

0.421

0.055

W47

--

--

1.151

0.055

W176

2.705±1.316

0.111±0.050

7.359±1.150

0.035±0.018

E178

0.135

--

0.055±0.026

--

M185

0.051±0.006

0.0667±0.048

0.091±0.024

0.042±0.013

M326

0.003

0.005±0.002

0.006±0.003

0.005

W363

--

--

0.279±0.065

--

E423

--

--

0.011

--

E450

0.005

--

0.004±0.001

--

N456

--

--

0.003

--

M458

0.604±0.136

0.531±0.103

0.710±0.405

0.325±0.050

V460

0.055

--

0.011±0.007

0.005

N461

0.002

--

0.005

0.005

N462

0.006±0.004

--

0.013±0.008

0.005

Q463

0.006±0.004

--

0.013±0.008

0.005

P464

0.013±0.003

--

0.013±0.008

--

F465

0.014±0.003

--

0.011±0.006

--

K466

--

--

0.005

--

E468

0.002

--

--

--
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N469

0.002

--

--

--

D470

0.002

--

--

--

Figure 3. 3 Crystal structure of the active site of invertase. Active site residue D42
(shown in red) was oxidatively modified in four conditions. The distance between the
neighboring residues, M40, N41, P43, and N44 (shown in blue), which have all been
oxidatively modified, is highlighted by dashed red lines (shown in blue). All the
distances labeled are less than 6 Å away from the active site.
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Chapter 4
Insights on the Conformational Ensemble of Cyt c Reveal a Compact State During
Peroxidase Activity1
4.1 Introduction
Functionally, cytochrome c (cyt c) participates in respiration as part the electron transport
chain. Located at the inner membrane of the mitochondria, it is known to interact and transfer
electrons to cytochrome c oxidase. It is now established that the release of cyt c from the
mitochondria membrane into the cytosol is a crucial step for the onset of apoptosis (1-4). Cyt c
has been shown to trigger formation of the apoptosome in the apoptotic caspase-9 cascade
through its interaction with Apaf-9 (5). It remains controversial whether reactive oxygen species
(ROS) act as a signaling molecule for apoptosis (6), but they have been observed to induce the
release of cyt c into the cytosol (7, 8). Exposure to ROS induces the peroxidase activity of cyt c
which results in the oxidation of cardiolipin leading to the detachment of cyt c from the inner
membrane and ultimately escape to the cytosol (2, 9-12).
Cyt c is a small globular heme binding protein of 104 residues. In its native, respiratory role,
the heme of cyt c is liganded by H18 on the proximal side and M80 on the distal side. Numerous
high-resolution structures and in-solution structural studies have investigated the effects of redox
state, ionic strength, pH, cardiolipin binding and mutations on the structure and dynamics of cyt
c. The above biochemical or biophysical factors were observed to perturb the native distal heme
iron ligand, M80, replacing it with either H26 (13), H33 (13), K72 (14, 15), K73 (15, 16), K79
(15, 17) or even remain unliganded (18). With a change of ligation, the heme’s reduction

1

Adapted from the publication: Chea, E.E., Deredge, D.J., and Jones, L.M. Biophys J.
2020 Jan 7; 118(1): 128-137.
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potential is drastically lowered, affecting cyt c’s rate of electron transfer to cyt c oxidase.
Nevertheless, perturbations that favor pentacoordinated heme conformations are thought to be
needed for peroxidase activity due to the higher dynamic, more accessible heme environments
(19, 20). Following ROS exposure, cyt c forms an oxoferryl heme species or a sidechain tyrosyl
radical on the distal side of the heme (21). With continued ROS exposure, several residues on the
distal side of the heme become oxidized. This was observed in a recent study by Yin et al. (22)
where time resolved exposure to physiological concentrations of H2O2 results in the progressive
accumulation of oxidatively modified residues (Y67, K73 and M80) that progressively disrupt
the distal coordination of the heme. The accumulation of these modifications was seen to
correlate with the onset of peroxidase activity. It is generally expected that these modifications
result in a progressive opening of cyt c and greater accessibility of the heme binding pocket.
However, limited information is available on the effect of these modifications on the secondary
and/or tertiary structure of cyt c that accompany this functional transition.
To further study cyt c’s transition into a peroxidase, we will utilize hydroxyl radical protein
footprinting (HRPF) which is steadily emerging as an informative structural method to study
protein interactions and dynamics. HRPF hinges on the rapid generation of hydroxyl radicals
which in turn label the side chain of proteins as a function of solvent accessibility. There are
several methods to generate hydroxyl radicals, among which is fast photochemical oxidation of
proteins (FPOP). FPOP produces hydroxyl radicals through laser photolysis of hydrogen
peroxide and limits the radical lifetime to a microsecond with the use of a radical scavenger (23).
In this case, H2O2 is not only needed for FPOP, but also serves as a trigger of the transition of cyt
c into its peroxidase active state.
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Coupling FPOP with bottom-up proteomics allows for the identification of oxidized residues
and yields structural information in the form of localized surface accessibility. Often, the
interpretation of FPOP data is done in the context of a static high resolution structure (24-26).
However, in solution, proteins experience structural fluctuations, small or large, and generally
exist in an array of conformations that make up a conformational ensemble (27). This is
particularly the case for a protein undergoing a functional transition. Due to different protein
conformers potentially undertaking alternate biological activity, being able to distinguish these
protein conformers in solution will provide a more accurate description of protein structure and
dynamics as it relates to function.
Like FPOP, most of the commonly used structural methods are typically unable to
distinguish individual conformers but rather deliver either a high-resolution image of a single
conformer or a structural parameter which is averaged over all conformers of the ensemble
and/or through time. Recently, ion mobility separation (IMS) has been combined with mass
spectrometry (IM-MS) to separate and provide structural information of co-populated protein
conformers. In IM-MS, ions are propelled through the ion mobility cell and decelerated by
passing through a neutral gas (28), separating gas-phase ions based on size and shape. This
provides the ability to quasi-instantaneously separate protein conformers from a single charge
state ion. The separation of IM-MS based on shape has proven useful to distinguish large
conformational variations and yield a global structural parameter in the form of collision cross
section areas (29-31). By combining FPOP with IM-MS we can study individual conformers that
coexist in solution thus increasing the depth of structural information on a protein system. Since
a functional transition is likely to incur significant structural changes, we have used FPOP, IMS,
bottom-up MS/MS, and top-down MS/MS to tease out the conformational landscape of bovine
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cyt c as it transitions from an electron carrier to its peroxidase active state. With the combination
of FPOP, IM-MS, and peroxidase functional assays, we observe cyt c shift to a peroxidase active
compact conformer after H2O2 exposure.
4.2 Materials and Methods:
4.2.1 FPOP
Cyt c (Sigma-Aldrich PN: C3131) was resuspended in 100 mM ammonium acetate pH 6.6.
Cyt c was subjected to FPOP as previously described (32, 33). An H2O2 control sample without
laser irradiation was collected to monitor H2O2 induced modifications. Each FPOP and H2O2
sample consisted of 14.7 µM of cyt c, 20 mM glutamine (Thermo Fisher Scientific, Waltham,
MA) and immediately before infusion, 7.5 mM H2O2 (Thermo Fisher Scientific). Maximal
exposure to H2O2 prior to laser irradiation was 2 min. For the FPOP samples, a KrF excimer
laser (GAM Laser Inc., Orlando, FL) was used to produce laser irradiation with an energy
between 115-125 mJ/pulse and a frequency of 10 Hz. With or without laser irradiation, the
samples were passed through a 2.59 mm laser irradiation window at a flow rate of 34.33 uL/min.
This produced a 20% exclusion fraction allowing space between each bolus of irradiation to
account for hydroxyl radical and protein diffusion. After the irradiation window, each sample
was collected in a quench containing a final concentration of 20 mM DMTU (Acros Organics;
Thermo Fisher Scientific, Fair Lawn, NJ) and 20 mM methionine (Thermo Fisher Scientific).
Afterwards the samples were split into three aliquots, one each for intact MS, bottom-up
proteomics, and native IMS/top-down proteomics.
4.2.2 Intact MS Analysis
Intact MS analysis was completed using a nanoAcquity UPLC (Waters, Milford, MA)
coupled to a Q Exactive HF (Thermo Fisher Scientific) mass spectrometer. Protein was loaded
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onto a MassPREP Micro Desalting column (Waters) and eluted at 60% Acetonitrile and 0.1%
formic acid for 9 minutes with a rate of 10 µl/min. The mass spectra were deconvoluted using
Unidec (34).
4.2.3 Bottom-Up Analysis
For bottom-up proteomics, samples were digested as previously described (32). Briefly,
the samples were vacuum centrifuged to dryness and resolubilized in 8 M urea, 100 mM Tris pH
8.5. The samples were reduced with 10 mM tris(2-carboxyethyl)phosphine (TCEP) (SigmaAldrich, St. Louis, MO), alkylated with 20 mM iodoacetamide (IAA) (Sigma-Aldrich), quenched
with 10 mM dithiothreitol (DTT) (Sigma-Aldrich), and then subjected to an overnight tryptic
digest (Thermo Fisher Scientific). The digestion was quenched with 5% formic acid (Thermo
Fisher Scientific), desalted using NuTip C-18 media packed zip tips (Glygen Corporation,
Columbia, MD), vacuum centrifuged to dryness, and resuspended in 10% acetonitrile with 0.1%
formic acid (Thermo Fisher Scientific).
MS/MS analysis was completed using a nanoAcquity UPLC (Waters) coupled to a Q
Exactive HF mass spectrometer (Thermo Fisher Scientific). Samples were loaded on an Acquity
UPLC C18 Trap Column (Waters) and washed for 10 minutes at 15 µL/min with 1% acetonitrile
0.1% formic acid. Samples were separated on a 20 cm X 75 µM in house packed column
containing 5 µm C18 particles (Phenomenex, Torrance, CA). The gradient was ramped from
15% acetonitrile 0.1% formic acid to 45% acetonitrile 0.1% formic acid in 70 minutes, followed
by 15 minutes at 100% acetonitrile 0.1% formic acid for cleaning, and finally equilibrated to 3%
acetonitrile 0.1% formic acid for 11 minutes. For MS1, the AGC target was set to 3e6 and for
data-dependent MS2 it was set to 1e5. Samples were searched using Proteome Discoverer 2.2
(Thermo Fisher Scientific) with Sequest HT (Matrix Sciences Ltd.) against a bovine FASTA
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database with all possible FPOP modifications. The extent of oxidation was determined
according to equation 1:

∑ 𝐸𝐼𝐶 𝑎𝑟𝑒𝑎 𝑚𝑜𝑑𝑖𝑓𝑖𝑒𝑑
∑ 𝐸𝐼𝐶 𝑎𝑟𝑒𝑎

where “EIC area modified” is the chromatographic

area of a peptide with a specific modified residue and “EIC area” is the total chromatographic
area (modified and unmodified) of that peptide.
4.2.4 Native IMS/Top-Down Analysis
Native ESI MS was performed on three cyt c conditions: native cyt c, H2O2 sample, and
FPOP sample. Each condition underwent a 24-hour dialysis in 100 mM ammonium acetate pH
6.6 to remove glutamine, DMTU, and methionine. Each sample was sprayed using a gold-coated
capillary (Waters) with the voltage set to 1.8 kV and cone voltage at 30 V. The capillary voltage,
sample cone, trap bias, and step-wave were all ramped from the softest conditions to harsher
conditions to test the protein conformer distributions observed and tune for softest parameters.
After probing various conditions, we settled on an IMS wave velocity of 600 m/s and IMS wave
height of 40 V. Following IMS, cyt c was fragmented for top-down analysis with the CID energy
set to 90 eV in the transfer cell. Spectra were deconvoluted using MaxEnt3 (Waters), and ions
were matched with a 100 ppm mass tolerance using ProSight Light (35).
4.2.5 Peroxidase Functional Assay
The oxidation of guaiacol (Sigma-Aldrich) was used to monitor the peroxidase activity of
cyt c. The final concentration of guaiacol was 10 mM, protein was 14.7 µM, and hydrogen
peroxide was 7.5 mM or 1 mM. Guaiacol oxidation forms tetraguaiacol which absorbs at 470
nm. A measurement at 470 nm was taken every 10 seconds for 1 hour immediately after H2O2
exposure using a 96-well plate in a BioTek Gen5 plate reader. A blank omitting cyt c was
collected to control for basal levels of absorption.
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4.2.6 Salt Dependence Experiment
To examine how salt affects the conformation of cyt c, samples underwent a 24-hour
dialysis in 100 mM ammonium acetate pH 6.6 to remove residual salts present in the lyophilized
protein. After dialysis, cyt c was exposed to various salt conditions (no salt, 10 mM KCl and
NaCl, 80 mM KCl and NaCl, and 150 mM KCl and NaCl). FPOP, digestion, MS analysis, and
MS/MS analysis were conducted as described above.
4.3 Results:
4.3.1 FPOP Coupled with Bottom-up Proteomics
Following FPOP, the intact MS of H2O2 samples shows the relative intensity of the singly
modified protein (+16 Da) at ~22% of the unmodified protein. After laser irradiation, the singly
modified protein increases to ~55% of the unmodified protein (Figure 4.1A,B). A higher than
usual background oxidation is observed but is attributed to the modifications often observed
during cyt c’s peroxidase activation by H2O2. The difference between the background oxidation
and FPOP oxidation (~33%) is typical of FPOP experiments.
For the bottom-up analysis, the extent of modification was quantified for the H2O2 samples
and FPOP samples. Residue-level quantitative analysis reveals a total of 35 oxidatively modified
residues (Figure 4.1C). The extent of modification and modifications detected are listed in Table
4.1.
Without laser irradiation, H2O2 alone modified 29 residues among which 9 residues do not show
further FPOP modification. An additional 6 residues are only modified by the free hydroxyl radical
generated by FPOP (Figure 4.1C). In cyt c, modifications resulting from H2O2 exposure are
thought to result from the formation of an oxoferryl and/or a tyrosyl radical generated on the distal
side of the heme’s iron center (21). As expected, residues with high extent of modification induced
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by H2O2 correlates with their close proximity to the heme (Table 4.1). Mapping the most abundant
modifications clearly reveals that H2O2-induced modifications localize on the distal side of the
heme and near the iron center (Figure 4.1D). These modifications are largely in agreement with
Yin et al’s previous studies observing H2O2 induced modifications on cyt c, including the recently
reported lysine carbonylation (22, 36). Interestingly, K73 and H26 are among these H2O2 induced
modifications. In the crystal structure of native respiratory cyt c, these residues are the most distant
from the heme iron center among all the H2O2-induced modifications (Figure 4.1D), but they are
known distal ligands after an alkaline transition (37) or from a cardiolipin induced extended
conformations (38). Our detection of these modifications indicates that they must come in close
proximity to the heme. This is an indication of large conformational heterogeneity either before or
concurrent with H2O2 exposure. On the other hand, FPOP modifications reflect on the solvent
accessibility of sidechains to free OH٠ generated by laser photolysis of H2O2. Consequently, FPOP
modifications mapped on the structure are less localized than the H2O2 induced modifications
(Figure 4.1E). The extent of FPOP modifications over all residues were compared with high
resolution structures through the quantitative correlation of measured protection factor vs.
calculated solvent accessible surface area (SASA) (26). Data suggest poor correlations between
the in-solution FPOP and any single high-resolution structure that was tested (Figure 4.2). The
limited correlation between the FPOP modification and high-resolution structures can potentially
be ascribed to many reasons. One reason could be significant conformational heterogeneity of cyt
c in solution, in particular following exposure to 7.5 mM H2O2 causing the initiation of the
transition to a peroxidase active state.
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Figure 4. 1 Bottom-up proteomics of FPOP modified cyt c. (A, B) Intact analysis of cyt c
of the (A) H2O2 control and (B) FPOP sample. C Extent of modification calculated for
each residue. The extent of oxidation in the H2O2 sample is represented in blue. The
additional modifications detected in the FPOP sample is shown in green. D Crystal
structure of Bovine cyt c (PDB: 2B4Z) highlighting residues with oxidation attained from
H2O2 greater than 0.3%. E Crystal structure with all residues showing FPOP
modifications.
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Table 4.1 Distance of the modified residues to the heme or Y67. The shortest distance of
each modified residue to the Heme center or Y67 is found using pymol. The extent of
modification for the H2O2 control and after laser irradiation (Sample). By subtracting the
control from sample the extent of FPOP modification is calculated. Modifications
detected with bottom-up proteomics for each residue is listed.
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Distance to
Heme (Å)
12.8
11
7.5
10.8
8
16.9
10.5
12.7
14
17.1
14.9
13.3
16.7
8.2
9.4
16.5
12.8
8.1
14.8
9.8
16.9
18.8
10.8
15.2
4.8
10.9
16.5
2.3
9.1
17.8
16.8
12.1
16.2
14
10.9

Modified
Residue
H26
K27
P30
N31
L32
H33
L35
F36
R38
K39
Q42
A43
P44
F46
Y48
D50
A51
N52
K53
W59
E61
E62
L64
M65
Y67
K72
K73
M80
I81
E92
D93
I95
A96
Y97
L98

11.2
13.1
13.7
14.6
13.3
13.9
17.6
9.8
9.6
13.7
9.1
6.7
13
7.5
16.1
16.4
9.5
14
NA
8
12.7
3.1
9.8
17.6
18.1
11.9
17.7
17.5
12.5

19

15.7
9.4
13.8
10.6

14.9

Distance to
Y67 (Å)

Table 4.1 Summary of Modified Residues

0.0018
0.0786
0.0054
0.0022
0.0069
0.005
0.0046
0.0192
0.0497
0.0104
0.0043
0.0048
0.0378
0.5839
0.3251
0.3251
0.6397
1.1067
0.7467
8.0236
8.0236
12.6563
0.6068
0
0
0
0
0.0017
0

0.0299

0.026
0.0042
0.0046
0.0046

0.3703

Control
GeoMean

0.0003
0.0265
0.0013
0.0016
0.0012
0.0018
0.0041
0.0117
0.0205
0.0092
0.0012
0.0012
0
0.2685
0.2199
0.2199
0.0113
0.1961
0.4338
0
0
3.6598
0.4636
0
0
0
0
0
0

0.0084

0.0129
0.0017
0.0022
0.0025

0.0661

Control GSD

0.0106
0.1328
0.0124
0.0439
0
0.0299
0.0175
0.0674
0.0868
0.0956
0.0738
0.3354
0.3737
0.1807
0.1397
0.1089
0.1038
0.2904
0.1568
6.9208
6.9208
18.0497
7.0608
0.0096
0.0096
0.0115
0.0133
0.1754
0.0056

0.082

0.2525
0.017
0.0158
0.0179

2.1361

Sample
GeoMean

0.0027
0.0745
0.0024
0.0268
0
0.0302
0.016
0.0221
0.0257
0
0
0
0.0309
0.0322
0.0344
0.0242
0.0406
0.7323
0.479
0
0
20.1586
9.4496
0
0
0
0.0094
0.027
0

0.0384

0.2026
0.0044
0.0039
0.0056

1.092

Sample GSD

0.0027
0.079
0.0027
0.0016
0.0303
0.0166
0.025
0.0329
0.0092
0.0012
0.0012
0

4.2136
4.4195
0
0
0
0.0094
0.027
0

0.0248
0.0129
0.0483
0.0371
0.0852
0.0695
0.3306
0.3359

5.3935
6.4541
0.0096
0.0096
0.0115
0.0133
0.1737
0.0056

0.0393

0.203
0.0047
0.0045
0.0061

1.094

%FPOP GSD

0.0087
0.0542
0.007
0.0417

0.0521

0.2265
0.0128
0.0112
0.0133

1.7659

FPOP
GeoMean

+16, +5, -23, 22
+14, +16
+14, +16
16
+14, +16
+16, -23, -22,
+5, -10
+14, +16
+48, +32, +16
+16, -43
+16, -1
16
+16, +14
+16, +14
+48, +32, +16
+48, +32, +16
16
16
16
+16, -1
+48, +16
16
16
16
16
+48, +16
-1
-1
+32, +16
+16, +14
-28
-28
14
16
+48, +32, +16
+16, +14

Modifications
Detected

Figure 4. 2 SASA vs LN(PF). Several protection factor calculations show the SASA
values from several cyt c structures do not correlate well with the FPOP modifications on
cyt c suggesting there are multiple conformers in solution.
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Native coordinating M80 is perhaps most illustrative of the conformational heterogeneity
of cyt c. It is the most abundantly modified residue with 12.7% modification in H2O2 and an
additional 5.4% oxidation following irradiation (Figure 4.1C). Although, methionine residues are
known to be significantly reactive, the high extent of modification for both M65 and M80 in
H202 reflects their close proximity to the heme. Conversely, the high extent of M80 in the FPOP
sample also suggests the presence of a conformer in which M80 is displaced from the heme and
accessible to free OH٠ following exposure to H2O2. To further assess the conformational
heterogeneity and characterize any differential oxidation pattern of conformers, IMS was used to
separate co-populated conformers followed by CID fragmentation to distinguish conformer
specific FPOP modifications.
4.3.2 FPOP Coupled with Native IMS and Top-down Proteomics
Native ESI MS (parameters found on Table 4.2) was performed on three cyt c conditions
(native cyt c, H2O2 exposed and FPOP sample) and typical charge states of native cyt c were
observed (39, 40). The most abundant 7+ charge state was selected for IMS (Figure 4.3).
Selecting the m/z window of 1740-1780 for native cyt c, three distinct conformers (conformer II,
III, IV) were detectable (Figure 4.4). This is in contrast with recent work that observed mostly
one conformer with minor shoulders by IMS for bovine cyt c (41). An array of conditions
(capillary voltage, sample cone, collisional energy, trap bias, and step-wave) were tested to rule
out ionization and/or gas phase artifacts or activation. All three conformers were present under
all conditions tested (Figure 4.5). If the observed arrival time distribution is reflective of solution
phase structures, these multiple conformational species detected in IMS may reflect on the
conformations that result in H2O2-induced modifications of K73 and H26 observed in the
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bottom-up analysis; and could explain the poor correlation between the SASA and the bottom-up
FPOP data.
In addition, we observed a shift towards a more compact conformer in the conformational
ensemble of cyt c resulting from oxidative modifications (FPOP or H2O2-induced). Softer
conditions were tested to help rule out gas phase stabilization following H2O2 exposure, and a
similar accumulation of the compact conformer is observed (Figure 4.6). Such compaction was
unexpected considering the gradual opening thought to happen when transitioning to a
peroxidase active state (42). However, Amacher et al. reported a more compact structure of cyt
c mutant T78C/K79G (4Q5P) with the heme in a Lys73-ligated ferric state (43). In this mutant,
M80 is displaced from coordination causing the coordination loop to form a tight beta hairpin.
This allows the heme pocket to be more open but the overall protein structure to be more
compact. They report that in this more compact state, cyt c has higher peroxidase activity
compared to when M80 (2YCC) and water (4MU8) is ligated to the heme.
Table 4.2. Conditions for native MS analysis.
Capillary (kV)

1.8

Source Temperature (°C)

50

Sampling Cone

30

Trap Collision Energy

4

Transfer Collision Energy

6

IMS Wave Velocity (m/s)

600

IMS Wave Height (V)

40
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Figure 4. 3 Native MS of Cyt c. (A) Mass spectra of cyt c control in 100 mM ammonium
acetate, (B) mass spectra with the addition of hydrogen peroxide, (C) and the mass
spectra after laser irradiation.
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Figure 4. 4 Ion mobility separation of Cyt c before and after H2O2 exposure. Arrival
time distribution of cyt c control (black), cyt c H2O2 control (blue), and cyt c FPOP
sample (green) with the m/z region selected shown in the inset.
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Figure 4. 5 Checking native MS conditions. Changes in the trap bias (A), source voltage
(B), cone voltage (C) , and step wave (D) all show the 7+ charge state of cyt c with multiple
conformers. (A) The largest difference is observed with changes in the trap bias. Below a
trap bias of 45 major signal reduction is observed. No signal remains with a trap bias below
32. Each trap bias setting tested all retained multiple conformers after IMS. For all other
experiments, a trap bias of 45 is used. (B) The arrival time distributions show minimal
differences using a source voltage between 1-2.2 kV. All other experiments use a source
voltage of 1.8 kV. (C) The arrival time distribution of conformers remain constant with the
cone voltage set between 15-70 V followed by a steady decrease in the compact conformer
with further increased cone voltage. All other experiments use a cone voltage of 40 V. (D)
Changes in the step wave velocity and height show minimal effects on the arrival time
distribution. All other experiments use a step wave velocity of 300 ms and height of 15 V.
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Figure 4. 6 The arrival time distribution of cyt c’s 7+ charge state showing a structural
compaction remains even in the softest conditions. For each spectrum, the black trace is
before exposure to H2O2 and the blue trace is 30 minutes after H2O2 exposure. (A) Has a
trap bias of 45 with the IMS wave velocity of 600 m/s and IMS wave height of 40. Before
H2O2 exposure three distinct conformers are observed. (B) Decreasing the trap bias to 32
and keeping the same IMS wave velocity and height two distinct conformers are observed.
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Performing IMS of FPOP treated cyt c opens the possibility of a conformer specific topdown characterization of FPOP oxidation. By performing CID fragmentation following IMS,
fragment ions retain the arrival time distribution of the parent ion. Examples of fragment spectra
obtained can be found in Figure 4.7. Consequently, it is possible to determine if FPOP
modifications at specific residues differentially populate one conformer over another, offering
conformer specific higher resolution structural information. Using the selection window found
in Figure 4.8 and a mass tolerance of 100 ppm each conformer reaches 66-70% coverage (Figure
4.9). The 35 FPOP modifications observed in the bottom-up analysis were used to focus the
modification search in the top-down data analysis. Of the 35 amino acids with FPOP
modifications calculated from the bottom-up data, 26 residues were observed with FPOP
modifications in the top-down data with 22 modifications in the most compact conformer
(conformer I) followed by 19 in conformer II, 9 in conformer III, and 14 in conformer IV. The
fewer modifications detected in conformer III and conformer IV are inconsistent with the more
extended conformation suggested by their arrival time distribution. Rather, it may reflect the
limit of detection of this method and instrumental platform. Indeed, following exposure to H2O2
conformer III and conformer IV are the least abundant species. In addition, it is unclear if
fragmentation efficiency is maintained for late arriving conformer III and IV as they retain
abundant parent ions (Figure 4.7). With the added complexity of even lower abundant FPOP
modified fragment, we cannot rule out that FPOP modification of conformer III and IV have
fallen below the limit of detection rendering quantitative analysis of conformer specific FPOP
modifications difficult.
Regardless, qualitative analysis of conformer specific FPOP modification are highly
informative. Looking at the most abundant modification, we do not observe a redistribution of
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modification across conformers following FPOP and prior to IMS. Indeed, following FPOP, cyt
c could continue to interconvert between its conformational species resulting in a redistribution
of FPOP modifications between each conformer prior entering the gas phase. With closer
examination of the top-down data, modification of M80 was detected in conformers I (with a
mass confidence of 2.5 ppm), III (-3.4 ppm), and IV (-40.3 ppm) but not in conformer II.
Hydroxyl radical modification of methionine leads to a sulfoxide. After the sulfoxide
modification, M80 would be unable to enter back into coordination with the iron center of the
heme thus hindering the species to convert back to conformer II. Furthermore, the absence of
M80 FPOP modification in conformer II suggests that it remains coordinated to the iron center of
heme, i.e. the native electron transport conformer. Conversely, the modification of M80 on
conformer I, III, and IV suggests that M80 was displaced from heme ligation. It is noteworthy
that there exists crystal structures of both more compact (43) and more expanded conformers
(44-46) with the M80 displaced. We cannot completely rule out that the expanded conformers III
and IV may be due to ionization and gas-phase artifacts, it seems unlikely that the appearance of
the compact conformer I may be due to such an artifact. If reflective of solution phase structures,
conformer III and IV may possibly reflect on conformers from the alkaline transition or
cardiolipin induced conformers often observed for cyt c’s peroxidase activity with a more open
structure and M80 displaced from heme ligation (37).
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Figure 4. 7 Ions produced using CID in transfer cell following IMS separation for each
conformer. Most intense singly charged b and y ions are labeled. Multiply charged ions are
not labeled.
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Figure 4. 8 Gaussian distributions of the arrival time distribution (units labeled in ms) for
each conformer of cyt c calculated in Origin. The gaussian center (vertical line) and width
at half max (depicted in brackets) are labeled for each conformer. The area selected for
mass analysis is labeled with the red line.

Figure 4. 9 Top-down proteomics detecting FPOP modifications from individual
conformers After IMS separation each conformer. (I-IV) undergoes CID fragmentation in
the transfer cell with the energy set to 90 eV. The coverage of each conformer is between
66-70%. Red ticks represent the detected b and y ions and the residues with hydroxyl
radical modifications are highlighted in blue. A biologically important residue, M80, is
accented to show the ability of FPOP combined with native IMS and top-down in
providing important structural information.
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4.3.3 Correlating cyt c’s peroxidase activity with changes in IMS
To correlate cyt c’s structural transition to its functional transition, a functional assay
monitoring the oxidation of guaiacol into tetraguaiacol was performed (Figure 4.10A). In the
absence of cyt c, no accumulation of tetraguaiacol was observed while a steady increase of
oxidative product was observed when 14.7 µM cyt c was included. Traditionally, guaiacol
kinetics are observed in three stages: lag phase, steady state phase, and deactivation phase (47,
48). The lag phase is the time it takes to change heme coordination necessary for the peroxidase
activity of cyt c. The steady state phase is used to calculate the reactivity of cyt c. Finally, the
deactivation phase was believed to be the slow degradation of cyt c (22). Due to the high
reactivity of cyt c in the presence of 7.5 mM H2O2 (condition required for FPOP), the lag phase
was not observed. The reaction quickly moved to the steady state phase and continued for ~10
minutes and was followed by a very slow deactivation phase. Lowering the H2O2 concentration
to 1 mM, the reaction was slowed allowing all three phases to be observed.
To correlate the structural changes observed by IMS and the onset of the peroxidase
activity, native IMS of cyt c was collected for an hour following 1 mM H2O2 exposure.
Following a three-minute dead time, native IMS spectra were acquired in thirty second intervals
each minute for sixty minutes. Initially, the compact conformer (conformer I) was a small
shoulder protruding from conformer II. After four minutes conformer I increased in intensity,
gaining resolution from conformer II (Figure 4.11). The slow accumulation of conformer I
correlates with the lag phase observed for the peroxidase activity of cyt c using 1 mM H2O2
(Figure 4.10B, 0-5 minutes). This was followed by a steady increase in the relative area of
conformer I for the next 5 minutes, consistent with cyt c’s steady state phase during its
peroxidase activity (Figure 4.10B, 5-10 minutes). And finally, the remainder of the acquisition
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showed a progressive decrease in the accumulation of conformer I which was in parallel with the
deactivation phase of cyt c’s peroxidase activity (Figure 4.10B, 10-60 minutes).
To determine whether the deactivation phase resulted from the degradation of cyt c or
due to H2O2 depletion, cyt c’s peroxidase activity was re-acquired with a H2O2 replenishment
step after 30 minutes of activity (Figure 4.10C). Following the addition of more H2O2, a second
steady state phase of cyt c’s peroxidase activity was observed, showing cyt c has ~60% higher
peroxidase activity after 30 minutes of H2O2 exposure. The IMS spectrum at thirty minutes
shows the majority of cyt c present was in its more compact state suggesting that the compact
conformer of cyt c is peroxidase active and the deactivation phase is due to H2O2 depletion.
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Figure 4. 10 Tracking conformer compaction to peroxidase activity. (A) The oxidation of 10
mM guaiacol was spectroscopically monitored at 470 nm to measure the peroxidase activity
of 14.7 mM cyt c exposed to 1 mM and 7.5 mM H2O2. The control omits cyt c to observe
any back-ground oxidation that can take place from H2O2. (B) Shown in red is the rate of
accumulation of conformer I with 14.7 mM cyt c exposed to 1 mM H2O2, and black is the
rate of accumulation of guaiacol detected in the peroxidase activity using the same
concentrations. (C) The change in the rate of cyt c’s peroxidase activity with and without
replenishing H2O2 is shown. The light-blue curve is the control, whereas the dark-blue curve
is the substrate replenished sample. In each condition, 14.7 mM cyt c was exposed to 1 mM
H2O2 for 30 min. After 30 min, 10 mL of ammonium acetate was spiked in the control,
whereas 10 mL of 1 mM H2O2 was spiked into the substrate replenished sample.
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Figure 4. 11 Arrival time distribution of 7+ charge state of cyt c after being
exposed to 1 mM H2O2. First acquisition was collected 3 minutes after H2O2
exposure, and a new acquisition was collected for 30 seconds every minute for 60
minutes.
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4.3.4 The effect of salt on cyt c’s structure
Additional inspection of the native MS and IMS revealed a separate phenomenon. Salt
adducts were observed to alter the arrival time distribution of unmodified cyt c in a cation
dependent manner (Figure 4.12A,B). Formation of K+ adducts lead to the appearance and
incremental accumulation of conformer I (Yellow, Cyan, and dark blue traces in Figure 4.12B).
On the other hand, Na+ adducts seem to induce minimal changes to the arrival time distribution
(Orange, green, and light blue traces in Figure 4.12B). While ionic strength (49-51) and anions
(9, 50) have been shown to modulate its structure, there is little evidence of a cation specific
effect on the structure of cyt c. Functionally, K+ ions have been shown to play a large role in the
regulation of apoptotic function of cyt c, in particular during the release from mitochondria and
the inhibition of cyt c and apaf1 association (52, 53).
To investigate if the cation dependence observed in IMS bears any solution phase
relevance, we performed bottom-up FPOP as a function of salt concentration using KCl or NaCl.
We observed both ionic strength but also cation specific differences in the extent of FPOP
modifications. For instance, peptide 89-100 and 39-55 were observed to have increased FPOP
modifications as a function of salt concentration irrespective of the type of cation, even though it
was more pronounced in K+, indicative of an increase in surface accessibility as a function of
ionic strength (Figure 4.12C). On the other hand, peptide 80-87, which comprises native
coordinating residue M80, displayed a gradual increase in FPOP modifications as a function of
KCl but not NaCl. Within that peptide, examination of residue level FPOP modifications reveals
that M80 makes up a large percentage of the modifications suggesting that surface accessibility
of M80 may be modulated by K+. Also, a drastic decrease in oxidation on peptide 26-39 resulting
from increased K+ is observed. This peptide is a part of the site L region of cyt c. Site L helps cyt
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c bind to the mitochondrial membrane, in particular cardiolipin, through electrostatic interactions
using residues K22, K25, K27, H26, and H33 (42). Observing protection of this peptide with
increased K+ is indicative of a structural change that could disrupt the electrostatic interactions at
site L. Downstream, this could affect its ability to properly stay bound to the membrane. The
detachment of cyt c is imperative for cyt c to move into the cytosol for apoptosis. Interestingly,
previous observations of an influx of K+ to the mitochondria is linked to cyt c release into the
cytosol for the onset of apoptosis (54). These observations are consistent with the cation specific
phenomenon observed with the arrival time distribution of salt adducts and, altogether, suggest
some biophysical role for K+ during the transition from mitochondrial to cytosolic functions.
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Figure 4. 12 Salt’s effects on cyt c’s conformation. (A) The native cyt c charge state
7þ with labeled salt adducts is shown. (B) The corresponding arrival time distribution
of native cyt c for each labeled salt adduct ion shows the appearance of conformer I
with increased Kþ adducts. (C) The extent of FPOP oxidation for each peptide of cyt c
after dialysis (no salt) and with 10, 80, and 150 mM of added KCl and NaCl is shown
(mean of three experiments 5 standard error). The inset on peptide 80–87 shows the
extent of FPOP modification on residue Met80, indicating the significant increase in
oxidation with increased Kþ. (D) The crystal structure (PDB: 2B4Z) of cyt c with the
FPOP-labeled peptides highlighted in green, site A highlighted in red, site C
highlighted in blue, and site L highlighted in purple is shown.
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4.4 Discussion:
Explaining cyt c’s structural transition from the electron transport chain to its peroxidase
active state upon exposure to ROS and its implication into apoptosis has been a subject of much
interest. This transition is always accompanied by an increased volume of the heme pocket, often
times thought to result from an overall expansion of cyt c’s structure (44-46) with the exception
of one study observing an overall compaction (43). To characterize this structural transition, we
used a common protein footprinting method, FPOP, to gain information on the solvent
accessibility of residues which can then be related to protein structure. However, using FPOP
with bottom-up proteomics alone results in a poor correlation to any individual cyt c crystal
structure. By combining information from multiple MS-based structural methods, more defined
structural information on cyt c can be obtained. Using FPOP with native IMS, we were able to
detect significant conformational heterogeneity in cyt c and more specifically the progressive
accumulation of a compact species upon exposure to H2O2. Subsequent top-down analysis
suggested that, in this conformer, M80 is significantly solvent exposed and away from heme
coordination, a hallmark of transition from respiratory function to peroxidase function. In
parallel to time resolved native IMS, a time resolved peroxidase assay revealed this conformer is
highly peroxidase active and not a degradation product of cyt c.
The heterogeneity observed in the ion mobility distribution of unmodified cyt c’s +7
charge state and its relevance to the solution phase structure has been the subject of previous
studies (55-59). It is possible that some of the late arriving conformers observed may be the
result of partial gas phase unfolding and our data does not address this question directly.
Regardless, the known susceptibility of cyt c to generate these conformers in the gas phase may
also be reflective of the structural changes that it may undergo as it transitions to a peroxidase.
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Surely, the detection of highly modified residues K73 and H26 upon exposure to H2O2 suggest
that these two residues come in close proximity from the distal side of the heme in solution,
potentially even in coordination. Such conformations are thought to populate the transition from
the native electron transport chain function to its peroxidase apoptotic function (42) and would
require significant conformational changes from the respiratory M80 ligated conformation.
Similarly, the compaction observed upon exposure to oxidative species may result from
modification-induced stabilization from gas phase unfolding. However, the fact that conformer
specific modification of M80 was observed in post-mobility top down analysis suggest the
solution phase origin of this structural transition. Moreover, at the lowest trap bias energy probed
(32V), a shift in arrival time distribution was still observed upon exposure to H2O2. It is worth
noting that recent studies using IMS have also noted the compaction of cyt c in the presence of
CL (59) contrary to what was previously observed (38).
Finally, the compact conformer also preferentially forms adducts with K+ ions rather than
Na+ upon ionization. This was corroborated by a K+ specific structural effect detected by bottomup FPOP in critical structural motifs (distal ligand M80, CL binding site). The functional
implications of the cation specific observations are unclear. Potassium plays an integral role in
the advent of apoptosis with an influx into the mitochondria but also an efflux from the
cytoplasm (60). The influx of K+ into the mitochondria was seen to be concomitant with the
release of cyt c. It is therefore possible that K+ induced structural effects may play a role in the
perturbation of the electrostatic interactions between CL and cyt c, mediated by the L site. In
addition, K+ has also been described as inhibiting the first step of the apoptosome complex
formation (52, 53), the interaction of Apaf1 and cyt c in the cytoplasm. The efflux of K+ from the
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cytoplasm is thought to help drive the formation of the apoptosome. How the structural effect
observed is relevant to the inhibition of the Apaf1-cyt c remains unclear.
Altogether, a combination of FPOP, bottom-up, IMS, and top down allows us to tease out
conformational details in the structural heterogeneity of cyt c, in particular during the peroxidase
activation. With further development of FPOP-IMS, we aim to extract quantitative information
from the top-down data further correlating FPOP modifications with co-populated conformers in
solution.
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Chapter 5
Proteome Wide Structural Biology Uncovers Racial Disparities in Gleevec Treated Triple
Negative Breast Cancer
5.1 Introduction
Breast cancer accounts for 25% of cancer cases in women worldwide (1). Triple negative
breast cancer (TNBC) is an aggressive early onset cancer that occurs prominently in young
women and makes up 15-20% of all breast carcinomas (2). As the name suggests, TNBC lacks
three primary receptors (estrogen receptor, progesterone receptor, and human epidermal growth
factor receptor) often used as druggable targets. Due to the lack of a good therapeutic target and
a higher resistance to chemotherapy, TNBC has a higher death rate and higher chances of
metastasis to visceral organs compared to other breast carcinomas (3).
There is a large racial disparity in TNBC with black women being twice as likely to
develop TNBC compared to white women (4). Furthermore, black women have a higher
mortality rate of TNBC compared to white women. This racial disparity is partially due to sociodemographic factors, poor prognoses for early screening, and lack of access to proper healthcare.
Although, several studies have attempted to adjust for tumor characteristics and treatment delays,
results still show black women have a higher rate of mortality compared to white women (5-8).
This increased death rate points towards a biologic difference, like differing proteoforms that
function differently, where black women do not respond as well to cancer treatments. With no
FDA approved drugs and the aggressive nature of this cancer, there needs to be more information
to discover new drug targets and a better understanding of what makes TNBC behave differently
among races.
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A few studies in TNBC have shown increased activity for the Abl family of nonreceptor
tyrosine kinases (Abl kinases) contributing to cell invasion, cell cycle progression, cell survival
and proliferation (9-11). Abl kinases consists of two related proteins, c-Abl and Abl-related gene
(Arg). Arg predominantly is localized in the cytoplasm while c-Abl can be shuffled between the
nucleus and the cytoplasm (12). C-Abl shows distinct functions depending on its location,
cytoplasmic c-Abl promotes cell survival while nuclear c-Able has shown to promote apoptosis
(13). Contrary to less aggressive breast cancers that predominantly express nuclear c-Abl, TNBC
predominantly expresses cytoplasmic c-Abl. This could add to the aggressive nature of TNBC,
thus by inhibiting cytoplasmic Abl kinase the aggressive behavior of TNBC could be decreased.
Imatinib mesylate, also known as Gleevec, is a tyrosine kinase inhibitor and is known to
target Abl kinases, stem cell factor receptor (c-KIT), platelet-derived growth factor receptor
(PDGF-R), and their oncogenic forms. Gleevec is an FDA approved therapeutic for chronic
myeloid leukemia (CML) and malignant gastrointestinal stroma tumors (GIST) (14). Gleevec
helps treat CML by inhibiting the upregulated fusion protein BCR-Abl which in turn decreases
glucose metabolism (15). Like many types of cancers, TNBC hijacks its metabolic regulation to
meet the increased energy demand required in highly prolific cells. With Gleevec’s ability to
inhibit Abl and dysregulate glycolysis, it could potentially be a good therapeutic for TNBC.
We propose to use hydroxyl radical protein footprinting (HRPF) which uses hydroxyl
radicals to label solvent exposed amino acid side chains on proteins to better understand
Gleevec’s effects in TNBC. By coupling HRPF with mass spectrometry, protein structure (16),
protein-protein (17) and protein-ligand interactions (18) have been characterized. There are
multiple methods to generate hydroxyl radicals (19); one is fast photochemical oxidation of
proteins (FPOP). FPOP uses a 248 nm excimer laser to photolyze hydrogen peroxide into two
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hydroxyl radicals (20). With the addition of a glutamine scavenger the lifetime of the hydroxyl
radicals are reduced to the microsecond timescale, faster than proteins unfold (21).
Recently, Espino et al. developed in-cell FPOP (IC-FPOP) to study the full proteome in a
native environment, taking into consideration molecular crowding and quinary structures that
take place inside cells (22). With the addition of the single cell flow system, over a thousand
proteins in multiple cellular compartments can be studied at once (23). This technique has been
used in a range of cell lines (24), making IC-FPOP a valuable tool for proteome wide structural
biology. With the use of IC-FPOP, we desire to track Gleevec’s effects on protein structure and
protein interactions in two TNBC cell lines, one from an African ancestry (TNBC-AA) and one
from a European ancestry (TNBC-EA) cell line. With this, we hope to uncover some underlying
biological differences between TNBC-AA and TNBC-EA to better understand the health
disparities between black women and white women.
5.2 Materials and Methods:
5.2.1 Cell Culture and Treatment
Human triple negative breast cancer cells, MDA-MB-468 and MDA-MB-231, were
maintained in DMEM supplemented with 10% FBS, L-glutamine, essential amino acids, sodium
bicarbonate, and pen/strep in 5% CO2 at 37 ̊C. Cells were grown to 75% confluency in a T175
flask, washed with PBS, and treated with 10 µM Gleevec or Vehicle (water) for 24 hours.
Following treatment, cells were washed with PBS and detached using trypsin-EDTA. Once
detached, cells were spun down and resuspended in PBS at a concentration of 2 e6 cells/mL of
PBS and put on ice. For each condition, cells were aliquoted into six 500 µL samples to make a
total of one million cells per sample.
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5.2.2 IC-FPOP
In-cell FPOP (IC-FPOP) was performed using a single cell flow system as previously
described.(23, 25) All cells were mixed with 200 mM H2O2 to produce a final concentration of
100 mM H2O2. Following a three second mixing period, cells were flown passed a window
where three samples were exposed to a 248 nm laser with 200 mJ energy with an exclusion
fraction of 0% to produce FPOP modifications and three samples were not exposed to laser
irradiation to determine background oxidation. Following the laser irradiation window, each
sample was collected in a cell permeable quench containing 100 mM N-tert-Butyl-alphaphenylnitrone (PBN), 100 mM N,N’-Dimethylthiourea (DMTU), and 1% dimethylsulfoxide
(DMSO). Following IC-FPOP cells were spun down and resuspended in 100 uL of RIPA buffer
and flash frozen in liquid nitrogen.
5.2.3 Protein Digestion
Samples were digested as previously described (25). Samples were heated to 95 ̊C for
five minutes and cooled at room temperature for another five minutes before adding 25 units of
nuclease to digest DNA and RNA for 15 minutes. Samples were then spun down at 16,000 x g
for 10 minutes at 4 ̊C. The supernatant was transferred to a clean 1.5 mL centrifuge tube and the
protein concentration was tested using a BCA protein assay. Sample concentrations were
normalized to one another and then underwent a reduction and alkylation using dithiothreitol
(DTT) and iodoacetamide (IAA). Following an overnight acetone precipitation, protein
precipitants were suspended in 10 mM Tris buffer pH 8 and digested with trypsin at 37 ̊C
overnight. Digestion was quenched by flash freezing in liquid nitrogen and stored at -80 ̊C.
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5.2.4 Fractionation
Digestion buffer was removed by cold trap centrifugation and samples were resuspened
in 50 uL of 10 mM ammonium formate pH 10. Each sample is fractionated into 64 samples
containing 750 uL. Four fractions are combined as indicated in Table 5.1 and placed on a
speedvac till dry. The dried fractions were resuspended in 20 uL of 0.1% formic acid and placed
in auto sampler vials for LC-MS/MS analysis.

Table 5.1: Fractions from high pH RP chromatography combined to form the
16 concatenated samples
Fractions Combined
Concatenated Sample
Number
Fraction 1 Fraction 2
Fraction 3
Fraction 4
1
1
16
31
46
2
2
17
32
47
3
3
18
33
48
4
4
19
34
49
5
5
20
35
50
6
6
21
36
51
7
7
22
37
52
8
8
23
38
53
9
9
24
39
54
10
10
25
40
55
11
11
26
41
56
12
12
27
42
57
13
13
28
43
58
14
14
29
44
59
15
15
30
45
60
16
61
62
63
64
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5.2.5 LC-MS/MS Analysis
MS/MS analysis was completed using a nanoAcquity UPLC coupled to a Q Exactive HF
mass spectrometer. Samples were loaded on an Acquity UPLC C18 Trap Column and washed
for 10 minutes at 15 µL/min with 1% acetonitrile 0.1% formic acid. Samples were separated on a
Water’s BEH C18 75 µm x 250 mm column. With a flow rate of 0.1 µL/min the gradient was
ramped from 3% acetonitrile 0.1% formic acid to 40% acetonitrile 0.1% formic acid in 60
minutes. For MS1, the AGC target was set to 3e6 and for data-dependent MS2 it was set to 1e5.
5.2.6 Data Processing
Samples were searched using Proteome Discoverer 2.2 with Sequest HT against the
Swissprot FASTA database containing 20413 proteins with all possible FPOP modifications. The
extent of oxidation was determined according to equation 1:

∑ 𝐸𝐼𝐶 𝑎𝑟𝑒𝑎 𝑚𝑜𝑑𝑖𝑓𝑖𝑒𝑑
∑ 𝐸𝐼𝐶 𝑎𝑟𝑒𝑎

where “EIC area

modified” is the chromatographic area of a peptide with a specific modified residue and “EIC
area” is the total chromatographic area (modified and unmodified) of that peptide.
5.2.7 Metabolite Extraction
MDA-MB-468 and MDA-MB-231 cells were cultured and treated as previously
described. Following the 24-hour treatment of 10 µM Gleevec and vehicle, the cells were
collected and washed with PBS. Three samples of 2e6 cells were aliquoted for each condition,
spun down, and resuspended in 1 mL of ice-cold methanol (LC/MS grade) to quench metabolic
activity. Cells were dried down by vacuum centrifugation and subjected to lyophilization. For
extraction of polar metabolites, lyophilized cell pellets were extracted with 1 mL of
acetonitrile:methanol:water (2:2:1). After removal of the protein precipitate by centrifugation,
the supernatant was dried by vacuum centrifugation. The dried extract was reconstituted in 50 µL
acetonitrile:water (2:1) per 370 µg of protein.
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5.2.8 LC/MS Analysis for Metabolite Identification
Ultra-high performance LC (UPLC)/MS was performed with an Agilent 1290 UPLC
system interfaced with an Agilent 6530 quadruple time-of-flight (QTOF) mass spectrometer.
Hydrophilic interaction liquid chromatography (HILIC) analysis was performed by using an
iHILIC-(P) Classic column with the following specifications: 5 µm, 100 mm x 2.1 mm I.D.,
HILICON. Mobile-phase A consisted of 95 % water, 5% acetonitrile (ACN) with 20 mM
ammonium acetate, 0.1 % ammonium hydroxide (adjusted to pH 9.2), and 4 µM medronic acid.
Mobile-phase B consisted of 95% ACN and 5 % water. The column compartment was maintained
at 45 ºC for all experiments. The following linear gradient was applied at a flow rate of 250 µL
min-1: 0 – 1 min: 90 % B, 1 – 25 min: 90 – 20 % B, 25 – 28 min: 20 % B. The column was reequilibrated with 20 column volumes of 90 % B. Injection volumes were 4 µL for all experiments.
Data were collected with the following settings: gas temp., 325 ºC; drying gas, 8 l/min;
nebulizer, 35 psi; sheath gas temp., 350 ºC; sheath gas flow, 11 l/min; capillary voltage, 3500 V;
nozzle voltage, 1000 V; fragmentor voltage, 120 V; skimmer voltage, 65 V; scan rate, 1 spectra/s;
mass range, 67 – 1500 Da. Metabolite identifications were made on the basis of accurate mass and
matching of fragmentation data as well as retention times to reference standards.
5.3 Results and Discussion:
5.3.1 Proteome Wide Structural Biology using IC-FPOP
In the TNBC-AA cell line, 955 and 412 oxidatively modified proteins were detected in
the Gleevec and vehicle conditions, respectively, with 177 proteins detected in both conditions
(Figure 5.1A). While for Gleevec and vehicle treated TNBC-EA, 2372 and 2951 proteins,
respectively, were oxidatively modified by IC-FPOP with 946 proteins detected in both
conditions (Figure 5.1B). By performing IC-FPOP on vehicle and Gleevec treated cells,
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significant changes in FPOP modifications on Gleevec-induced protein structural changes can be
localized for TNBC-AA and TNBC-EA. FPOP modified peptides considered significant must
have a fold change greater than two and a p-value less than or equal to 0.05. This provides
structural information on hundreds of proteins at once creating a fingerprint of Gleevec’s cellular
engagement. For TNBC-AA, 69 peptides showed significant decrease while 32 peptides showed
significant increase in IC-FPOP modifications following Gleevec treatment (Figure 5.1C). For
TNBC-EA, 371 peptides showed significant decrease while 515 peptides showed significant
increase in IC-FPOP modifications following Gleevec treatment (Figure 5.1D). By comparing
Gleevec’s fingerprint in TNBC-AA and TNBC-EA, 31 peptides from 26 proteins were identified
in both cell lines with opposite oxidation trends following Gleevec treatment (Table 5.2).
According to Reactome Pathway Knowledgbase, those 26 proteins directly participate in 238
human pathways and interact with an extra 377 human pathways (Figure 5.1E).
One pathway that showed differential effects by Gleevec is glycolysis (Figure 5.2).
TNBC is highly dependent on the upregulation of glycolysis and has shown to increase glucose
consumption and lactate production (1, 2). Several glycolytic proteins show changes in FPOP
modifications following Gleevec treatment, including phosphoglucose isomerase,
glyceraldehyde 3-phosphate dehydrogenase, triosephosphate isomerase, phosphoglycerate
kinase, enolase and pyruvate kinase (Figure 5.2). These detected changes in FPOP modification
point to changes in protein structure and/or protein interactions suggesting Gleevec’s potential in
dysregulating the energy source in TNBC to help slow its aggressive behavior.
One of the detected glycolytic proteins, pyruvate kinase has two isoforms PKM1 and
PKM2 that are responsible for the last irreversible step in glycolysis and the intermediate
between glycolysis and the TCA cycle. PKM2 is typically expressed in embryonic tissues but is
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often re-expressed in tumor cells and has shown to increase aerobic glycolysis (3). The isoform
detected in both cell lines was PKM2. For TNBC-AA, peptide 476-489 on PKM2 shows no
significant change in FPOP modification (Figure 5.3A), but that same peptide for TNBC-EA
shows complete protection following Gleevec treatment (Figure 5.3B). Peptide 476-489 along
with the other three peptides identified in TNBC-EA with an FPOP modification (142-151, 187206, and 490-498) are labeled on the crystal structure of PKM2 that is bound to its allosteric
activator fructose 1,6-bisphosphate (F16BP) (PDB: 1T5A Figure 5.3C). PKM2 binds F16BP
through an interaction with residues W482 and R489 (4). When PKM2 is phosphorylated,
F16BP is removed inhibiting the activity of PKM2. With the use of MS/MS analysis, we can
localize the FPOP modification on peptide 476-489 to W482, a residue responsible to bind
F16BP (Figures 5.3D and 5.3E). It is important to note that although the modified peptide in
Gleevec treated TNBC-EA was not detected the unmodified peptide was detected. Since
Tryptophan has one of the highest reactivity rates with hydroxyl radicals compared to other
amino acids (5), if W482 was solvent exposed, an FPOP modification would be expected. This
suggests there was not a detection issue but rather a biological change due to a decrease in
phosphorylation on PKM2 after being treated with a tyrosine kinase inhibitor, Gleevec. This
change in F16BP interaction is not observed in TNBC-AA, where peptide 476-489 is modified in
vehicle and Gleevec treated cells to similar extents, illustrating Gleevec’s decreased influence on
TNBC-AA (Figure 5.3A).
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Figure 5. 1 IC-FPOP for proteome wide structural biology. Venn diagram representing the
numbers of FPOP modified proteins following vehicle treatment (orange) and Gleevec
treatment (blue) for (A) TNBC-AA and (B) TNBC-EA. Changes in the extent of FPOP
modifications on peptides following Gleevec treatment for (C) TNBC-AA and (D) TNBCEA. Peptides highlighted in red have a p-value ≤ 0.05 and a fold change ≥ 2. Negative
log2(fold change) represents peptides that decreased in FPOP modifications following
Gleevec treatment while positive log2(fold change) increased in modifications. (C) In
TNBC-AA, 69 peptides significantly decreased in FPOP modifications while 32 significantly
increased. (D) In TNBC-EA, 371 peptides significantly decreased in FPOP modification and
515 peptides significantly increased. (E) Highlighted are the pathways that involve the 26
proteins that were detected with an FPOP modification in both TNBC-AA and TNBC-EA
and showed opposite effects from Gleevec. Pathway analysis was generated using Reactome
Pathway Knowledgebase which contains 2362 human pathways. The 26 proteins of interest
participate in 26% of the known pathways.
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19.53068

3.284508

8.431185

1.888019

7.075819

-2.83178

6.785289

-3.54523

1.172706

3.459291

12.39909

9.94702

1.75295

17.32643

16.31087

0.738498

5.09095

-6.08409

-5.10251

TNQELQEINR

DGQVINETSQHHDDLE

SQYEVMAEQNR

MKEIAEAYLGK

P07355

P08670

P08727

P11142

Annexin A2

Vimentin

Keratin, type I cytoskeletal 19

Heat shock cognate 71 kDa protein

14.83656
0.088414

13.43719

-1.91361

NIEDVIAQGIGK

P05387

60S acidic ribosomal protein P2

0.965843

6.532965
5.427297

9.971563

-1.46943

LASVPAGGAVAVSAAPGSAAP
AAGSAPAAAEEK

P05387

60S acidic ribosomal protein P2

DATNVGDEGGFAPNILENK

2.718028

5.315258

9.679039

-3.45622

NMQDMVEDYR

P04264

Keratin, type II cytoskeletal 1

P06733

1.799289

-0.66431

6.938767

-5.391

SADTLWGIQK

P00338

L-lactate dehydrogenase A chain

Alpha-enolase

3.42228

2.847507

4.157441

-2.35788

SASPDDDLGSSNWEAADLGNE
ER

O00193

Small acidic protein

TNBC-EA
TNBC-EA
TNBC-AA
TNBC-AA
Log2 (Fold Change) -LOG10 (P Value) Log2 (Fold Change) -LOG10 (P Value)

Peptide Sequence

Uniprot Accessions

Protein name

Table 5.2: List of peptides and proteins that show an opposite change in oxidation following

Gleevec treatment between TNBC-AA and TNBC-EA
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P12814

P26038

P27348

P27797

P30041

P34932

P35579

P52815

P55072

P60174

P60709

P60709

P60709

P80723

Alpha-actinin-1

Moesin

14-3-3 protein theta

Calreticulin

Peroxiredoxin-6

Heat shock 70 kDa protein 4

Myosin-9

39S ribosomal protein L12,
mitochondrial

Transitional endoplasmic
reticulum ATPase

Triosephosphate isomerase

Actin, cytoplasmic 1

Actin, cytoplasmic 1

Actin, cytoplasmic 1

Brain acid soluble protein 1

0.276608

0.99847

AAEAAAAPAESAAPAAGEEPS
KEEGEPK

0.167838

3.272062

-2.28149

1.08459

-3.90128

-4.69423

-5.43222

VAPEEHPVLLTEAPLNPK

GYSFTTTAER

DLYANTVLSGGTTMYPGIADR

VPADTEVVCAPPTAYIDFAR

QTNPSAMEVEEDDPVPEIR

IQDVGLVPMGGVMSGAVPAAA
AQEAVEEDIPIAK

IAQLEEELEEEQGNTELINDR

LEDTENWLYEDGEDQPK

-3.70663

0.530712

KPEDWDEEMDGEWEPPVIQNP
EYK
DGDSVMVLPTIPEEEAK

-0.40014

-1.27634

TAMSTPHVAEPAENEQDEQDE
NGAEASADLR
YLAEVACGDDRK

3.144591

ETADTDTADQVMASFK

Table 5.2 Continued

11.63021

12.38721

8.194916

6.972178

4.483159

4.015042

11.8774

5.674971

7.276182

3.445466

3.169625

2.634795

2.595486

4.646024

1.988159

1.312559

1.208117

-0.66116

2.960253

-3.37933

1.362507

1.405633

2.359314

2.166419

1.443338

3.24376

0.679008

-2.85746

9.064634

6.120625

4.298864

6.620273

1.613814

12.56369

3.740731

4.869931

8.916098

6.248908

5.828016

4.897411

2.339898

7.036551
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P80723

P80723

Q00839

Q02790

Q09666

Q13813

Q96A26

Brain acid soluble protein 1

Brain acid soluble protein 1

Heterogeneous nuclear
ribonucleoprotein U

Peptidyl-prolyl cis-trans
isomerase FKBP4

Neuroblast differentiationassociated protein AHNAK

Spectrin alpha chain, nonerythrocytic 1

Protein FAM162A

EDEIPETVSLEMLDAAK

DVEDEETWIR

MDAEVPDVNIEGPDAK

ATESGAQSAPLPMEGVDISPK

-4.42604

1.120807

0.717551

2.673481

-3.17227

-0.69379

AEPPKAPEQEQAAPGPAAGGE
APK
LQAALDDEEAGGRPAMEPGNG
SLDLGGDSAGR

-4.70494

AEGAATEEEGTPKESEPQAAA
EPAEAK
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1.86023

7.88645

9.747623

3.596729

6.905577

8.189472

7.595335

1.103074

-1.30285

2.388556

-3.25451

3.001058

4.858433

0.41207

8.182815

2.622167

2.891032

4.458019

8.013582

6.060704

2.91897

Figure 5. 2 IC-FPOP detects Gleevec induced changes on several glycolytic proteins.
Six glycolytic proteins were detected with FPOP modifications in both TNBC-EA and
TNBC-AA including phosphoglucose isomerase, trisephosphate isomerase,
glyceraldehyde 3-phospohate dehydrogenase, phosphoglycerate kinase, enolase, and
pyruvate kinase M2.
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Figure 5. 3 Differential effects of Gleevec on PKM2. Peptide level analysis of FPOP
modified PKM2 for (A) TNBC-AA and (B) TNBC-EA showing a significant change in
oxidation on peptide 476-489 for TNBC-EA but not TNBC-AA. (C) Crystal structure of
PKM2 bound to its allosteric activator F16BP (PDB: 1T5A (Dombrauckas et al., 2005b))
with peptides modified in TNBC-EA labeled. Inset highlights the binding site of F16BP
on PKM2. (D) MS/MS analysis of unlabeled peptide 476-489. (E) MS/MS analysis of
labeled peptide 476-489 localizing the FPOP modification to W482.

152

5.3.2 Gleevec’s effects on phosphorylation in TNBC
Due to the change in FPOP modification on PKM2 following Gleevec treated described
above, we suspected to see a change in phosphorylation. Changes in serine, threonine, and
tyrosine phosphorylation following Gleevec treatment were calculated in both TNBC-EA and
TNBC-AA. Unfortunately, no phosphorylation was detected on PKM2, but with the use of
Ingenuity Pathway Analysis (IPA) (6), seventeen proteins that closely interact with PKM2 had a
peptide decrease in phosphorylation in TNBC-EA following Gleevec treatment (Figure 5.4A).
While in TNBC-AA, six proteins had a peptide showing no change in phosphorylation and seven
had an increase in phosphorylation in TNBC-AA following Gleevec treatment (Figure 5.4B).
These seventeen proteins highlight multiple pathways that could be effected from PKM2’s
change in activity in TNBC-EA but not in TNBC-AA.
Due to Gleevec’s ability to inhibit tyrosine kinases, proteins with a tyrosine
phosphorylation were isolated and unexpectedly, the number of tyrosine phosphorylated proteins
did not significantly change in TNBC-EA with 105 and 111 proteins with a tyrosine
phosphorylation in the vehicle and Gleevec treated cells, respectively (Figure 5.4C). While in
TNBC-AA, only 47 proteins had a tyrosine phosphorylation in the vehicle treated cells and
surprisingly the Gleevec treatment significantly increased the number of tyrosine phosphorylated
proteins to 291 (Figure 5.4D).
From the detected proteins, six proteins were detected with a tyrosine phosphorylation in
all four conditions with two proteins showing significant opposite effects from Gleevec between
the cell lines. Interestingly, following Gleevec treatment, the tyrosine phosphorylation on y-box
binding protein (YB-1) peptide 157-185 significantly increased for TNBC-EA (Figure 5.4E)
while in TNBC-AA no change was observed (Figure 5.4F). In proliferating cells, YB-1 is
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predominantly located in the cytoplasm, but during cytotoxic stress, it shuttles to the nucleus and
interacts with proliferating cell nuclear antigen (PCNA) to help repair DNA (7). This
translocation of YB-1 has been associated with the phosphorylation of ser102 (8), but several
other phosphorylation sites, including a tyrosine phosphorylation have promoted a similar fate
for YB-1 (9). In this manner, the increase in phosphorylated YB-1 in TNBC-EA could
potentially point towards Gleevec inducing cytotoxic stress in TNBC-EA cells but not in TNBCAA cells.
Furthermore, the tyrosine phosphorylation on membrane-associated progesterone
receptor component 1 (PGRMC1) did not change in TNBC-EA (Figure 5.4G), but in TNBC-AA
Gleevec induced a significant decrease in phosphorylation (Figure 5.4H). PGRMC1 has a range
of functions including steroid and heme synthesis, membrane trafficking, metabolic regulation,
and progesterone-dependent anti-apoptosis (10). Though the exact functions that are regulated by
PGRMC1 phosphorylation are not fully understood, there is some evidence that decreased
phosphorylation on Y180 negatively regulates PGRMC1 functions (11). Although PGRMC1
might be more active in vehicle treated TNBC-AA due to the higher Y180 phosphorylation
compared to TNBC-EA vehicle cells (Figure 5.4G), Gleevec treatment did normalize the Y180
phosphorylation in TNBC-AA which in turn could help decrease its aggressive nature.
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Figure 5. 4 Gleevec induced phosphorylation changes. Gleevec induced changes in
phosphorylation in (A) TNBC-EA and (B) TNBC-AA. Green proteins had a peptide
decrease in phosphorylation, red proteins increased in phosphorylation, grey proteins did
not change in phosphorylation, and white proteins no phosphorylation was detected. (C)
Number of tyrosine phosphorylated proteins in vehicle and Gleevec treated TNBC-EA.
(D) Number of tyrosine phosphorylated proteins in vehicle and Gleevec treated TNBCAA. (E,F) Changes in tyrosine phosphorylation for y-box-binding protein peptide 157-185
in (E) TNBC-EA and (F) TNBC-AA. (G,H) Changes in tyrosine phosphorylation for
membrane-associated progesterone receptor component 1 peptide 173-192 in (G) TNBCEA and (H) TNBC-AA.
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5.3.3 Gleevec’s effects on metabolites in TNBC
Typically, there is a tight regulation of metabolites in cancer, but since several proteins
involved in metabolic regulation were detected with significant changes in FPOP modifications
along with downstream changes in phosphorylation, changes in concentration of the central carbon
metabolites were expected. Eighteen central carbon metabolites that are involved in glycolysis and
the TCA cycle following Gleevec treatment was tested for each cell line. Unsurprisingly, Gleevec
treatment decreased several metabolites’ concentration in TNBC-EA, but limited effects were
detected in TNBC-AA (Figures 5.5A-R).From the eighteen metabolites, eleven, including lactate,
succinate, glutamine, glutamate, F16BP, malate, alanine, fumarate, citrate, aspartate, and glucose
decreased exclusively in TNBC-EA (Figures 5.5A-K) with lactate, succinate, glutamine,
glutamate, and F16BP decreasing 2-fold or more (Figures 5.5A-E). In TNBC-AA, one metabolite,
α-KG, increased in concentration following Gleevec treatment (Figure 5.5L). The remaining 6
metabolites, acetyl-CoA, pyruvate, ribose-P, PEP, G3P, and Glucose 6P, showed no significant
change in either cell line following Gleevec treatment (Figure 5.5M-R). One metabolite, ribose-P,
was significantly increased in vehicle treated TNBC-AA compared to the vehicle treated TNBCEA.
In TNBC-EA, glucose and lactate concentrations decreased following Gleevec treatment
which is often associated with normalizing the metabolism and cell proliferation of cancer (12).
Further, F16BP is decreased in TNBC-EA and F16BP not only activates PKM2 but also has been
shown to activate epidermal growth factor receptor (EGFR) and promote glycolysis in TNBC (13).
Observing a significant decrease in F16BP following Gleevec treatment could decrease the activity
of EGFR further pointing towards Gleevec’s ability to decrease glycolysis in TNBC-EA but not
in TNBC-AA.
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Gleevec treated cells not only showed a decrease in metabolites for the glycolytic
pathway but also important metabolites for the TCA cycle including citrate, succinate, fumarate,
and malate. Furthermore, in TNBC, a necessary step to boost the energy production in the TCA
cycle is glutaminolysis which pumps glutamine into the cell and catalyzes it to glutamate (14). In
TNBC-EA, Gleevec causes a decrease in both glutamine and glutamate thus dysregulates
glutaminolysis further adding to the dysregulation of the TCA cycle. Additionally, in highly
proliferating cells, glutamate is used to create alanine and aspartate (15), which are both
downregulated in Gleevec treated TNBC-EA further implying Gleevec’s ability to slow cell
proliferation for TNBC-EA but not TNBC-AA. The only significant change Gleevec caused in
TNBC-AA cells was an increase in α-KG. An increase in α-KG has no evidence in dysregulating
energy production, but in fact, increased concentrations of α-KG has been associated with
facilitating cell proliferation (16).
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Figure 5. 5 Gleevec induced metabolic changes. Changes in metabolite concentrations for
vehicle and Gleevec treated TNBC-EA and TNBC-AA including changes in (A) Lactate,
(B) Succinate, (C) Glutamine, (D) Glutamate, (E) F16BP, (F) Malate, (G) Alanine, (H)
Fumarate, (I) Citrate, (J) Aspartate, (K) Glucose, (L) α-KG, (M) acetyl-CoA, (N) Pyruvate,
(O) Ribose-P, (P) Pep, (Q) G3P, and (R) Glucose6P.
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5.4 Conclusion:
By combining the changes in FPOP modification, phosphorylation, and concentration of
metabolites, a dysregulation of energy production was observed in Gleevec treated TNBC-EA
but limited evidence was observed in TNBC-AA. Though little metabolic changes were induced
by Gleevec in TNBC-AA, there are several proteins that significantly changed in protein
structure or protein interactions showing Gleevec is somehow effecting TNBC-AA. Furthermore,
future studies could exploit Gleevec’s ability to decrease PGRMC1 phosphorylation and create a
combination of cancer therapeutics that can successfully dysregulate glucose metabolism in
TNBC-AA.
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Chapter 6
Comparing IC-FPOP against CETSA as a tool for testing Drug Engagement
6.1 Introduction
Within eukaryotic cells is a complex network of proteins communicating with one
another via protein-protein interactions, protein-ligand interactions, or post-translational
modifications (PTM) like phosphorylation, acetylation, or ubiquitination. Proteins display a vast
range of functions in all cellular processes which makes them compelling targets for therapeutic
drugs. Valuable protein interactions and protein function can be lost once they are isolated from
the complex cellular environment, so it is necessary to test drug engagement within intact cells.
To date, there are only a handful of methods commonly used, including fluorescence and
bioluminescence resonance energy transfer (FRET and BRET), activity-based probes, and
cellular thermal shift assay (CETSA). Both FRET and BRET utilize the proximity between the
ligand/drug and the protein target to measure drug binding. This is possible by modifying the
drug and protein of interest with donor/acceptor probes. Upon correct distance, orientation, and
spectral overlap, the donor will transfer energy to the acceptor causing a change in fluorescence
(FRET) or bioluminescence (BRET) (2). However, there are limitations to these spectroscopic
techniques. The modification of the protein or ligand of interest can disrupt the protein function
or interaction. In addition, these approaches monitor distances in a pairwise fashion and only a
single protein of interest can be studied at once. To increase throughput and isolate all drugprotein interactions, activity-based probes can be used. With this technique, a covalent modifier
is added to the drug. Once the drug binds to its target the protein will be modified (3, 4). Labeled
protein can then be detected in gels or using mass spectrometry. While this improves the
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throughput to identify drug-protein interactions, the complications in modifying the compound of
interest remain.
Given these complications, there has been a focus on developing new methods that are
“modification-free.” One popular method is CETSA, which expands the use of thermal proteome
profiling (TPP) also known as thermal shift assay (TSA) to the cellular environment (5). CETSA
identifies protein interactions by measuring the melting temperature of proteins before and after
drug or ligand exposure (6). When a protein is exposed to thermal stress, it can unfold and
aggregate causing it to crash out of solution. The remaining soluble protein can be quantified
with a western blot or mass spectrometry. This change in protein concentration over multiple
temperature points creates a melting curve for proteins of interest (7). When a protein binds to a
drug, a thermal stabilization or destabilization takes place causing a shift in the target proteins
melting curve (8-10).
In 2015 Huber et al. successfully used CETSA to profile the targets of methotrexate
(MTX) in chronic myelogenous leukemia (CML) (11). For MTX treated cells, they observed a
shift in thermal stabilization in eleven proteins, including a significant shift in dihydrofolate
reductase (DHFR). MTX was first synthesized in the 1940’s as an antifolate (12), and quickly
started showing success in several different types of cancer including CML (13, 14). MTX
competitively inhibits DHFR’s activity to reduce folic acid to dihydrofolate (DHF) and
tetrahydrofolate (THF). By observing the stabilization of DHFR following MTX treatment,
Huber et al. demonstrated the ability of CETSA to observe drug engagement in cells.
A plethora of information can be gained using CETSA, but there are some limitations to
this method. First, there are some proteins that have not shown significant shifts in their melting
curve (i.e. larger and complex proteins) (10). In addition, since CETSA is based on differential
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solubility following thermal denaturation, it is limited in its applicability to study membrane
proteins (10). The ability to study drug interactions with membrane proteins is particularly
important since over 35% of the available therapeutics target membrane proteins (15-17).
The use of in-cell fast photochemical oxidation of proteins (IC-FPOP) for proteome-wide
structural biology (PWSB) could alleviate the aforementioned issues and allow the study of large
proteins and membrane proteins. FPOP utilizes hydroxyl radicals, formed through the photolysis
of hydrogen peroxide, to covalently modify solvent exposed side chains of amino acids (18).
With differential studies, one can monitor changes in protein structure, protein-protein
interactions, and protein-ligand interactions by comparing the extents of FPOP modifications. By
performing IC-FPOP, one could study protein structure and interactions in their native cellular
environment (19). With this method, upwards of a thousand proteins throughout the entire cell,
including membrane proteins, can be monitored in a single experiment (20). Not only is ICFPOP capable of studying large membrane proteins, but it also provides localized information on
where the protein changes solvent accessibility. This added information can help identify
protein-protein and protein-ligand interaction changes, potential protein-drug interaction sites,
and locate where a structural change is taking place. In this study, we use IC-FPOP to further
characterize how MTX affects protein interactions in a CML cell line (K562), adding to the
information obtained from the previous CETSA experiment.
6.2 Methods:
6.2.1 Cell Culture and Treatment
K562 cells were acquired from ATCC and grown in suspension using RPMI-1640 media
supplemented with 2 mM L-glutamine, 10% FBS, and 100 units/mL Pen/Strep. For drug
treatment, the K562 cells were grown in a T-175 flask with a cell density of 0.85X106 cells/mL.
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The cells were divided in half, resuspended in fresh media with 10 µM methotrexate or vehicle
(dimethylsulfoxide, DMSO) and incubated for three hours. After incubation, the cells were
pelleted and washed with PBS twice with a final cell density of 4e6 cells/mL. For each condition
(drug and vehicle), six 500 µL samples were aliquoted and put on ice for IC-FPOP.
6.2.2 IC-FPOP
Using the single cell flow system developed by Rinas et al., IC-FPOP was performed as
previously described (20, 21). Cells were mixed with 400 mM hydrogen peroxide in a 1:1
relative ratio resulting in a final hydrogen peroxide concentration of 200 mM. The cells were
mixed with hydrogen peroxide for approximately three seconds before flowing past the laser
irradiation window. For each condition, three samples were exposed to the 248 nM laser (FPOP
Labeled) and three samples did not receive laser irradiation (FPOP Control) to account for
background oxidation. Following the irradiation window, the cells were collected in a cell
permeable quench containing 100 mM N-tert-Butyl-alpha-phenylnitrone (PBN), 100 mM N,N’Dimethylthiourea (DMTU), and 1% DMSO.
6.2.3 Protein Digestion
Immediately following IC-FPOP, cells were pelleted using centrifugation and
resuspended in 200 µL of 20 mM HEPES buffer and 8 M Urea. Using a microtip sonicator, each
sample was sonicated for 30 seconds. The lysed cells were centrifuged at 20,000 x g for 10
minutes and the lysate was transferred to a clean microcentrifuge tube. Samples were reduced
with 4.5 mM DTT for 15 minutes at 60 ̊C and alkylated with 11 mM IAA for 20 minutes at room
temperature. Samples were digested with 5 µg of trypsin overnight at room temperature.

170

6.2.3 TMT 11-plex Labelling and LC-MS/MS Analysis
Digested samples were desalted in 50 mg C18 sep-pak columns, dried using cold trap
centrifugation, and reconstituted in 50 µL of 20 mM HEPES buffer. Each sample was labelled
with 20 µL TMT 11plex reagent as described in Table 1. Samples were quenched with 8 µL of
5% hydroxylamine and combined so the same concentration was added from each sample. The
mixed sample was desalted again and dried. The sample was reconstituted in 2% acetonitrile
(ACN)/0.1% formic acid (FA) and separated with high pH reverse phase chromatography.
Sample was collected in 96 wells and combined into 12 fractions. Each fraction was analyzed on
a Thermo Fusion Lumos using a CID MS2/HCD MS3 approach.

Table 6.1: TMT label reagent used for each sample
Sample
Vehicle FPOP Labeled 1
Vehicle FPOP Labeled 2
Vehicle FPOP Labeled 3
Vehicle FPOP Control 1
Vehicle FPOP Control 2
Vehicle FPOP Control 3
Drug FPOP Labeled 1
Drug FPOP Labeled 2
Drug FPOP Labeled 3
Drug FPOP Control 1
Drug FPOP Control 2
Drug FPOP Control 3

TMT Label Reagent
126
127N
127C
128N
128C
Not used
129N
129C
130C
131N
131C
Not used

Note: 130N was not used b/c of ambiguity in adding vials

6.2.4 Data Processing
The combined TMT labelled samples were searched using the TMT 11plex quantification
method in Proteome Discoverer 2.2 with Sequest HT against the Homo Sapiens Swissprot
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FASTA database with all possible FPOP modifications. Following data processing in Proteome
Discoverer, data was exported to Excel to manually calculate the extent of peptide oxidation. The
extent of oxidation was calculated by dividing the total chromatographic area of a modified
peptide by the total chromatographic area (modified and unmodified) of that peptide. The extent
of oxidation calculated in the FPOP control samples is subtracted from the FPOP labelled
samples to extract laser irradiation-induced FPOP modifications.
6.3 Results and Discussion:
Following IC-FPOP and protein digestion, samples were labelled using TMT 11plex
reagents. The concentration of each sample was normalized so the relative intensity of each
sample in the combined set were equal, providing relative quantitation capabilities (Figure 6.1).
FPOP modifications were identified for both vehicle and drug treated cells uncovering 1045
FPOP modified protein in each condition with 904 proteins modified in both (Figure 6.2A). To
isolate biological changes induced from MXT treatment, the extent of peptide modification on
the 904 proteins detected in both conditions were compared. Results showed that 276 peptides
significantly increased in modification following MXT treatment while 430 peptides
significantly decreased in modification (Figure 6.2B). These changes in oxidation highlights
regions of proteins that exhibit changes in solvent accessibility caused by changes in protein
structure, protein-ligand or protein-protein interactions, thus providing a fingerprint of MTX’s
affects across the full proteome. A total of 524 proteins had a peptide that showed a significant
change in oxidation. According to the reactome pathway knowledgebase, at least one of these
524 proteins participate in 1240 pathways (22) (Figure 6.2C). This not only highlights the
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extensive effects MTX has on cells, but it also demonstrates the extent of structural information
IC-FPOP can provide through the whole cellular proteome, including membrane proteins.

Figure 6. 1 Labeling quality control of TMT 11-plex samples to ensure equal peptide
concentrations from each sample. (A) Relative signal for each heavy labeled reagent used
to normalize sample concentrations. (B) Relative signal of the normalized concentrations.
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Membrane proteins make up 20-30% of all proteins in the cell and are targets for over
35% of available drugs, making them vital targets to study (15-17, 23). It is important to not only
study their structure, but also study how they interact with ligands, small molecules, and other
proteins. Typically, to study membrane protein’s structure, function, and interactions, they must
first be isolated from the membrane and solubilized in detergents or vesicles (24). By isolating a
membrane protein from its native environment, there is a risk that it’ll aggregate, change
structure, or lose its function (25). With IC-FPOP, membrane proteins can be studied in their
native environment. In this study, 210 membrane proteins were detected with an FPOP
modification in both vehicle and MTX treated cells. From those 210 membrane proteins, 128 had
a peptide that significantly changed in oxidation following MTX treatment. These proteins
ranged in cellular pathways including signal transduction (Figure 6.3A), metabolism (Figure
6.3B), immune system (Figure 6.3C), and many more.
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Figure 6. 2 IC-FPOP provides a fingerprint of biological changes induced from MTX. (A)
A total of 1045 proteins identified with an FPOP modification for vehicle (DMSO) and
MTX treated cells with 904 proteins modified in both conditions. (B) Volcano plot showing
changes in the extent of FPOP modifications on peptides detected in both conditions.
Peptides with a significant change in modification must have a p-value ≤0.05 and a fold
change ≥2. Peptides that are significant are labeled in red. (C) Pathway analysis acquired
from Reactome Pathway Knowledgebase of the 524 proteins that showed a significant
change in oxidation. The 1240 pathways highlighted in yellow were detected with a p-value
≤0.05. The brighter the yellow, the smaller the p-value.
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Figure 6. 3 Protein-protein association network detected from STRING (1). (A) Network of
38 membrane proteins involved in signal transduction, (B) network of 35 membrane
proteins involved in metabolism, (C) network of 51 membrane proteins involved in immune
system pathways, and (D) network of 23 proteins involved in the synthesis of DNA.
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One pathway of interest, accounting for 23 proteins that were significantly influenced by
MTX, is the synthesis of DNA (Figure 6.3D). The designed mechanism of action of MTX is to
competitively inhibit DHFR causing a decrease in production of DHR and THF, which are
essential for enzymes responsible for the synthesis of DNA (14). In addition to proteins directly
involved in DNA synthesis, there are a handful of additional proteins with changes in FPOP
modification that rely on THF in the folate-mediated one-carbon metabolism pathway (Figure
6.4).
In the folate cycle, serine hydroxymethyltransferase (SHMT) converts THF to
methylene-THF (CH2-THF) (26). The newly formed CH2-THF is further catalysed by C-1tetrahydrofolate synthase (MTHFD1) to form one-carbon derivatives of THF. CH2-THF can also
be reduced to methyl-THF (CH3-THF) by methylene tetrahydrofolate reductase (MTHFR) (27).
All three of these enzymes (SHMT, MTHFD1, and MTHFR) show changes in solvent
accessibility after the inhibition of DHFR by MTX (Figure 6.4A-C).
Cytosolic methionine synthase (MS) uses the substrate, CH3-THF, that MTHFR forms as
a cofactor to form methionine in the methionine cycle (27). Methionine adenosyltransferase
(MAT) then converts methionine into S-adenosylmethionine (AdoMet). The methyl-group on
AdoMet is removed forming adenoslyomocysteine (AdoHcy), which is used by
adenosylhomocysteinase (AHCY) to form homocysteine (Hcy) as the last step in the methionine
cycle. Both MAT and AHCY change in FPOP modification, representing structural or interaction
changes taking place following MTX treatment (Figure 6.4D,E).
As mentioned, MTX competitively inhibits DHFR, making it the target of interest. A
total of eleven unique unmodified peptides of DHFR were detected resulting in about 60%
coverage, but unfortunately no FPOP modifications were detected (Figure 6.5A). This could be
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because modified peptides are much less abundant compared to unmodified peptides, leading to
detection issues during data dependent acquisition (DDA) for MS/MS analysis. Strategies to
reduce sample complexity and improve proteome coverage should be considered. For instance,
samples can be fractionated further or data independent acquisition(DIA) MS/MS analysis can be
performed. Each technique comes with their own separate complications. Extensive fractionation
will help the detection of low abundant peptides but also consume valuable mass spectrometry
time. DIA improves peptide detection and reproducibility while limiting the amount of LCMS/MS time, but data analysis is very complicated with limited resources for reference (28).
Although FPOP modifications were not detected on DHFR, several proteins that interact
with DHFR show changes in FPOP modifications further highlighting several downstream
effects resulting from the inhibition of DHFR (Figure 6.5B). One example is apoptosis-inducing
factor 1, mitochondrial (AIFM1). AIFM1 has dual functions where, in the mitochondria, it
reduces NAD and FAD, but during apoptosis it is translocated to the nucleus to help mediate
DNA fragmentation (29). The protein-protein interaction of DHFR and AIFM1 in the
mitochondria was discovered in 2018 by Liu et al. by performing an affinity purification and
mass spectrometry (AP-MS) study (30). With AP-MS, they expressed AIFM1 with an epitope
tag or antibody targeting proteins that form an interaction with AIFM1, including DHFR. They
then purified the protein complexes together and used mass spectrometry to detect which
proteins formed an interaction. Further information on the interaction of DHFR and AIFM1 is
limited, but with the use of IC-FPOP, we observed peptide 451-463 becomes more solvent
exposed following the inhibition of DHFR (Figure 6.5C). This peptide is within the binding
domains of AIFM1 cofactors, FAD and NAD, located only 3-4 Å away from each cofactor
highlighted on the crystal structure (Figure 6.5D). When these cofactors are bound, they could
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protect this peptide from an FPOP modification, but once removed the peptide could become
more solvent exposed thus increasing in FPOP modification. This could point towards AIFM1’s
functional shift from its reductase activity towards it’s pro-apoptotic activity. Further studies
need to take place to better understand DHFR’s role in AIFM1’s activity.
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Figure 6. 4 IC-FPOP modified proteins in the folate and methionine cycle. (A) Simplified
schematic of the folate cycle and the methionine cycle. Proteins outlined in red were
detected with an FPOP modification. FPOP modifications detected on the peptide level of
(A) Serine hydroxymethyltransferase, (B) C-1-tetrahydrofolate synthase, (C) Methylene
Tetrahydrofolate Reductase, (D) Methionine Adenosyltransferase, and (E)
Adeonsylhomocysteinase. The extent of FPOP modification detected in the vehicle treated
cells is represented in green and the MTX treated cells is represented in blue.
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Figure 6. 5 IC-FPOP modified proteins that interact with DHFR. (A) The green
highlighted peptides represent the MS/MS detected unmodified peptides of DHFR. (B)
The interaction network acquired from Ingentuity Pathway Analysis (IPA) of DHFR.
Proteins highlighted in green have a peptide that increased in modification following
MTX treatment while red proteins decreased in modification. Proteins linked with a solid
line is a direct interaction while the dotted line is classified as an indirect interaction. (C)
Extent of FPOP modification on Apoptosis-inducing factor 1, mitochondrial (AIFM1) for
peptide 451-463. A significant increase in modification is detected following MTX
treatment. (D) Location of peptide 451-463 is labeled in blue on a crystal structure of
AIFM1 bound to its cofactors, NAD and FAD (red) (PDB: 4BUR).
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Lastly, from the Huber et al. CETSA experiment performed on MTX treated K562 cells,
eleven proteins were stabilized causing a significant shift in their melting curve (11). From those
eleven proteins, IC-FPOP detected one with an FPOP modification localized to peptide 27-43 on
Protein Quaking (QKI) (Figure 6.6). Huber et al. detected a stabilization of QKI causing its
melting temperature (Tm) to increase 5.25 ̊C. With IC-FPOP we detect peptide 27-43 to be
modified in the vehicle treated samples, but it is protected in the MTX treated samples (Figure
6.6A). Interestingly, this peptide is part of the domain involved in forming a homodimer (Figure
6.6B). The formation of the homodimer would protect that peptide from an FPOP modification
while also stabilizing the protein for CETSA.
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Figure 6. 6 IC-FPOP detects protein interaction changes for Protein Quaking following
MTX treatment. (A) Extent of FPOP modification on peptide 27-43. For the vehicle
treated cells, 10% of the total detected peptide 27-43 has an FPOP modification while the
MTX treated cells shows complete protection. (B) Location of peptide 27-43 is
highlighted in blue on the crystal structure of QKI bound to RNA (red) (PDB: 4JVH).
Location of modified peptide is part of the homodimer domain.
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6.4 Conclusions
With the use of IC-FPOP a fingerprint of MTX treatment was observed providing a better
understanding of downstream effects from the drug. Localizing peptides that change in FPOP
modifications not only tells us which proteins are changing structure and interactions, but also
where this change is taking place. Being able to study the changes in solvent exposed peptides
for the full proteome in a single experiment makes IC-FPOP a valuable tool for proteome wide
structural biology to better understand drug engagement in cells.
6.5 References
1.

Szklarczyk D, Gable AL, Lyon D, Junge A, Wyder S, Huerta-Cepas J, Simonovic M,

Doncheva NT, Morris JH, Bork P, Jensen LJ, Mering CV. STRING v11: protein-protein
association networks with increased coverage, supporting functional discovery in genome-wide
experimental datasets. Nucleic Acids Res. 2019;47(D1):D607-d13. Epub 2018/11/27. doi:
10.1093/nar/gky1131. PubMed PMID: 30476243; PMCID: PMC6323986.
2.

Sun Y, Hays NM, Periasamy A, Davidson MW, Day RN. Monitoring protein interactions

in living cells with fluorescence lifetime imaging microscopy. Methods in enzymology.
2012;504:371.
3.

Heal WP, Dang THT, Tate EW. Activity-based probes: discovering new biology and new

drug targets. Chemical Society Reviews. 2011;40(1):246-57. doi: 10.1039/C0CS00004C.
4.

Fonović M, Bogyo M. Activity based probes for proteases: applications to biomarker

discovery, molecular imaging and drug screening. Current pharmaceutical design.
2007;13(3):253-61. Epub 2007/02/23. doi: 10.2174/138161207779313623. PubMed PMID:
17313359.

184

5.

Molina DM, Jafari R, Ignatushchenko M, Seki T, Larsson EA, Dan C, Sreekumar L, Cao

Y, Nordlund P. Monitoring Drug Target Engagement in Cells and Tissues Using the Cellular
Thermal Shift Assay. Science. 2013;341(6141):84-7. doi: 10.1126/science.1233606.
6.

Dai L, Prabhu N, Yu LY, Bacanu S, Ramos AD, Nordlund P. Horizontal Cell Biology:

Monitoring Global Changes of Protein Interaction States with the Proteome-Wide Cellular
Thermal Shift Assay (CETSA). Annual review of biochemistry. 2019;88(1):383-408. doi:
10.1146/annurev-biochem-062917-012837. PubMed PMID: 30939043.
7.

Mateus A, Määttä TA, Savitski MM. Thermal proteome profiling: unbiased assessment

of protein state through heat-induced stability changes. Proteome Science. 2017;15(1):13. doi:
10.1186/s12953-017-0122-4.
8.

Ericsson UB, Hallberg BM, Detitta GT, Dekker N, Nordlund P. Thermofluor-based high-

throughput stability optimization of proteins for structural studies. Anal Biochem.
2006;357(2):289-98. Epub 2006/09/12. doi: 10.1016/j.ab.2006.07.027. PubMed PMID:
16962548.
9.

Vedadi M, Niesen FH, Allali-Hassani A, Fedorov OY, Finerty PJ, Jr., Wasney GA,

Yeung R, Arrowsmith C, Ball LJ, Berglund H, Hui R, Marsden BD, Nordlund P, Sundstrom M,
Weigelt J, Edwards AM. Chemical screening methods to identify ligands that promote protein
stability, protein crystallization, and structure determination. Proc Natl Acad Sci U S A.
2006;103(43):15835-40. Epub 2006/10/13. doi: 10.1073/pnas.0605224103. PubMed PMID:
17035505; PMCID: PMC1595307.
10.

Martinez Molina D, Nordlund P. The Cellular Thermal Shift Assay: A Novel Biophysical

Assay for In Situ Drug Target Engagement and Mechanistic Biomarker Studies. Annu Rev
185

Pharmacol Toxicol. 2016;56:141-61. Epub 2015/11/14. doi: 10.1146/annurev-pharmtox-010715103715. PubMed PMID: 26566155.
11.

Huber KVM, Olek KM, Müller AC, Tan CSH, Bennett KL, Colinge J, Superti-Furga G.

Proteome-wide drug and metabolite interaction mapping by thermal-stability profiling. Nature
methods. 2015;12(11):1055-7. Epub 2015/09/21. doi: 10.1038/nmeth.3590. PubMed PMID:
26389571.
12.

Farber S, Cutler EC, Hawkins JW, Harrison JH, Peirce EC, 2nd, Lenz GG. The Action of

Pteroylglutamic Conjugates on Man. Science. 1947;106(2764):619-21. Epub 1947/12/19. doi:
10.1126/science.106.2764.619. PubMed PMID: 17831847.
13.

Rothenberg SP, DaCosta M. Further observations on the folate-binding factor in some

leukemic cells. The Journal of clinical investigation. 1971;50(3):719-26. doi:
10.1172/JCI106542. PubMed PMID: 5545129.
14.

Hagner N, Joerger M. Cancer chemotherapy: targeting folic acid synthesis. Cancer

Manag Res. 2010;2:293-301. doi: 10.2147/CMR.S10043. PubMed PMID: 21301589.
15.

Moran MM. TRP Channels as Potential Drug Targets. Annu Rev Pharmacol Toxicol.

2018;58:309-30. Epub 2017/09/26. doi: 10.1146/annurev-pharmtox-010617-052832. PubMed
PMID: 28945977.
16.

Stauderman KA. CRAC channels as targets for drug discovery and development. Cell

calcium. 2018;74:147-59. Epub 2018/08/04. doi: 10.1016/j.ceca.2018.07.005. PubMed PMID:
30075400.

186

17.

Sriram K, Insel PA. G Protein-Coupled Receptors as Targets for Approved Drugs: How

Many Targets and How Many Drugs? Molecular pharmacology. 2018;93(4):251-8. Epub
2018/01/03. doi: 10.1124/mol.117.111062. PubMed PMID: 29298813.
18.

Hambly DM, Gross ML. Laser flash photolysis of hydrogen peroxide to oxidize protein

solvent-accessible residues on the microsecond timescale. J Am Soc Mass Spectrom.
2005;16(12):2057-63. doi: 10.1016/j.jasms.2005.09.008.
19.

Espino JA, Mali VS, Jones LM. In cell footprinting coupled with mass spectrometry for

the structural analysis of proteins in live cells. Analytical chemistry. 2015;87(15):7971-8.
20.

Rinas A, Mali VS, Espino JA, Jones LM. Development of a Microflow System for In-

Cell Footprinting Coupled with Mass Spectrometry. Analytical chemistry. 2016;88(20):10052-8.
21.

Chea EE, Rinas A, Espino JA, Jones LM. Characterizing Cellular Proteins with In-cell

Fast Photochemical Oxidation of Proteins. J Vis Exp. 2020(157). Epub 2020/04/01. doi:
10.3791/60911. PubMed PMID: 32225159.
22.

Jassal B, Matthews L, Viteri G, Gong C, Lorente P, Fabregat A, Sidiropoulos K, Cook J,

Gillespie M, Haw R, Loney F, May B, Milacic M, Rothfels K, Sevilla C, Shamovsky V, Shorser
S, Varusai T, Weiser J, Wu G, Stein L, Hermjakob H, D'Eustachio P. The reactome pathway
knowledgebase. Nucleic Acids Research. 2020;48(D1):D498-D503. doi: 10.1093/nar/gkz1031.
PubMed PMID: 31691815.
23.

Heijne Gv. Introduction to Theme “Membrane Protein Folding and Insertion”. Annual

review of biochemistry. 2011;80(1):157-60. doi: 10.1146/annurev-biochem-111910-091345.
PubMed PMID: 21675916.

187

24.

Malhotra K, Alder NN. Advances in the use of nanoscale bilayers to study membrane

protein structure and function. Biotechnology and Genetic Engineering Reviews. 2014;30(1):7993. doi: 10.1080/02648725.2014.921502.
25.

Seddon AM, Curnow P, Booth PJ. Membrane proteins, lipids and detergents: not just a

soap opera. Biochim Biophys Acta. 2004;1666(1-2):105-17. Epub 2004/11/03. doi:
10.1016/j.bbamem.2004.04.011. PubMed PMID: 15519311.
26.

Nonaka H, Nakanishi Y, Kuno S, Ota T, Mochidome K, Saito Y, Sugihara F, Takakusagi

Y, Aoki I, Nagatoishi S, Tsumoto K, Sando S. Design strategy for serine
hydroxymethyltransferase probes based on retro-aldol-type reaction. Nature Communications.
2019;10(1):876. doi: 10.1038/s41467-019-08833-7.
27.

Froese DS, Fowler B, Baumgartner MR. Vitamin B12, folate, and the methionine

remethylation cycle—biochemistry, pathways, and regulation. Journal of Inherited Metabolic
Disease. 2019;42(4):673-85. doi: 10.1002/jimd.12009.
28.

Ludwig C, Gillet L, Rosenberger G, Amon S, Collins BC, Aebersold R. Data-

independent acquisition-based SWATH-MS for quantitative proteomics: a tutorial. Mol Syst
Biol. 2018;14(8):e8126-e. doi: 10.15252/msb.20178126. PubMed PMID: 30104418.
29.

Ferreira P, Villanueva R, Martínez-Júlvez M, Herguedas B, Marcuello C, Fernandez-

Silva P, Cabon L, Hermoso JA, Lostao A, Susin SA, Medina M. Structural Insights into the
Coenzyme Mediated Monomer–Dimer Transition of the Pro-Apoptotic Apoptosis Inducing
Factor. Biochemistry. 2014;53(25):4204-15. doi: 10.1021/bi500343r.

188

30.

X L, K S, F T, Y J, RG W, T Ö, M V. An AP-MS- and BioID-compatible MAC-tag

enables comprehensive mapping of protein interactions and subcellular localizations. Nat
Commun. 2018;9(1):1188. PubMed PMID: 29568061.

189

Comprehensive List of References
1

Adilakshmi T, Lease RA, Woodson SA. Hydroxyl radical footprinting in vivo: mapping

macromolecular structures with synchrotron radiation. Nucleic Acids Res. 2006;34(8):e64. Epub
2006/05/10. doi: 10.1093/nar/gkl291. PubMed PMID: 16682443; PMCID: PMC1458516.
2

Adilakshmi T, Soper SF, Woodson SA. Structural analysis of RNA in living cells by in

vivo synchrotron X-ray footprinting. Methods in enzymology. 2009;468:239-58. doi:
10.1016/S0076-6879(09)68012-5. PubMed PMID: 20946773; PMCID: PMC3144761.
3

Ahern TJ, Klibanov AM. The Mechanism of Irreversible Enzyme Inactivation at 100C.

Science. 1985;228(4705):1280-4.
4

Allen SJ, Eaton RM, Bush MF. Structural Dynamics of Native-Like Ions in the Gas

Phase: Results from Tandem Ion Mobility of Cytochrome c. Anal Chem. 2017;89(14):7527-34.
Epub 2017/06/22. doi: 10.1021/acs.analchem.7b01234. PubMed PMID: 28636328.
5

Altman BJ, Stine ZE, Dang CV. From Krebs to clinic: glutamine metabolism to cancer

therapy. Nature reviews Cancer. 2016;16(10):619-34. Epub 2016/08/06. doi:
10.1038/nrc.2016.71. PubMed PMID: 27492215; PMCID: PMC5484415.
6

Alvarez-Paggi D, Hannibal L, Castro MA, Oviedo-Rouco S, Demicheli V, Tortora V,

Tomasina F, Radi R, Murgida DH. Multifunctional Cytochrome c: Learning New Tricks from an
Old Dog. Chem Rev. 2017;117(21):13382-460. Epub 2017/10/14. doi:
10.1021/acs.chemrev.7b00257. PubMed PMID: 29027792.
7

Amacher JF, Zhong F, Lisi GP, Zhu MQ, Alden SL, Hoke KR, Madden DR, Pletneva

EV. A compact structure of cytochrome c trapped in a lysine-ligated state: Loop refolding and

190

functional implications of a conformational switch. Journal of the American Chemical Society.
2015;137(26):8435-49.
8

Assfalg M, Bertini I, Dolfi A, Turano P, Mauk AG, Rosell FI, Gray HB. Structural model

for an alkaline form of ferricytochrome C. J Am Chem Soc. 2003;125(10):2913-22. Epub
2003/03/06. doi: 10.1021/ja027180s. PubMed PMID: 12617658.
9

Aye TT, Low TY, Sze SK. Nanosecond Laser-Induced Photochemical Oxidation Method

for Protein Surface Mapping with Mass Spectrometry. Anal Chem. 2005;77(18):5814-22. doi:
10.1021/ac050353m.
10

Banci L, Bertini I, Bren KL, Gray HB, Turano P. pH-dependent equilibria of yeast

Met80Ala-iso-1-cytochrome c probed by NMR spectroscopy: a comparison with the wild-type
protein. Chemistry & Biology. 1995;2(6):377-83. doi: https://doi.org/10.1016/10745521(95)90218-X.
11

Basak S, Nagaraja V. A versatile in vivo footprinting technique using 1,10-

phenanthroline-copper complex to study important cellular processes. Nucleic acids research.
2001;29(21):E105-5. Epub 2001/11/03. PubMed PMID: 11691942; PMCID: PMC60204.
12

Bauer KR, Brown M, Cress RD, Parise CA, Caggiano V. Descriptive analysis of estrogen

receptor (ER)-negative, progesterone receptor (PR)-negative, and HER2-negative invasive breast
cancer, the so-called triple-negative phenotype. Cancer. 2007;109(9):1721-8. doi:
10.1002/cncr.22618.
13

Belikova NA, Vladimirov YA, Osipov AN, Kapralov AA, Tyurin VA, Potapovich MV,

Basova LV, Peterson J, Kurnikov IV, Kagan VE. Peroxidase activity and structural transitions of
cytochrome c bound to cardiolipin-containing membranes. Biochemistry. 2006;45(15):4998191

5009. Epub 2006/04/12. doi: 10.1021/bi0525573. PubMed PMID: 16605268; PMCID:
PMC2527545.
14

Bern M, Saladino J, Sharp JS. Conversion of methionine into homocysteic acid in heavily

oxidized proteomics samples. Rapid Commun Mass Spectrom. 2010;24(6):768-72. Epub
2010/02/20. doi: 10.1002/rcm.4447. PubMed PMID: 20169556; PMCID: PMC2935272.
15

Cain K, Langlais C, Sun X-M, Brown DG, Cohen GM. Physiological Concentrations of

K+ Inhibit Cytochrome c-dependent Formation of the Apoptosome. Journal of Biological
Chemistry. 2001;276(45):41985-90. doi: 10.1074/jbc.M107419200.
16

Carey L, Winer E, Viale G, Cameron D, Gianni L. Triple-negative breast cancer: disease

entity or title of convenience? Nature Reviews Clinical Oncology. 2010;7(12):683-92. doi:
10.1038/nrclinonc.2010.154.
17

Carlson HA, McCammon JA. Accommodating protein flexibility in computational drug

design. Molecular pharmacology. 2000;57(2):213-8.
18

Chance MR, Sclavi B, Woodson SA, Brenowitz M. Examining the conformational

dynamics of macromolecules with time-resolved synchrotron X-ray ‘footprinting’. Structure.
1997;5(7):865-9.
19

Chance MR. Unfolding of apomyoglobin examined by synchrotron footprinting.

Biochem Biophys Res Commun. 2001;287(3):614-21. Epub 2001/09/21. doi:
10.1006/bbrc.2001.5628. PubMed PMID: 11563839.

192

20

Chandra J, Samali A, Orrenius S. Triggering and modulation of apoptosis by oxidative

stress. Free Radical Biology and Medicine. 2000;29(3):323-33. doi:
https://doi.org/10.1016/S0891-5849(00)00302-6.
21

Chea EE, Jones LM. Analyzing the structure of macromolecules in their native cellular

environment using hydroxyl radical footprinting. Analyst. 2018;143(4):798-807. Epub
2018/01/23. doi: 10.1039/c7an01323j. PubMed PMID: 29355258.
22

Chea EE, Jones LM. Modifications generated by fast photochemical oxidation of proteins

reflect the native conformations of proteins. Protein Sci. 2018;27(6):1047-56. Epub 2018/03/27.
doi: 10.1002/pro.3408. PubMed PMID: 29575296; PMCID: PMC5980583.
23

Chea EE, Rinas A, Espino JA, Jones LM. Characterizing Cellular Proteins with In-cell

Fast Photochemical Oxidation of Proteins. J Vis Exp. 2020(157). Epub 2020/04/01. doi:
10.3791/60911. PubMed PMID: 32225159.
24

Clatterbuck Soper SF, Dator RP, Limbach PA, Woodson SA. In vivo X-ray footprinting

of pre-30S ribosomes reveals chaperone-dependent remodeling of late assembly intermediates.
Mol Cell. 2013;52(4):506-16. Epub 2013/11/12. doi: 10.1016/j.molcel.2013.09.020. PubMed
PMID: 24207057; PMCID: PMC3840108.
25

Clemmer DE, Hudgins RR, Jarrold MF. Naked protein conformations: cytochrome c in

the gas phase. Journal of the American Chemical Society. 1995;117(40):10141-2.
26

Climie SC, Friesen JD. In vivo and in vitro structural analysis of the rplJ mRNA leader of

Escherichia coli. Protection by bound L10-L7/L12. J Biol Chem. 1988;263(29):15166-75. Epub
1988/10/15. PubMed PMID: 3049601.

193

27

Colón W, Wakem LP, Sherman F, Roder H. Identification of the Predominant Non-

Native Histidine Ligand in Unfolded Cytochrome c. Biochemistry. 1997;36(41):12535-41. doi:
10.1021/bi971697c.
28

Dai L, Prabhu N, Yu LY, Bacanu S, Ramos AD, Nordlund P. Horizontal Cell Biology:

Monitoring Global Changes of Protein Interaction States with the Proteome-Wide Cellular
Thermal Shift Assay (CETSA). Annual review of biochemistry. 2019;88(1):383-408. doi:
10.1146/annurev-biochem-062917-012837. PubMed PMID: 30939043.
29

Dalle-Donne I, Rossi R, Giustarini D, Gagliano N, Di Simplicio P, Colombo R, Milzani

A. Methionine oxidation as a major cause of the functional impairment of oxidized actin. Free
Radical Biol Med. 2002;32(9):927-37. doi: https://doi.org/10.1016/S0891-5849(02)00799-2.
30

De Rosa V, Monti M, Terlizzi C, Fonti R, Del Vecchio S, Iommelli F. Coordinate

Modulation of Glycolytic Enzymes and OXPHOS by Imatinib in BCR-ABL Driven Chronic
Myelogenous Leukemia Cells. Int J Mol Sci. 2019;20(13). Epub 2019/06/30. doi:
10.3390/ijms20133134. PubMed PMID: 31252559; PMCID: PMC6651622.
31

Diederix REM, Fittipaldi M, Worrall JAR, Huber M, Ubbink M, Canters GW. Kinetic

Stability of the Peroxidase Activity of Unfolded Cytochrome c: Heme Degradation and Catalyst
Inactivation by Hydrogen Peroxide. Inorganic Chemistry. 2003;42(22):7249-57. doi:
10.1021/ic0343861.
32

Dixit SM, Polasky DA, Ruotolo BT. Collision induced unfolding of isolated proteins in

the gas phase: past, present, and future. Current Opinion in Chemical Biology. 2018;42:93-100.
doi: https://doi.org/10.1016/j.cbpa.2017.11.010.

194

33

Dombrauckas JD, Santarsiero BD, Mesecar AD. Structural Basis for Tumor Pyruvate

Kinase M2 Allosteric Regulation and Catalysis. Biochemistry. 2005;44(27):9417-29. doi:
10.1021/bi0474923.
34

Downard KM, Maleknia SD, Akashi S. Impact of limited oxidation on protein ion

mobility and structure of importance to footprinting by radical probe mass spectrometry. Rapid
Commun Mass Spectrom. 2012;26(3):226-30. Epub 2012/01/10. doi: 10.1002/rcm.5320.
PubMed PMID: 22223306.
35

Ericsson UB, Hallberg BM, Detitta GT, Dekker N, Nordlund P. Thermofluor-based high-

throughput stability optimization of proteins for structural studies. Anal Biochem.
2006;357(2):289-98. Epub 2006/09/12. doi: 10.1016/j.ab.2006.07.027. PubMed PMID:
16962548.
36

Espino JA, Mali VS, Jones LM. In cell footprinting coupled with mass spectrometry for

the structural analysis of proteins in live cells. Analytical chemistry. 2015;87(15):7971-8.
37

Farber S, Cutler EC, Hawkins JW, Harrison JH, Peirce EC, 2nd, Lenz GG. The Action of

Pteroylglutamic Conjugates on Man. Science. 1947;106(2764):619-21. Epub 1947/12/19. doi:
10.1126/science.106.2764.619. PubMed PMID: 17831847.
38

Fellers RT, Greer JB, Early BP, Yu X, LeDuc RD, Kelleher NL, Thomas PM. ProSight

Lite: Graphical software to analyze top-down mass spectrometry data. PROTEOMICS.
2015;15(7):1235-8. doi: doi:10.1002/pmic.201400313.
39

Fenton HJH. LXXIII.-Oxidation of tartaric acid in presence of iron. Journal of the

Chemical Society, Transactions. 1894;65(0):899-910. doi: 10.1039/CT8946500899.

195

40

Ferreira P, Villanueva R, Martínez-Júlvez M, Herguedas B, Marcuello C, Fernandez-

Silva P, Cabon L, Hermoso JA, Lostao A, Susin SA, Medina M. Structural Insights into the
Coenzyme Mediated Monomer–Dimer Transition of the Pro-Apoptotic Apoptosis Inducing
Factor. Biochemistry. 2014;53(25):4204-15. doi: 10.1021/bi500343r.
41

Ferrer JC, Guillemette JG, Bogumil R, Inglis SC, Smith M, Mauk AG. Identification of

Lys79 as an iron ligand in one form of alkaline yeast iso-1-ferricytochrome c. Journal of the
American Chemical Society. 1993;115(16):7507-8. doi: 10.1021/ja00069a062.
42

Froese DS, Fowler B, Baumgartner MR. Vitamin B12, folate, and the methionine

remethylation cycle—biochemistry, pathways, and regulation. Journal of Inherited Metabolic
Disease. 2019;42(4):673-85. doi: 10.1002/jimd.12009.
43

Gao J, Yin DH, Yao Y, Sun H, Qin Z, Schöneich C, Williams TD, Squier TC. Loss of

conformational stability in calmodulin upon methionine oxidation. Biophys J. 1998;74(3):111534. PubMed PMID: PMC1299464.
44

Garlapati C, Joshi S, Sahoo B, Kapoor S, Aneja R. The persisting puzzle of racial

disparity in triple negative breast cancer: looking through a new lens. Frontiers in bioscience
(Scholar edition). 2019;11:75-88. Epub 2019/03/08. PubMed PMID: 30844737.
45

Garrido C, Galluzzi L, Brunet M, Puig PE, Didelot C, Kroemer G. Mechanisms of

cytochrome c release from mitochondria. Cell Death Differ. 2006;13(9):1423-33. Epub
2006/05/06. doi: 10.1038/sj.cdd.4401950. PubMed PMID: 16676004.
46

Garrido P, Osorio FG, Moran J, Cabello E, Alonso A, Freije JM, Gonzalez C. Loss of

GLUT4 induces metabolic reprogramming and impairs viability of breast cancer cells. J Cell

196

Physiol. 2015;230(1):191-8. Epub 2014/06/17. doi: 10.1002/jcp.24698. PubMed PMID:
24931902.
47

Gau B, Garai K, Frieden C, Gross ML. Mass spectrometry-based protein footprinting

characterizes the structures of oligomeric apolipoprotein E2, E3, and E4. Biochemistry.
2011;50(38):8117-26.
48

Gau BC, Chen J, Gross ML. Fast photochemical oxidation of proteins for comparing

solvent-accessibility changes accompanying protein folding: Data processing and application to
barstar. Biochimica et biophysica acta. 2013;1834(6):1230-8. Epub 2013/03/15. doi:
10.1016/j.bbapap.2013.02.023. PubMed PMID: 23485913; PMCID: 3663899.
49

Gau BC, Sharp JS, Rempel DL, Gross ML. Fast Photochemical Oxidation of Protein

Footprints Faster than Protein Unfolding. Anal Chem. 2009;81(16):6563-71. doi:
10.1021/ac901054w.
50

Gaudreault I, Guay D, Lebel M. YB-1 promotes strand separation in vitro of duplex DNA

containing either mispaired bases or cisplatin modifications, exhibits endonucleolytic activities
and binds several DNA repair proteins. Nucleic acids research. 2004;32(1):316-27. doi:
10.1093/nar/gkh170. PubMed PMID: 14718551.
51

Gazinska P, Grigoriadis A, Brown JP, Millis RR, Mera A, Gillett CE, Holmberg LH, Tutt

AN, Pinder SE. Comparison of basal-like triple-negative breast cancer defined by morphology,
immunohistochemistry and transcriptional profiles. Modern Pathology. 2013;26(7):955-66. doi:
10.1038/modpathol.2012.244.

197

52

Giles K, Pringle SD, Worthington KR, Little D, Wildgoose JL, Bateman RH.

Applications of a travelling wave-based radio-frequency-only stacked ring ion guide. Rapid
Communications in Mass Spectrometry. 2004;18(20):2401-14. doi: 10.1002/rcm.1641.
53

Gogvadze V, Orrenius S, Zhivotovsky B. Multiple pathways of cytochrome c release

from mitochondria in apoptosis. Biochimica et Biophysica Acta (BBA) - Bioenergetics.
2006;1757(5):639-47. doi: https://doi.org/10.1016/j.bbabio.2006.03.016.
54

Gogvadze V, Robertson JD, Enoksson M, Zhivotovsky B, Orrenius S. Mitochondrial

cytochrome c release may occur by volume-dependent mechanisms not involving permeability
transition. Biochem J. 2004;378(Pt 1):213-7. doi: 10.1042/BJ20031193. PubMed PMID:
14629197.
55

Guan J-Q, Almo SC, Reisler E, Chance MR. Structural Reorganization of Proteins

Revealed by Radiolysis and Mass Spectrometry: G-Actin Solution Structure Is Divalent Cation
Dependent. Biochemistry. 2003;42(41):11992-2000. doi: 10.1021/bi034914k.
56

Gupta S, Bavro VN, D'Mello R, Tucker SJ, Venien-Bryan C, Chance MR.

Conformational changes during the gating of a potassium channel revealed by structural mass
spectrometry. Structure. 2010;18(7):839-46. Epub 2010/07/20. doi: S0969-2126(10)00194-2
[pii]
57

Haber F, Weiss J. The Catalytic Decomposition of Hydrogen Peroxide by Iron Salts.

Proceedings of the Royal Society of London Series A - Mathematical and Physical Sciences.
1934;147(861):332-51. doi: 10.1098/rspa.1934.0221.
58

Hagner N, Joerger M. Cancer chemotherapy: targeting folic acid synthesis. Cancer

Manag Res. 2010;2:293-301. doi: 10.2147/CMR.S10043. PubMed PMID: 21301589.
198

59

Hambly DM, Gross ML. Laser flash photolysis of hydrogen peroxide to oxidize protein

solvent-accessible residues on the microsecond timescale. J Am Soc Mass Spectrom.
2005;16(12):2057-63. doi: 10.1016/j.jasms.2005.09.008.
60

Hannibal L, Tomasina F, Capdevila DA, Demicheli V, Tortora V, Alvarez-Paggi D,

Jemmerson R, Murgida DH, Radi R. Alternative Conformations of Cytochrome c: Structure,
Function, and Detection. Biochemistry. 2016;55(3):407-28. Epub 2016/01/01. doi:
10.1021/acs.biochem.5b01385. PubMed PMID: 26720007.
61

Hanske J, Toffey JR, Morenz AM, Bonilla AJ, Schiavoni KH, Pletneva EV.

Conformational properties of cardiolipin-bound cytochrome c. Proceedings of the National
Academy of Sciences of the United States of America. 2012;109(1):125-30. Epub 2011/12/21.
doi: 10.1073/pnas.1112312108. PubMed PMID: 22190488.
62

He X, Du S, Lei T, Li X, Liu Y, Wang H, Tong R, Wang Y. PKM2 in carcinogenesis and

oncotherapy. Oncotarget. 2017;8(66):110656-70. doi: 10.18632/oncotarget.22529. PubMed
PMID: 29299177.
63

Hehenberger E, Eitel M, Fortunato SAV, Miller DJ, Keeling PJ, Cahill MA. Early

eukaryotic origins and metazoan elaboration of MAPR family proteins. Molecular Phylogenetics
and Evolution. 2020;148:106814. doi: https://doi.org/10.1016/j.ympev.2020.106814.
64

Heijne Gv. Introduction to Theme “Membrane Protein Folding and Insertion”. Annual

review of biochemistry. 2011;80(1):157-60. doi: 10.1146/annurev-biochem-111910-091345.
PubMed PMID: 21675916.
65

Hong R, Zhang W, Xia X, Zhang K, Wang Y, Wu M, Fan J, Li J, Xia W, Xu F, Chen J,

Wang S, Zhan Q. Preventing BRCA1/ZBRK1 repressor complex binding to the GOT2 promoter
199

results in accelerated aspartate biosynthesis and promotion of cell proliferation. Molecular
oncology. 2019;13(4):959-77. Epub 2019/02/05. doi: 10.1002/1878-0261.12466. PubMed
PMID: 30714292; PMCID: PMC6441895.
66

Huang W, Ravikumar Krishnakumar M, Chance Mark R, Yang S. Quantitative Mapping

of Protein Structure by Hydroxyl Radical Footprinting-Mediated Structural Mass Spectrometry:
A Protection Factor Analysis. Biophysical Journal. 2015;108(1):107-15. doi:
10.1016/j.bpj.2014.11.013. PubMed PMID: PMC4286602.
67

Huber KVM, Olek KM, Müller AC, Tan CSH, Bennett KL, Colinge J, Superti-Furga G.

Proteome-wide drug and metabolite interaction mapping by thermal-stability profiling. Nature
methods. 2015;12(11):1055-7. Epub 2015/09/21. doi: 10.1038/nmeth.3590. PubMed PMID:
26389571.
68

Hulscher RM, Bohon J, Rappe MC, Gupta S, D'Mello R, Sullivan M, Ralston CY,

Chance MR, Woodson SA. Probing the structure of ribosome assembly intermediates in vivo
using DMS and hydroxyl radical footprinting. Methods. 2016;103:49-56. Epub 2016/03/27. doi:
10.1016/j.ymeth.2016.03.012. PubMed PMID: 27016143; PMCID: PMC4921310.
69

Hwang SY, Park S, Kwon Y. Recent therapeutic trends and promising targets in triple

negative breast cancer. Pharmacology & therapeutics. 2019;199:30-57. Epub 2019/03/03. doi:
10.1016/j.pharmthera.2019.02.006. PubMed PMID: 30825473.
70

Jain SS, Tullius TD. Footprinting protein-DNA complexes using the hydroxyl radical.

Nature Protocols. 2008;3(6):1092.
71

Jassal B, Matthews L, Viteri G, Gong C, Lorente P, Fabregat A, Sidiropoulos K, Cook J,

Gillespie M, Haw R, Loney F, May B, Milacic M, Rothfels K, Sevilla C, Shamovsky V, Shorser
200

S, Varusai T, Weiser J, Wu G, Stein L, Hermjakob H, D'Eustachio P. The reactome pathway
knowledgebase. Nucleic Acids Res. 2020;48(D1):D498-d503. Epub 2019/11/07. doi:
10.1093/nar/gkz1031. PubMed PMID: 31691815; PMCID: PMC7145712.
72

Jiang X, Wang X. Cytochrome C-mediated apoptosis. Annual review of biochemistry.

2004;73:87-106. Epub 2004/06/11. doi: 10.1146/annurev.biochem.73.011303.073706. PubMed
PMID: 15189137.
73

Jones LM, B. Sperry J, A. Carroll J, Gross ML. Fast photochemical oxidation of proteins

for epitope mapping. Anal Chem. 2011;83(20):7657-61.
74

Jones LM, Zhang, H., Cui, W., Kumar, S., Sperry, J.B., Carroll, J.A., Gross, M.L.

Conformational Characterization of Therapeutic Antibodies by Multiple Complementary
Analytical Proteomics Methods. Proc Natl Acad Sci U S A. 2012;In revisions.
75

Kagan VE, Tyurin VA, Jiang J, Tyurina YY, Ritov VB, Amoscato AA, Osipov AN,

Belikova NA, Kapralov AA, Kini V, Vlasova II, Zhao Q, Zou M, Di P, Svistunenko DA,
Kurnikov IV, Borisenko GG. Cytochrome c acts as a cardiolipin oxygenase required for release
of proapoptotic factors. Nature Chemical Biology. 2005;1(4):223-32. doi: 10.1038/nchembio727.
76

Kanu AB, Dwivedi P, Tam M, Matz L, Hill HH. Ion mobility–mass spectrometry.

Journal of Mass Spectrometry. 2008;43(1):1-22. doi: 10.1002/jms.1383.
77

Karki P, Seong C, Kim JE, Hur K, Shin SY, Lee JS, Cho B, Park IS. Intracellular K+

inhibits apoptosis by suppressing the Apaf-1 apoptosome formation and subsequent downstream
pathways but not cytochrome c release. Cell Death And Differentiation. 2007;14:2068. doi:
10.1038/sj.cdd.4402221.

201

78

Karsisiotis AI, Deacon OM, Wilson MT, Macdonald C, Blumenschein TMA, Moore GR,

Worrall JAR. Increased dynamics in the 40–57 Ω-loop of the G41S variant of human cytochrome
c promote its pro-apoptotic conformation. Scientific Reports. 2016;6:30447. doi:
10.1038/srep30447
79

Kaur P, Kiselar JG, Chance MR. Integrated algorithms for high-throughput examination

of covalently labeled biomolecules by structural mass spectrometry. Anal Chem.
2009;81(19):8141-9. Epub 2009/10/01. doi: 10.1021/ac9013644. PubMed PMID: 19788317;
PMCID: PMC2764328.
80

Kaur U, Johnson DT, Jones LM. Validation of the Applicability of In-Cell Fast

Photochemical Oxidation of Proteins across Multiple Eukaryotic Cell Lines. J Am Soc Mass
Spectrom. 2020. Epub 2020/03/07. doi: 10.1021/jasms.0c00014. PubMed PMID: 32142260.
81

Kaur U, Meng H, Lui F, Ma R, Ogburn RN, Johnson JHR, Fitzgerald MC, Jones LM.

Proteome-Wide Structural Biology: An Emerging Field for the Structural Analysis of Proteins on
the Proteomic Scale. Journal of Proteome Research. 2018;17(11):3614-27. doi:
10.1021/acs.jproteome.8b00341.
82

Kelly JA, Sielecki AR, Sykes BD, James MNG, Phillips DC. X-ray crystallography of

the binding of the bacterial cell wall trisaccharide NAM-NAG-NAM to lysozyme. Nature.
1979;282:875. doi: 10.1038/282875a0.
83

Kiselar JG, Chance MR. Future directions of structural mass spectrometry using hydroxyl

radical footprinting. Journal of mass spectrometry : JMS. 2010;45(12):1373-82. Epub
2010/09/03. doi: 10.1002/jms.1808. PubMed PMID: 20812376; PMCID: PMC3012749.

202

84

Kiselar JG, Janmey PA, Almo SC, Chance MR. Structural analysis of gelsolin using

synchrotron protein footprinting. Mol Cell Proteomics. 2003;2(10):1120-32.
85

Kiselar JG, Janmey PA, Almo SC, Chance MR. Structural analysis of gelsolin using

synchrotron protein footprinting. Mol Cell Proteomics. 2003;2(10):1120-32. Epub 2003/09/11.
doi: 10.1074/mcp.M300068-MCP200. PubMed PMID: 12966145.
86

Kiselar JG, Mahaffy R, Pollard TD, Almo SC, Chance MR. Visualizing Arp2/3 complex

activation mediated by binding of ATP and WASp using structural mass spectrometry. Proc Natl
Acad Sci USA. 2007;104(5):1552-7. doi: 10.1073/pnas.0605380104. PubMed PMID:
PMC1785275.
87

Kiselar JG, Maleknia SD, Sullivan M, Downard KM, Chance MR. Hydroxyl radical

probe of protein surfaces using synchrotron X-ray radiolysis and mass spectrometry. Int J Radiat
Biol. 2002;78(2):101-14. doi: 10.1080/09553000110094805.
88

Krämer A, Green J, Pollard J, Jr., Tugendreich S. Causal analysis approaches in

Ingenuity Pathway Analysis. Bioinformatics (Oxford, England). 2014;30(4):523-30. Epub
2013/12/18. doi: 10.1093/bioinformatics/btt703. PubMed PMID: 24336805; PMCID:
PMC3928520.
89

Kretov DA, Mordovkina DA, Eliseeva IA, Lyabin DN, Polyakov DN, Joshi V, Desforges

B, Hamon L, Lavrik OI, Pastré D, Curmi PA, Ovchinnikov LP. Inhibition of Transcription
Induces Phosphorylation of YB-1 at Ser102 and Its Accumulation in the Nucleus. Cells.
2019;9(1):104. doi: 10.3390/cells9010104. PubMed PMID: 31906126.
90

Lanucara F, Holman SW, Gray CJ, Eyers CE. The power of ion mobility-mass

spectrometry for structural characterization and the study of conformational dynamics. Nat
203

Chem. 2014;6(4):281-94. Epub 2014/03/22. doi: 10.1038/nchem.1889. PubMed PMID:
24651194.
91

Lawrence A, Jones CM, Wardman P, Burkitt MJ. Evidence for the role of a peroxidase

compound I-type intermediate in the oxidation of glutathione, NADH, ascorbate, and
dichlorofluorescin by cytochrome c/H2O2. Implications for oxidative stress during apoptosis. J
Biol Chem. 2003;278(32):29410-9. Epub 2003/05/16. doi: 10.1074/jbc.M300054200. PubMed
PMID: 12748170.
92

Li P, Nijhawan D, Budihardjo I, Srinivasula SM, Ahmad M, Alnemri ES, Wang X.

Cytochrome c and dATP-dependent formation of Apaf-1/caspase-9 complex initiates an
apoptotic protease cascade. Cell. 1997;91(4):479-89. Epub 1997/12/09. doi: 10.1016/s00928674(00)80434-1. PubMed PMID: 9390557.
93

Li X, Grant OC, Ito K, Wallace A, Wang S, Zhao P, Wells L, Lu S, Woods RJ, Sharp JS.

Structural Analysis of the Glycosylated Intact HIV-1 gp120–b12 Antibody Complex Using
Hydroxyl Radical Protein Footprinting. Biochemistry. 2017;56(7):957-70. doi:
10.1021/acs.biochem.6b00888.
94

Li Z, Moniz H, Wang S, Ramiah A, Zhang F, Moremen KW, Linhardt RJ, Sharp JS.

High structural resolution hydroxyl radical protein footprinting reveals an extended Robo1heparin binding interface. J Biol Chem. 2015;290(17):10729-40.
95

Lim S-O, Li C-W, Xia W, Lee H-H, Chang S-S, Shen J, Hsu JL, Raftery D, Djukovic D,

Gu H, Chang W-C, Wang H-L, Chen M-L, Huo L, Chen C-H, Wu Y, Sahin A, Hanash SM,
Hortobagyi GN, Hung M-C. EGFR Signaling Enhances Aerobic Glycolysis in Triple-Negative
Breast Cancer Cells to Promote Tumor Growth and Immune Escape. Cancer research.
204

2016;76(5):1284-96. Epub 2016/01/12. doi: 10.1158/0008-5472.CAN-15-2478. PubMed PMID:
26759242.
96

Lin T-Y, Koshland D. Carboxyl group modification and the activity of lysozyme. J Biol

Chem. 1969;244(2):505-8.
97

Liu XR, Zhang MM, Gross ML. Mass Spectrometry-Based Protein Footprinting for

Higher-Order Structure Analysis: Fundamentals and Applications. Chemical Reviews.
2020;120(10):4355-454. doi: 10.1021/acs.chemrev.9b00815.
98

Lu Y, Zhang H, Niedzwiedzki DM, Jiang J, Blankenship RE, Gross ML. Fast

Photochemical Oxidation of Proteins Maps the Topology of Intrinsic Membrane Proteins: LightHarvesting Complex 2 in a Nanodisc. Anal Chem. 2016;88(17):8827-34. Epub 2016/08/09. doi:
10.1021/acs.analchem.6b01945. PubMed PMID: 27500903; PMCID: PMC5201186.
99

Ludwig C, Gillet L, Rosenberger G, Amon S, Collins BC, Aebersold R. Data-

independent acquisition-based SWATH-MS for quantitative proteomics: a tutorial. Mol Syst
Biol. 2018;14(8):e8126-e. doi: 10.15252/msb.20178126. PubMed PMID: 30104418.
100

Lund MJ, Trivers KF, Porter PL, Coates RJ, Leyland-Jones B, Brawley OW, Flagg EW,

O’Regan RM, Gabram SGA, Eley JW. Race and triple negative threats to breast cancer survival:
a population-based study in Atlanta, GA. Breast Cancer Research and Treatment.
2009;113(2):357-70. doi: 10.1007/s10549-008-9926-3.
101

Maleknia SD, Brenowitz M, Chance MR. Millisecond radiolytic modification of peptides

by synchrotron X-rays identified by mass spectrometry. Anal Chem. 1999;71(18):3965-73. Epub
1999/09/29. PubMed PMID: 10500483.

205

102

Maleknia SD, Downard K. Radical approaches to probe protein structure, folding, and

interactions by mass spectrometry. Mass Spectrom Rev. 2001;20(6):388-401. Epub 2002/05/09.
doi: 10.1002/mas.10013. PubMed PMID: 11997945.
103

Maleknia SD, Downard KM. Advances in radical probe mass spectrometry for protein

footprinting in chemical biology applications. Chem Soc Rev. 2014;43(10):3244-58. doi:
10.1039/c3cs60432b. PubMed PMID: 24590115.
104

Maleknia SD, Ralston CY, Brenowitz MD, Downard KM, Chance MR. Determination of

macromolecular folding and structure by synchrotron x-ray radiolysis techniques. Anal Biochem.
2001;289(2):103-15. Epub 2001/02/13. doi: 10.1006/abio.2000.4910
105

Malhotra K, Alder NN. Advances in the use of nanoscale bilayers to study membrane

protein structure and function. Biotechnology and Genetic Engineering Reviews. 2014;30(1):7993. doi: 10.1080/02648725.2014.921502.
106

Martinez Molina D, Nordlund P. The Cellular Thermal Shift Assay: A Novel Biophysical

Assay for In Situ Drug Target Engagement and Mechanistic Biomarker Studies. Annu Rev
Pharmacol Toxicol. 2016;56:141-61. Epub 2015/11/14. doi: 10.1146/annurev-pharmtox-010715103715. PubMed PMID: 26566155.
107

Marty MT, Baldwin AJ, Marklund EG, Hochberg GKA, Benesch JLP, Robinson CV.

Bayesian Deconvolution of Mass and Ion Mobility Spectra: From Binary Interactions to
Polydisperse Ensembles. Analytical Chemistry. 2015;87(8):4370-6. doi:
10.1021/acs.analchem.5b00140.

206

108

Mateus A, Määttä TA, Savitski MM. Thermal proteome profiling: unbiased assessment

of protein state through heat-induced stability changes. Proteome Science. 2017;15(1):13. doi:
10.1186/s12953-017-0122-4.
109

McClelland LJ, Mou TC, Jeakins-Cooley ME, Sprang SR, Bowler BE. Structure of a

mitochondrial cytochrome c conformer competent for peroxidase activity. Proc Natl Acad Sci U
S A. 2014;111(18):6648-53. Epub 2014/04/25. doi: 10.1073/pnas.1323828111. PubMed PMID:
24760830; PMCID: PMC4020089.
110

McClintock C, Kertesz V, Hettich RL. Development of an electrochemical oxidation

method for probing higher order protein structure with mass spectrometry. Anal Chem.
2008;80(9):3304-17.
111

McDaniel EW, Martin DW, Barnes WS. Drift Tube‐Mass Spectrometer for Studies of

Low‐Energy Ion‐Molecule Reactions. Review of Scientific Instruments. 1962;33(1):2-7. doi:
10.1063/1.1717656.
112

Mitra S, Shcherbakova IV, Altman RB, Brenowitz M, Laederach A. High-throughput

single-nucleotide structural mapping by capillary automated footprinting analysis. Nucleic acids
research. 2008;36(11):e63. Epub 2008/05/15. doi: 10.1093/nar/gkn267. PubMed PMID:
18477638; PMCID: PMC2441812.
113

Molina DM, Jafari R, Ignatushchenko M, Seki T, Larsson EA, Dan C, Sreekumar L, Cao

Y, Nordlund P. Monitoring Drug Target Engagement in Cells and Tissues Using the Cellular
Thermal Shift Assay. Science. 2013;341(6141):84-7. doi: 10.1126/science.1233606.
114

Monroe EB, Heien ML. Electrochemical generation of hydroxyl radicals for examining

protein structure. Anal Chem. 2013;85(13):6185-9.
207

115

Moran MM. TRP Channels as Potential Drug Targets. Annu Rev Pharmacol Toxicol.

2018;58:309-30. Epub 2017/09/26. doi: 10.1146/annurev-pharmtox-010617-052832. PubMed
PMID: 28945977.
116

Morrison CD, Chang JC, Keri RA, Schiemann WP. Mutant p53 dictates the oncogenic

activity of c-Abl in triple-negative breast cancers. Cell Death Dis. 2017;8(6):e2899-e. doi:
10.1038/cddis.2017.294. PubMed PMID: 28661474.
117

Mourao MA, Hakim JB, Schnell S. Connecting the dots: the effects of macromolecular

crowding on cell physiology. Biophys J. 2014;107(12):2761-6. Epub 2014/12/18. doi:
10.1016/j.bpj.2014.10.051. PubMed PMID: 25517143; PMCID: PMC4269789.
118

Muschel RJ, Bernhard EJ, Garza L, Gillies McKenna W, Koch CJ. Induction of

Apoptosis at Different Oxygen Tensions: Evidence That Oxygen Radicals Do Not Mediate
Apoptotic Signaling. Cancer Research. 1995;55(5):995-8.
119

Nakamura J, Purvis ER, Swenberg JA. Micromolar concentrations of hydrogen peroxide

induce oxidative DNA lesions more efficiently than millimolar concentrations in mammalian
cells. Nucleic acids research. 2003;31(6):1790-5. Epub 2003/03/11. PubMed PMID: 12626721;
PMCID: 152865.
120

Nelson CJ, Bowler BE. pH Dependence of Formation of a Partially Unfolded State of a

Lys 73 → His Variant of Iso-1-cytochrome c: Implications for the Alkaline Conformational
Transition of Cytochrome c. Biochemistry. 2000;39(44):13584-94. doi: 10.1021/bi0017778.
121

Neubauer H, Clare SE, Wozny W, Schwall GP, Poznanović S, Stegmann W, Vogel U,

Sotlar K, Wallwiener D, Kurek R, Fehm T, Cahill MA. Breast cancer proteomics reveals

208

correlation between estrogen receptor status and differential phosphorylation of PGRMC1.
Breast Cancer Research. 2008;10(5):R85. doi: 10.1186/bcr2155.
122

Nick H, Gilbert W. Detection in vivo of protein-DNA interactions within the lac operon

of Escherichia coli. Nature. 1985;313(6005):795-8. Epub 1985/02/06. PubMed PMID: 3883194.
123

Niu B, Zhang H, Giblin D, Rempel DL, Gross ML. Dosimetry Determines the Initial OH

Radical Concentration in Fast Photochemical Oxidation of Proteins (FPOP). Journal of the
American Society for Mass Spectrometry. 2015;26(5):843-6. doi: 10.1007/s13361-015-1087-0.
PubMed PMID: PMC5613943.
124

Nold SM, Lei H, Mou T-C, Bowler BE. Effect of a K72A Mutation on the Structure,

Stability, Dynamics, and Peroxidase Activity of Human Cytochrome c. Biochemistry.
2017;56(26):3358-68. Epub 2017/06/21. doi: 10.1021/acs.biochem.7b00342. PubMed PMID:
28598148.
125

Nonaka H, Nakanishi Y, Kuno S, Ota T, Mochidome K, Saito Y, Sugihara F, Takakusagi

Y, Aoki I, Nagatoishi S, Tsumoto K, Sando S. Design strategy for serine
hydroxymethyltransferase probes based on retro-aldol-type reaction. Nature Communications.
2019;10(1):876. doi: 10.1038/s41467-019-08833-7.
126

O'Toole SA, Beith JM, Millar EK, West R, McLean A, Cazet A, Swarbrick A, Oakes SR.

Therapeutic targets in triple negative breast cancer. Journal of clinical pathology.
2013;66(6):530-42. Epub 2013/02/26. doi: 10.1136/jclinpath-2012-201361. PubMed PMID:
23436929.

209

127

Ottinger LM, Tullius TD. High-resolution in vivo footprinting of a protein-DNA complex

using gamma-radiation. Journal of the American Chemical Society. 2000;122(24):5901-2. doi:
10.1021/ja000285f. PubMed PMID: WOS:000087845700035.
128

Ow YP, Green DR, Hao Z, Mak TW. Cytochrome c: functions beyond respiration. Nat

Rev Mol Cell Biol. 2008;9(7):532-42. Epub 2008/06/24. doi: 10.1038/nrm2434. PubMed PMID:
18568041.
129

Pan H, Chen K, Chu L, Kinderman F, Apostol I, Huang G. Methionine oxidation in

human IgG2 Fc decreases binding affinities to protein A and FcRn. Protein Sci. 2009;18(2):42433. Epub 2009/01/24. doi: 10.1002/pro.45. PubMed PMID: 19165723; PMCID: PMC2708056.
130

Pan Y, Stocks BB, Brown L, Konermann L. Structural characterization of an integral

membrane protein in its natural lipid environment by oxidative methionine labeling and mass
spectrometry. Anal Chem. 2009;81(1):28-35. Epub 2008/12/06. doi: 10.1021/ac8020449
131

Perez-Iratxeta C, Andrade-Navarro MA. K2D2: Estimation of protein secondary structure

from circular dichroism spectra. BMC Structural Biology. 2008;8(1):25. doi: 10.1186/14726807-8-25.
132

Perkins SJ, Johnson LN, Machin PA, Phillips DC. Crystal structures of egg-white

lysozyme of hen in acetate-free medium and of lysozyme complexes with N-acetylglucosamine
and beta-methyl N-acetylglucosaminide. Biochemical Journal. 1978;173(2):607-16. PubMed
PMID: PMC1185815.
133

Platoshyn O, Zhang S, McDaniel SS, Yuan JX-J. Cytochrome c activates K+ channels

before inducing apoptosis. American Journal of Physiology-Cell Physiology.
2002;283(4):C1298-C305. doi: 10.1152/ajpcell.00592.2001. PubMed PMID: 12225992.
210

134

Pogozelski WK, Mcneese TJ, Tullius TD. What Species Is Responsible for Strand

Scission in the Reaction of [Fe(Ii)Edta](2-) and H2o2 with DNA. Journal of the American
Chemical Society. 1995;117(24):6428-33. doi: DOI 10.1021/ja00129a002. PubMed PMID:
WOS:A1995RE57500002.
135

Purring-Koch C, McLendon G. Cytochrome c binding to Apaf-1: the effects of dATP and

ionic strength. Proceedings of the National Academy of Sciences of the United States of
America. 2000;97(22):11928-31. Epub 2000/10/17. doi: 10.1073/pnas.220416197. PubMed
PMID: 11035811.
136

Reddy VA, Maley F. Identification of an active-site residue in yeast invertase by affinity

labeling and site-directed mutagenesis. J Biol Chem. 1990;265(19):10817-20. Epub 1990/07/05.
PubMed PMID: 2113524.
137

Rinas A, Espino JA, Jones LM. An efficient quantitation strategy for hydroxyl radical-

mediated protein footprinting using Proteome Discoverer. Anal Bioanal Chem.
2016;408(11):3021-31. doi: 10.1007/s00216-016-9369-3.
138

Rinas A, Jones LM. Fast photochemical oxidation of proteins coupled to

multidimensional protein identification technology (MudPIT): expanding footprinting strategies
to complex systems. J Am Soc Mass Spectrom. 2015;26(4):540-6.
139

Rinas A, Mali VS, Espino JA, Jones LM. Development of a Microflow System for In-

Cell Footprinting Coupled with Mass Spectrometry. Anal Chem. 2016;88(20):10052-8. doi:
10.1021/acs.analchem.6b02357. PubMed PMID: 27681498.

211

140

Rosell FI, Ferrer JC, Mauk AG. Proton-Linked Protein Conformational Switching:

Definition of the Alkaline Conformational Transition of Yeast Iso-1-ferricytochrome c. Journal
of the American Chemical Society. 1998;120(44):11234-45. doi: 10.1021/ja971756+.
141

Rothenberg SP, DaCosta M. Further observations on the folate-binding factor in some

leukemic cells. The Journal of clinical investigation. 1971;50(3):719-26. doi:
10.1172/JCI106542. PubMed PMID: 5545129.
142

Sachdev JC, Ahmed S, Mirza MM, Farooq A, Kronish L, Jahanzeb M. Does Race Affect

Outcomes in Triple Negative Breast Cancer? Breast Cancer: Basic and Clinical Research.
2010;4:117822341000400003. doi: 10.1177/117822341000400003.
143

Sclavi B, Sullivan M, Chance MR, Brenowitz M, Woodson SA. RNA folding at

millisecond intervals by synchrotron hydroxyl radical footprinting. Science.
1998;279(5358):1940-3. Epub 1998/04/16. PubMed PMID: 9506944.
144

Seddon AM, Curnow P, Booth PJ. Membrane proteins, lipids and detergents: not just a

soap opera. Biochim Biophys Acta. 2004;1666(1-2):105-17. Epub 2004/11/03. doi:
10.1016/j.bbamem.2004.04.011. PubMed PMID: 15519311.
145

Shah R, Schweitzer-Stenner R. Structural changes of horse heart ferricytochrome C

induced by changes of ionic strength and anion binding. Biochemistry. 2008;47(18):5250-7.
Epub 2008/04/15. doi: 10.1021/bi702492n. PubMed PMID: 18407664.
146

Sharp JS, Becker JM, Hettich RL. Analysis of protein solvent accessible surfaces by

photochemical oxidation and mass spectrometry. Anal Chem. 2004;76(3):672-83. Epub
2004/01/31. doi: 10.1021/ac0302004. PubMed PMID: 14750862.

212

147

Sharp JS, Sullivan DM, Cavanagh J, Tomer KB. Measurement of Multisite Oxidation

Kinetics Reveals an Active Site Conformational Change in Spo0F as a Result of Protein
Oxidation. Biochemistry. 2006;45(20):6260-6. doi: 10.1021/bi060470r.
148

Sharp JS, Tomer KB. Analysis of the Oxidative Damage-Induced Conformational

Changes of Apo- and Holocalmodulin by Dose-Dependent Protein Oxidative Surface Mapping.
Biophys J. 2007;92(5):1682-92. doi: https://doi.org/10.1529/biophysj.106.099093.
149

Shcherbakova I, Mitra S, Beer RH, Brenowitz M. Fast Fenton footprinting: a laboratory-

based method for the time-resolved analysis of DNA, RNA and proteins. Nucleic acids research.
2006;34(6):e48. Epub 2006/04/04. doi: 10.1093/nar/gkl055. PubMed PMID: 16582097; PMCID:
PMC1421499.
150

Shelimov KB, Clemmer DE, Hudgins RR, Jarrold MF. Protein Structure in Vacuo: Gas-

Phase Conformations of BPTI and Cytochrome c. Journal of the American Chemical Society.
1997;119(9):2240-8. doi: 10.1021/ja9619059.
151

Sims JT, Ganguly S, Fiore LS, Holler CJ, Park E-S, Plattner R. STI571 sensitizes breast

cancer cells to 5-fluorouracil, cisplatin and camptothecin in a cell type-specific manner.
Biochemical pharmacology. 2009;78(3):249-60. Epub 2009/04/14. doi:
10.1016/j.bcp.2009.04.007. PubMed PMID: 19427998.
152

Spicuglia S, Kumar S, Chasson L, Payet-Bornet D, Ferrier P. Potassium permanganate as

a probe to map DNA-protein interactions in vivo. J Biochem Biophys Methods. 2004;59(2):18994. Epub 2004/05/28. doi: 10.1016/j.jbbm.2004.01.012. PubMed PMID: 15163530.

213

153

Srinivasan D, Plattner R. Activation of Abl Tyrosine Kinases Promotes Invasion of

Aggressive Breast Cancer Cells. Cancer Research. 2006;66(11):5648-55. doi: 10.1158/00085472.can-06-0734.
154

Srinivasan D, Sims JT, Plattner R. Aggressive breast cancer cells are dependent on

activated Abl kinases for proliferation, anchorage-independent growth and survival. Oncogene.
2008;27(8):1095-105. Epub 2007/08/19. doi: 10.1038/sj.onc.1210714. PubMed PMID:
17700528.
155

Sriram K, Insel PA. G Protein-Coupled Receptors as Targets for Approved Drugs: How

Many Targets and How Many Drugs? Molecular pharmacology. 2018;93(4):251-8. Epub
2018/01/03. doi: 10.1124/mol.117.111062. PubMed PMID: 29298813.
156

St John Skilton IC, Kevin Giles, Hilary Major, and Weibin Chen. Improved Ion Mobility

Separation of Protein Conformations in the Gas Phase with SYNAPT G2 HDMS2010.
157

Stauderman KA. CRAC channels as targets for drug discovery and development. Cell

calcium. 2018;74:147-59. Epub 2018/08/04. doi: 10.1016/j.ceca.2018.07.005. PubMed PMID:
30075400.
158

Stead LA, Lash TL, Sobieraj JE, Chi DD, Westrup JL, Charlot M, Blanchard RA, Lee

JC, King TC, Rosenberg CL. Triple-negative breast cancers are increased in black women
regardless of age or body mass index. Breast Cancer Research. 2009;11(2):R18. doi:
10.1186/bcr2242.
159

Strickland EC, Geer MA, Tran DT, Adhikari J, West GM, DeArmond PD, Xu Y,

Fitzgerald MC. Thermodynamic analysis of protein-ligand binding interactions in complex
biological mixtures using the stability of proteins from rates of oxidation. Nat Protoc.
214

2013;8(1):148-61. doi: 10.1038/nprot.2012.146. PubMed PMID: 23257983; PMCID:
PMC3717606.
160

Sun Y, Hays NM, Periasamy A, Davidson MW, Day RN. Monitoring protein interactions

in living cells with fluorescence lifetime imaging microscopy. Methods in enzymology.
2012;504:371.
161

Sutherland BW, Kucab J, Wu J, Lee C, Cheang MCU, Yorida E, Turbin D, Dedhar S,

Nelson C, Pollak M, Leighton Grimes H, Miller K, Badve S, Huntsman D, Blake-Gilks C, Chen
M, Pallen CJ, Dunn SE. Akt phosphorylates the Y-box binding protein 1 at Ser102 located in the
cold shock domain and affects the anchorage-independent growth of breast cancer cells.
Oncogene. 2005;24(26):4281-92. doi: 10.1038/sj.onc.1208590.
162

Szklarczyk D, Gable AL, Lyon D, Junge A, Wyder S, Huerta-Cepas J, Simonovic M,

Doncheva NT, Morris JH, Bork P, Jensen LJ, Mering CV. STRING v11: protein-protein
association networks with increased coverage, supporting functional discovery in genome-wide
experimental datasets. Nucleic Acids Res. 2019;47(D1):D607-d13. Epub 2018/11/27. doi:
10.1093/nar/gky1131. PubMed PMID: 30476243; PMCID: PMC6323986.
163

Szymkowicz L, Lento C, Wilson DJ. Impact of Cardiolipin and Phosphatidylcholine

Interactions on the Conformational Ensemble of Cytochrome c. Biochemistry. 2019. Epub
2019/08/06. doi: 10.1021/acs.biochem.9b00495. PubMed PMID: 31380624.
164

Teh LC, Murphy LJ, Huq NL, Surus AS, Friesen HG, Lazarus L, Chapman GE.

Methionine oxidation in human growth hormone and human chorionic somatomammotropin.
Effects on receptor binding and biological activities. J Biol Chem. 1987;262(14):6472-7. Epub
1987/05/15. PubMed PMID: 3571265.
215

165

Theisen A, Black R, Corinti D, Brown JM, Bellina B, Barran PE. Initial Protein

Unfolding Events in Ubiquitin, Cytochrome c and Myoglobin Are Revealed with the Use of 213
nm UVPD Coupled to IM-MS. J Am Soc Mass Spectrom. 2019;30(1):24-33. Epub 2018/06/28.
doi: 10.1007/s13361-018-1992-0. PubMed PMID: 29949061.
166

Trewhella J, Carlson VA, Curtis EH, Heidorn DB. Differences in the solution structures

of oxidized and reduced cytochrome c measured by small-angle X-ray scattering. Biochemistry.
1988;27(4):1121-5. Epub 1988/02/23. PubMed PMID: 2835084.
167

Tsou C-L. Conformational Flexibility of Enzyme Active Sites. Science.

1993;262(5132):380-1.
168

Tsukiji S, Hamachi I. Ligand-directed tosyl chemistry for in situ native protein labeling

and engineering in living systems: from basic properties to applications. Current opinion in
chemical biology. 2014;21:136-43.
169

Tullius TD, Dombroski BA. Hydroxyl radical "footprinting": high-resolution information

about DNA-protein contacts and application to lambda repressor and Cro protein. Proc Natl
Acad Sci U S A. 1986;83(15):5469-73. Epub 1986/08/01. PubMed PMID: 3090544; PMCID:
386308.
170

Tullius TD, Greenbaum JA. Mapping nucleic acid structure by hydroxyl radical cleavage.

Curr Opin Chem Biol. 2005;9(2):127-34. Epub 2005/04/07. doi: 10.1016/j.cbpa.2005.02.009.
PubMed PMID: 15811796.
171

Vacca RA, Valenti D, Bobba A, Merafina RS, Passarella S, Marra E. Cytochrome

<em>c</em> Is Released in a Reactive Oxygen Species-Dependent Manner and Is Degraded via

216

Caspase-Like Proteases in Tobacco Bright-Yellow 2 Cells en Route to Heat Shock-Induced Cell
Death. Plant Physiology. 2006;141(1):208-19. doi: 10.1104/pp.106.078683.
172

Vahidi S, Konermann L. Probing the Time Scale of FPOP (Fast Photochemical Oxidation

of Proteins): Radical Reactions Extend Over Tens of Milliseconds. Journal of The American
Society for Mass Spectrometry. 2016;27(7):1156-64. doi: 10.1007/s13361-016-1389-x.
173

Vahidi S, Stocks BB, Liaghati-Mobarhan Y, Konermann L. Mapping pH-induced protein

structural changes under equilibrium conditions by pulsed oxidative labeling and mass
spectrometry. Anal Chem. 2012;84(21):9124-30.
174

Vasa SM, Guex N, Wilkinson KA, Weeks KM, Giddings MC. ShapeFinder: a software

system for high-throughput quantitative analysis of nucleic acid reactivity information resolved
by capillary electrophoresis. Rna. 2008;14(10):1979-90. Epub 2008/09/06. doi:
10.1261/rna.1166808. PubMed PMID: 18772246; PMCID: PMC2553743.
175

Vedadi M, Niesen FH, Allali-Hassani A, Fedorov OY, Finerty PJ, Jr., Wasney GA,

Yeung R, Arrowsmith C, Ball LJ, Berglund H, Hui R, Marsden BD, Nordlund P, Sundstrom M,
Weigelt J, Edwards AM. Chemical screening methods to identify ligands that promote protein
stability, protein crystallization, and structure determination. Proc Natl Acad Sci U S A.
2006;103(43):15835-40. Epub 2006/10/13. doi: 10.1073/pnas.0605224103. PubMed PMID:
17035505; PMCID: PMC1595307.
176

Venkatesh S, Tomer KB, Sharp JS. Rapid identification of oxidation-induced

conformational changes by kinetic analysis. Rapid Commun Mass Spectrom. 2007;21(23):392736. doi: 10.1002/rcm.3291.

217

177

Vestergaard M, Hamada T, Takagi M. Using model membranes for the study of amyloid

beta:lipid interactions and neurotoxicity. Biotechnology and bioengineering. 2008;99(4):753-63.
Epub 2007/11/13. doi: 10.1002/bit.21731. PubMed PMID: 17994591.
178

Vincelli AJ, Pottinger DS, Zhong F, Hanske J, Rolland SG, Conradt B, Pletneva EV.

Recombinant Expression, Biophysical Characterization, and Cardiolipin-Induced Changes of
Two Caenorhabditis elegans Cytochrome c Proteins. Biochemistry. 2013;52(4):653-66. doi:
10.1021/bi3014938.
179

Vladimirov YA, Proskurnina EV, Alekseev AV. Molecular mechanisms of apoptosis.

Structure of cytochrome c-cardiolipin complex. Biochemistry (Moscow). 2013;78(10):1086-97.
doi: 10.1134/s0006297913100027.
180

Waller CF. Imatinib Mesylate. Recent results in cancer research Fortschritte der

Krebsforschung Progres dans les recherches sur le cancer. 2018;212:1-27. Epub 2018/08/03. doi:
10.1007/978-3-319-91439-8_1. PubMed PMID: 30069623.
181

Wang B, Kruh GD. Subcellular localization of the Arg protein tyrosine kinase.

Oncogene. 1996;13(1):193-7. Epub 1996/07/04. PubMed PMID: 8700546.
182

Wang Z, Jiang Q, Dong C. Metabolic reprogramming in triple-negative breast cancer.

Cancer Biol Med. 2020;17(1):44-59. doi: 10.20892/j.issn.2095-3941.2019.0210. PubMed PMID:
32296576.
183

Watson C, Janik I, Zhuang T, Charvatova O, Woods RJ, Sharp JS. Pulsed electron beam

water radiolysis for submicrosecond hydroxyl radical protein footprinting. Anal Chem.
2009;81(7):2496-505. Epub 2009/03/07. doi: 10.1021/ac802252y. PubMed PMID: 19265387;
PMCID: PMC2733211.
218

184

Weinkam P, Zimmermann Jr, Sagle LB, Matsuda S, Dawson PE, Wolynes PG,

Romesberg FE. Characterization of Alkaline Transitions in Ferricytochrome c Using Carbon−
Deuterium Infrared Probes. Biochemistry. 2008;47(51):13470-80.
185

Wood TD, Chorush RA, Wampler FM, Little DP, O'Connor PB, McLafferty FW. Gas-

phase folding and unfolding of cytochrome c cations. Proceedings of the National Academy of
Sciences. 1995;92(7):2451-4. doi: 10.1073/pnas.92.7.2451.
186

X L, K S, F T, Y J, RG W, T Ö, M V. An AP-MS- and BioID-compatible MAC-tag

enables comprehensive mapping of protein interactions and subcellular localizations. Nat
Commun. 2018;9(1):1188. PubMed PMID: 2956
187

Xu G, Chance MR. Hydroxyl radical-mediated modification of proteins as probes for

structural proteomics. Chemical reviews. 2007;107(8):3514-43.
188

Yin V, Mian SH, Konermann L. Lysine carbonylation is a previously unrecognized

contributor to peroxidase activation of cytochrome c by chloramine-T. Chemical Science.
2019;10(8):2349-59. doi: 10.1039/C8SC03624A.
189

Yin V, Shaw GS, Konermann L. Cytochrome c as a Peroxidase: Activation of the

Precatalytic Native State by H2O2-Induced Covalent Modifications. Journal of the American
Chemical Society. 2017;139(44):15701-9. doi: 10.1021/jacs.7b07106.
190

Yoon C, Kuwabara MD, Spassky A, Sigman DS. Sequence specificity of the

deoxyribonuclease activity of 1,10-phenanthroline-copper ion. Biochemistry. 1990;29(8):211621. Epub 1990/02/27. PubMed PMID: 2328244.

219

191

Zhang H, Gau BC, Jones LM, Vidavsky I, Gross ML. Fast photochemical oxidation of

proteins for comparing structures of protein− ligand complexes: the calmodulin− peptide model
system. Anal Chem. 2010;83(1):311-8.
192

Zhu Y, Guo T, Park JE, Li X, Meng W, Datta A, Bern M, Lim SK, Sze SK. Elucidating

in vivo structural dynamics in integral membrane protein by hydroxyl radical footprinting. Mol
Cell Proteomics. 2009;8(8):1999-2010. Epub 2009/05/29. doi: 10.1074/mcp.M900081-MCP200.
PubMed PMID: 19473960; PMCID: PMC2722762.
193

Zhu Y, Serra A, Guo T, Park JE, Zhong Q, Sze SK. Application of Nanosecond Laser

Photolysis Protein Footprinting to Study EGFR Activation by EGF in Cells. J Proteome Res.
2017;16(6):2282-93. Epub 2017/04/30. doi: 10.1021/acs.jproteome.7b00154. PubMed PMID:
28452222.
194

Zou H, Li Y, Liu X, Wang X. An APAF-1.cytochrome c multimeric complex is a

functional apoptosome that activates procaspase-9. J Biol Chem. 1999;274(17):11549-56. Epub
1999/04/17. doi: 10.1074/jbc.274.17.11549. PubMed PMID: 10206961.

220

