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Chapter 1

1.0 Introduction

Liquid chromatography (LC) and mass spectrometry (MS) have long been viable
analytical tools alone or in combination with a variety of other techniques, but they could not be
combined because there was no technique that efficiently and robustly interfaced LC, an ambient
pressure method sample component separation method, and MS, a high vacuum (10 to 10” torr)
detection method. The development of electrospray ionization (ESI), an atmospheric pressure
ionization method (API), by Fenn, et.al.', made it possible to interface LC very efficiently and
robustly with MS. ESI provided a method for transitioning ions generated in the liquid phase
efficiently into the gas phase for analysis. This was a breakthrough in analytical chemistry
which Dole first reported using in 1968 and for which Fenn received the 2002 Nobel Prize in
chemistry because it became possible to detect, identify, and quantify many more molecular
classes using the high specificity and sensitivity of MS. Samples previously not amenable to MS
analysis, ranging from non-volatile, heat labile small molecules to large biopolymers like
proteins, carbohydrates, large lipids, and intact RNA and DNA, to name a few, could be
introduced in the liquid phase from a liquid chromatograph into a mass spectrometer for analysis

4,5,6,7,8,9,10,11,12,13,14

in the gas phase MS analysis provides a very specific and characteristic

spectrum for each molecular species, a “mass fingerprint”, considered the “gold standard” for



molecular identification. Subsequently, methods were developed to use MS systems to quantify
small molecule target analytes very accurately in samples using laboratory-formulated
calibration curves constructed from pure standards of the analyte of interest. Employing
different tandem mass spectrometric detectors provided a means for performing systematic
experiments in the gas phase to determine more fully and with higher confidence fine molecular
structure'”. This manuscript describes three of the many diverse ways in which LC-MS can be
used to answer analytical chemistry research questions very successfully. The first, the
development of a small molecule quantification method, was part of an effort to determine the
effect of organic solvents on the percutaneous absorption rate of carfentanil, a highly potent
opioid, in humans. This method employed a triple quadrupole tandem instrument to very
robustly identify carfentanil, caffeine and sufentanil over a relatively very wide concentration
range.  The initial impetus for the second, the development of a rapid protein identification
method, was to develop a single, rapid, MS-based screening method for a wide range of protein
toxins as a diagnostic tool to rapidly provide very accurate, specific, and sensitive analytical
confirmatory results for use in clinical, forensic and attribution decision making where time to
confident decision is critical to ensure patient safety and military personnel security.
Subsequently, this method was used to rapidly prepare a variety of samples for LC-MSMS
proteomic analysis to identify the proteins in complex biomedical matrices using two different
tandem mass spectrometric, Orbitrap and hybrid quadrupole/time-of-flight (QTOF),
methodologies.

The following is a brief functional description of LC, ESI and MS systems and how they
have been effectively combined to produce a single, very sensitive and specific method that can
be used to separate complex samples into their components and identify and accurately quantify
with great sensitivity and with very high confidence a majority of the existing molecular classes.
It has been one of the most important methods developed in biomedical research in the last two

16,17
decades ™.



1.1 Liquid Chromatography (LC)
LC is an analytical chemistry chromatographic technique used routinely to separate

18,19

complex mixtures of molecules in the liquid phase While still being very useful for the
analysis of most small, semi-volatile analytes, it is the chromatographic method of choice and
most common separation method used for polar and large molecules for which gas
chromatography is not capable®”. It is suitable for a much wider variety of analyte classes than
GC and is especially useful for nonvolatile, thermally labile small molecules as well as large
biopolymers and other large biomolecules which cannot be thermally induced to efficiently
transition from the solid or liquid phase by GC into the gas phase as intact molecules (i.e.,
peptides, proteins, carbohydrates, DNA, RNA, polar lipids). With analytical LC, solvated
complex samples are introduced under pressure into a cylindrical stainless steel or glass column
packed with a solid, porous “stationary phase” of specific chemical composition. The initial
solvent used to load the sample onto the column is one for which the target analytes have little
affinity causing them to interact with or “partition” into the stationary phase through reversible

1316 This follows the long recognized “like into like” chemical principle®.

chemical reactions
Under initial conditions, as the target analyte-laden solvent passes through the column, target
molecules characteristically interact through hydrophillic/hydrophobic, ionic, and/or other
weaker chemical forces with the stationary phase and are retained and focused on the column.
These chemical reactions are reversible with chemical equilibria which can be shifted depending
on solvent conditions and temperature. As solvent and temperature conditions are manipulated
during the chromatographic analysis, equilibria change and solute molecules partition from the
stationary phase back into the solvent and elute into a detector. Each solute molecule interacts
with the stationary phase in a characteristic way leading to a separation in time of different types
of molecules as solvent composition and temperature are changed. Changing stationary phase

particle size, column length and internal diameter, solvent, and temperature alter target analyte

chromatographic characteristics. Historically, LC has been coupled with ultra-violet, infra-red,
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electrochemical, and other “non-specific” detectors to identify the components of complex
samples. The specificity of these methods relies almost solely on the LC separation or the
chromatographic “retention time” and, consequently, they are considered by the analytical
chemistry community to provide relatively low specificity. Consequently, efforts were made for
years to develop robust interfaces called ion sources between LC and mass spectrometers so that
the high specificity of MS could be applied to these analyses.

Typical LC analysis employs a minimum of two mobile phases; the aqueous mobile
phase is referred to as “mobile phase A” (MP-A) and the organic mobile phase as “mobile phase
B” (MP-B)">'°. Most LC separations are polarity-driven with analytes partitioning from the
stationary phase into a “like” mobile phase to elute. LC separations can either be performed
using “isocratic” solvent conditions where consistent mobile phase composition is maintained
throughout chromatography or using a solvent “gradient” in which solvent composition changes
during chromatography to more specifically and rapidly separate different solute molecules.
Gradient conditions are commonly employed for most LC analyses because changing mobile
phase composition generally increases elution strength which in turn speeds up the separation
process while enhancing chromatographic peak resolution, and thereby separation efficiency
(chromatographic specificity), and sensitivity. The initial solvent composition drives the
partitioning of target analytes into the stationary phase where they are retained and focused on
the head of the column in a narrow band. The solvent composition and conditions are
maintained for a time to allow unwanted sample components that will not partition into the
stationary phase under initial solvent conditions to elute prior to the chromatographic separation
of target analytes. Solvent composition is then stepped or ramped, and target analytes partition
back into the solvent as solvation strength is increased in order of their relative polarity or non-
polarity, are swept thru the column, and eluted for detection.

LC can be conducted under two conditions. The most common, “reversed phase”

chromatography, employs an initial solvent composed primarily of mobile phase A, the polar
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solvent. The second is initiated under nonpolar conditions and is called “normal phase” LC. In
reversed phase LC, relatively nonpolar analytes are introduced into the column in a relatively
polar solvent where they partition into the nonpolar stationary phase and focus on the head of the
column. At a point during chromatography, solvent is changed either gradually or in steps to a
primarily organic, nonpolar composition inducing relatively nonpolar target analytes to partition
back into the solvent according to solvation characteristics and elute. Normal phase
chromatography employs the opposite solvent conditions. Most current analytical LC methods
employ reversed phase gradient chromatography, where the solvent is changed gradually or in
steps to a more nonpolar composition.

Current analytical LC/MS methods described in the literature almost exclusively employ
high performance (formerly referred to as high pressure LC) liquid chromatography (HPLC) or
ultra-performance liquid chromatography (UPLC). The primary difference between HPLC and
UPLC is the maximum back-pressure that pumps can accommodate. UPLC pumps can reach a
maximum pressure of ca. 16,000 psi while HPLC pumps operate at pressures up to 5000-6000
psi. UPLC allows for the use of smaller particle size stationary phases (reduction in particle size
causes marked increases in the back-pressure required to push solvent through the column) for
UPLC chromatography. The reduction in particle size provides a great increase in stationary
phase surface area with a concomitant dramatic increase in chromatographic resolution (sharper
peaks) and shorter analytical times. Willison, et.al., validated a method for the small molecule
degradation products of chemical warfare agents for which they reported chromatography that
was four times faster with much higher chromatographic resolution®.

Both HPLC and UPLC consist of either binary or quaternary pumps which deliver mobile
phase solvents through a degasser and solvent mixer into the analytical column. Employing valve
switching, sample is loaded thru a sample loop into the LC flow path and onto an analytical
column prior to chromatographic separation. For both LC techniques, under the correct initial

solvent conditions, target analytes reversibly bind to the stationary phase at the head of the
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column through polar, hydrophobic and/or ionic mechanisms prior to being chromatographically
separated.

Analytical HPLC columns consist of a glass or stainless-steel tube with diameters ranging
from 2-5 mm and lengths ranging from 30-150 mm. They are packed with silica particles
ranging in diameter from 1.7-5 pm which are covalently coated with various chemical ligands.
These ligand-coated particles form the stationary phase. Typical flow rates range from 0.1-1
mL/min, and pump back pressures are dependent on flow rate, particle size, column dimensions,
solvent, and temperature. Use of an in-line guard column with similar/same stationary phase is
usually used to prevent analytical column contamination.

UPLC columns are generally packed with sub-2 pm particles which increases pump
pressures to ca. 16,000 psi with most commercially available systems. Because of the great
increase in chromatographic resolution gained with UPLC as compared to HPLC, column length
can often be reduced shortening run times while maintaining or even substantially improving
peak resolution.

Stationary phases range from hydrophobic to hydrophilic for polarity-driven LC
separations. Hydrophobic phases have alkyl groups like C30, C18, C8, cyano and phenyl groups
covalently bound to the silica backbone. For polar analyses, hydrophilic interaction liquid
chromatography (HILIC) employs bare silica or amide-bound silica particles as the stationary
phase. A stationary phase is selected based on the relative polarity of the target analytes.
Reversed phase chromatography uses a non-polar stationary phase with an initial polar mobile
phase during sample loading to ensure partitioning or loading of target analytes onto the
stationary phase. To induce elution, solvation strength is increased by decreasing the polarity of
the mobile phase. Normal phase chromatography employs the opposite strategy using polar
columns and an initial non-polar mobile phase with increased mobile phase polarity to induce

elution.

1.2 Atmospheric Pressure Ionization (API), an LC-MS Interface
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Multiple theories have been postulated to account for the high efficiency and very rapid
conversion of liquid samples into the gas phase by ESI. The ionization and transition from liquid
to gas phase that occurs in an ESI source has been observed in detail and theories that account
for the observations have been postulated. The two most prominent theories are the ion
evaporation model (IEM)*** and the charged residue model (CRM)®. IEM theorizes that as
solvent evaporation occurs and a droplet reaches a certain radius, called the Rayleigh limit***’,
the field strength at the surface of the droplet becomes great enough to cause the desorption of
single solvated ions. CRM theory states that electrospray droplets undergo evaporation and
fission cycles, eventually leading to progeny droplets that contain an average of one analyte
ion®®*. Gas-phase ions form after the remaining solvent molecules evaporate, leaving the
analyte with the charges that the droplet carried. There is considerable evidence that
demonstrates either directly or indirectly that small molecular ions transition from the liquid into
the gas phase through IEM mechanisms, while larger molecular ions (i.e., folded proteins, DNA,
and RNA for instance) form by CEM mechanisms. A third model proposing combined charged
residue-field emission has been proposed®’, and another called the chain ejection model (CEM)
theorizes the ionization and transition to the gas phase of disordered polymers (unfolded
proteins)’’. IEM is generally used to describe ESI of small molecules, and CRM is used to
describe ESI of molecules like proteins. Suffice it to say, the application of a high voltage, low
amperage direct current field to the tip of an LC column within the ion source of a mass
spectrometer induces a process in which, first, solvated molecules capable of accepting or losing
a proton or an electron become charged or ionized, and second, the disordered flow of the liquid
as it exits the tubular column is changed into a relatively ordered process in which solvent is
rapidly evaporated to release ionized molecules in the gas phase. Briefly, solvated ions of
opposite charge to the ion source electromagnetic field accumulate at the solvent surface causing

the liquid to assume a characteristic shape called the “Taylor cone” upon exiting the end of the

column. Subsequently, sinusoidal waves called “waveform varicosities” form at the tip of the
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Taylor cone which, as they increase in magnitude, eventually cause charged solvent droplets to
“pinch off” and be ejected into the ion source. This occurs when ions of opposite charge to the
ion source field accumulate just under the surface of the solvent. As the small droplets
subsequently fly through the ion source electromagnetic field towards the MS inlet, the solvent
evaporates while ions of like charge accumulate at the surface of each droplet. Eventually, as the
ions of like charge become more and more crowded at the surface of the droplets, the repulsive
coulombic forces between the ions overcome the liquid surface tension, the Rayleigh limit,
causing the droplet to explode, a process called “coulombic explosion”, to form smaller
droplets®>. This process is repeated extremely rapidly until single ions in the gas phase exist
within the ion source (Figure 1). Because of the electromagnetic field that exists because of the
DC voltage offset between the ion source and the mass spectrometer, the gas phase ions then
migrate into the high vacuum of the mass spectrometer where they are sorted according to their
mass-to-charge ratio using both direct and alternating current electromagnetic fields. During
ESI, the kinetic energy involved in the process also characteristically fragments solvated
molecules creating a set of characteristic fragment ions which constitute a highly characteristic
mass spectrum for the original parent or precursor molecule; the spectrum is also very specific to
the conditions under which it was produced. This spectrum is a highly specific “fingerprint” for
the original molecule that can be used to not only identify it but to quantify it>>.

Positive ions observed from ESI by MS analysis include what were historically called
quasi- or pseudo-molecular ions but which are now called precursor ions”. Under the influence
of a negative electromagnetic field, they are formed by the addition of a hydrogen cation or of
another cation such as a sodium ion symbolized as [M+H]" or [M+Na]", respectively. Negative
precursor ions, formed when the ion source is under the influence of a positive electromagnetic
field, are generated by the removal of a hydrogen nucleus, [M-H] . Multiply charged ions,
denoted [M+nH]n', are often observed for larger molecules capable of accepting or losing

multiple cations or hydrogen nuclei, respectively. For large macromolecules, such as proteins,
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DNA, and RNA, there can be many charge states, resulting in a characteristic charge state
envelope. All these are even-electron ion species where only electrons are added or removed,
unlike in some other ionization sources.

The advent of electrospray ionization provided a robust interface between LC and MS
systems. However, with many biological applications where target analyte concentrations in
samples were extremely low or the sample size was extremely limited (low pL) making the
absolute amount of target analyte available for analysis very low, LC-ESI/MSMS methods were
not sensitive enough. In 1993, Gale and Smith reported significant sensitivity increases could be
achieved using flow rates below conventional LC flow rates down to 200 nL/min’*. The
development of nano-electrospray or nanospray (nanoESI) tips was first described almost
simultaneously by Wilm and Mann®, and Emmett and Caprioli®® in 1994. Wilm and Mann
demonstrated that stable ESI could be sustained down to 25 nL/min using a self-fed system, and
Emmett and Caprioli demonstrated that LC flows down to 300-800 nL/min markedly improved
sensitivity for peptide and protein analyses. To successfully use nanoESI, very low diameter
nanoESI emitter tips that provide consistent spray are required. Since ion desolvation efficiency
during ESI is inversely proportional to the diameter of the initial solvent droplets produced’’, and
since initial droplet size is directly proportional to the diameter of the Taylor cone formed which
is, in turn, directly proportional to the diameter of the solvent column, the development of very
low diameter emitter tips produced substantial sensitivity increases for mass spectrometric
analysis. The manufacture of tips that spray consistently was the rate limiting step for the
commercial success of nanoESI. Eventually, the availability of reproducible, robust nanoESI
emitter tips contributed substantially to increases in LC-nanoESI/MS method sensitivity.

Femtomolar sensitivity has been regularly reported®®"*"*!

, and, in my laboratory, we
demonstrated sensitivity in the low zeptomole range for clean cerebrospinal fluid samples
containing neurotransmitters and peptides at flow rates of 25 nL/min with self-feeding nanospray

tips (data not published). In addition, since the flow volume was reduced substantially,
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nanospray tips could be positioned closer to the MS inlet. With HPLC or UPLC, to take
advantage of the sensitivity increases provided by nanoESI, post-column flow rate had to be
reduced to flows which the tips could accommodate. This required post-column splitting with
normal HPLC or UPLC in which a large proportion of the eluent was discarded leading to
reduced sensitivity.

A new, miniaturized LC system called nanoLC was developed in 1988 by Karlsson and
Novotny to provide greatly reduced flow rates”. Its development was primarily driven by
biological applications requirements, particularly proteomics research. Due to lack of sensitivity,
HPLC or UPLC techniques could not be successfully used to analyze biomedical samples
containing low concentrations of proteins and peptides or to analyze the very small sample sizes
often available in these applications. To interface nanoLC, which operates at ambient pressure,
with a mass spectrometer, a miniature ion source had to be developed to reliably nebulize
samples at the very low flow rates employed. The result was the nano-Electrospray lonization
(nanoESI) source that uses emitter tips with very small diameters. The marked sensitivity
increases provided by nanoESI made nanoLC/MS ideal for these applications®*'. The
development of nanoLC also necessitated the continued development of solid phases to
maximize sample component recovery efficiency while maintaining sufficient column capacity™.
This has resulted in the use of nonporous stationary phases coated with longer C-chain
backbones including C30 stationary phases. Specifically, nanoLC has been very useful for the
analysis of relatively large biopolymers including proteins, polynucleotides and lipids. This
manuscript describes its use in the analysis of enzymatic sample digests to characterize proteins
in clinical samples.

Following the development of ESI, another API method, atmospheric pressure chemical
ionization (APCI), was developed in which ionization of solute molecules takes place following
the initial nebulization and evaporation of the LC solvent by a relatively hot, inert sheath gas

Figure 1)**. Unlike ESI in which ions are produced in the solvent through the direct protonation
g p
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or deprotonation of target molecules, APCI ionization of target molecules takes place through an
intermediate ion once the target molecules are aerosolized, hence the name chemical ionization.
In the source, a corona discharge needle emits high energy electrons producing a glow discharge
(corona) of high energy electrons which cause electron impact ionization of gas phase solvent
molecules which, in turn, transfer protons to the molecules of interest in the gas phase. APCI, a
‘softer” ionization method than ESI, generates primarily [M+H]" and ([M—H] ions in positive
and negative modes, respectively. Consequently, APCI does not commonly produce multiply
charged ions. In general, ESI is better suited for more polar, non-volatile molecules while APCI

is better suited for ionization of non-polar, semi-volatile low molecular weight molecules.
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Figure 1. Cartoon of the atmospheric pressure ion sources, ESI and APCI, not drawn to scale.

To induce efficient ionization and avoid contamination of the high vacuum front end of
the mass spectrometer, LC solvents and additives must be clean and volatile. Mobile phases
commonly used for ESI-MS include water, acetonitrile (AcN), methanol (MeOH), ethanol
(EtOH), isopropyl alcohol (IPA) and dichloromethane (DCM). Hydrophilic and hydrophobic

45,46,47,48
AT The

analyte responses generally are optimal in polar and nonpolar solvents, respectively
pKa of target analytes should be considered and pH buffering used to optimize analyte solvation,
ionization, and chromatography (peak shape). Buffers must also be volatile, and concentrations

should not be above 25 mM*. Use of nonvolatile buffers or higher concentrations can lead to
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substantial loss in ionization efficiency due to source contamination with the accumulation of
buffer salts on source and MS front-end surfaces. Commonly used MS-friendly volatile buffers
used include formic acid (FA), ammonium acetate, and ammonium formate. Trifluoroacetic
acid, a weak acid commonly used with a corresponding base in biological applications as a
buffer, suppresses ionization in ESI precluding its use in ESI. Phosphate buffers, again
commonly used in biological experimental protocols, should also be avoided because phosphate

salts accumulate on ion source and MS front-end surfaces quickly suppressing ionization.

1.3 Mass Spectrometry (MS)

Mass spectrometry is a highly specific and sensitive identification method in which
ionized or charged molecules are manipulated in space and sorted according to mass-to-charge
at high vacuum (i.e., 10°-10° Torr) using a combination of direct and alternating current
electromagnetic or magnetic fields to indirectly determine molecular mass. Generally, DC fields
are used to propel ions and RF fields are used to focus and direct ions. Molecular mass provides
information about the chemical formula of the molecule, thereby, aiding identification. Because
mass spectrometers measure mass-to-charge, the mass of an ion is inferred by the characteristic
motion of the ions under an applied electromagnetic or magnetic field in a vacuum. A mass
spectrometer is a system comprised of several subsystems, shown schematically in Figure 1. For
most biomedical applications, the most common MS systems employ atmospheric pressure
ionization (API), hence, Figure 2 illustrates that the ionization subsystem is outside the vacuum
region; in other MS configurations, the ionization system can be inside the vacuum region.

Mass spectra contain very specific information based on the peak m/z assignments and
intensities (areas or heights). Peak assignment is a measure of the m/z ratio of an ion, while

intensity gives a measure of the relative abundance of the ion.
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Figure 2. Schematic of a mass spectrometer

The intensity of a mass spectrum peak is not an absolute measure of the quantity of a
specific compound in the sample. The quantity of ions detected for a specific compound from a
given sample can vary as a result of many parameters that may differ across instruments, across
different instrument setups, on the same instrument, or even with the presence of other
compounds in the sample. Therefore, the measured ion abundance is only a relative measure of
sample analyte concentration and requires calibration using standard materials before absolute
quantification of CWAs, related chemicals and toxins can be attempted.

Resolution is important as it allows the user to determine if two m/z peaks can be
successfully distinguished. Mass resolution or resolving power is usually measured by
determining the ratio of the measured m/z at the MS peak apex to the peak width at half

maximum height (full width at half maximum, FWHM) according to the following equation:
RFWHM = m/Am

where RFWHM is resolution, m is the measured peak apical m/z and Am is the FWHM.
Resolution is important as it allows a user to determine if the mass analyzer will enable them to

successfully distinguish between two peaks of similar mass. For molecules like many

19



biopolymers that can exist in multiple charge states, the charge states can only be resolved using
high resolution instruments.

Mass spectrometers do not measure mass absolutely and must be mass calibrated
regularly due to mass drift. Even for a well mass-calibrated instrument, a slight difference is
expected between the measured ion mass and the exact mass of the ion calculated from the ionic
formula accounting for the elemental known masses, their isotope masses, and what the charge
state of the ion was. The difference is known as the mass error. It is expressed as a simple mass
difference:

AM = Mmeasured ~ Mealculated
where Am is the mass error, Mpeasured 1S the measured spectral mass and mealculated 1S the exact
mass of the ion calculated from the known ionic formula. For singly charged species, the m/z
value is equal to Mpeasured; for multiply charged ions, the measured m/z is multiplied by the z, or
charge state to determine “Mmeasured’” for the singly charged target molecule. Mass error may also
be reported as the relative mass error (in this case expressed in parts per million (ppm) according

to:

mmeasured - mcalculated

Am=108 x

m calculated

The confidence with which a specific ionic formula is assigned to a spectral peak is largely
related to the mass error; the smaller the mass error, the more likely assignment is correct. If the
mass error is small enough, then only one ionic formula may be possible. However, this level of
mass accuracy is only achievable using high resolution, high mass accuracy time-of-flight (TOF)
instruments and Fourier transform mass analyzers like Orbitrap and ion cyclotron instruments,
and then only for molecules with molecular weights less than 1000 amu or Dalton (Da).

Most laboratories do not have access to high resolution/high mass accuracy instruments.
To ensure that analytical specificity meets the requirements for confirmatory analysis with the

more common nominal mass instruments available, the spectra from “unknowns” must be
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compared to spectra from known authentic analytical standards. In addition, the use of analytical
standards also allows for the construction of calibration curves from different known
concentrations of the standards to use for quantitative analyses. A calibration curve is a plot of
the instrument response as it changes with target analyte concentration. The responses are

submitted to linear regression analysis®*”"*%,

The recognized requirements for valid
quantification include that a curve be constructed of a minimum of five points to fit linear
regression equations and six points to fit nonlinear regression equations. In addition, calibration
samples must be made with target analyte-free sample matrix. When complicated sample
preparation schemes are employed, an additional measure to ensure accuracy is the use of an
internal standard, a chemical homolog isotopically labeled with deuterium or an analog for which
the physical/chemical characteristics are very similar to the target analyte. Internal standard is
added to all samples and calibrators prior to preparing them for analysis to account for any
sample loss occurring during sample preparation.
1.3.0 Quadrupole Mass Spectrometry

Quadrupole mass spectrometers are the most common MS systems interfaced with LC.
A quadrupole is comprised of four electrodes spatially arranged as shown in Figure 3. The
electrodes are hyperbolic as illustrated in Figure 3a. Other electrode or rod geometries are also
possible but are rarely used. The rods are connected in opposite X and Y pairs and have RF and
DC fields applied to them. Generally, RF is used to isolate or ‘filter’ ions, and DC fields are
used to propel ions linearly toward a detector. The X and Y pairs oscillate through the RF field
at opposite RF frequencies™®. Ions are propelled down the axis of the instrument in the center of
the quadrupole as illustrated in Figure 3. Mathematically, this can be modeled using the Mathieu
differential equation®. Voltages applied to the two pairs of rods are selected so that ions of only
one mass-to-charge (m/z) ratio can pass through the quadrupoles, from the ion source end of the
instrument to a detector at the other end. Figure 4 is an actual picture of a set of quadrupole rods

residing in an instrument. To produce a mass spectrum, RF voltages applied to the rods are
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systematically stepped so that resonant ions of specific m/z ratios pass through the quadrupole at
any given point in time. Each pass through the designated m/z range of this type is known as a

scan. Multiple scans are averaged in order to produce a single mass spectrum.

A) B.)
VDC Offset
I— Rod J
++ + »
/ I— Rod .I
-Vee +Vige |
VDC Offset

Figure 3. Cross (A) and sagittal (B) sections of a typical quadrupole analyzer where “X” and
“Y” rod pairs and the applied RF and DC currents are identified. As illustrated, the “X” and “Y”

rod pairs have out of phase RF current applied at any point in time.

The major limitations for ‘single quad’ instruments are that they are only capable of
limited mass resolution and accuracy (hence they are often referred to as nominal mass
resolution/accuracy instruments), and they are not capable of performing MSMS analyses to
confirm molecular formula and fine structure. Multiple quads can, however, be linked together
to perform MSMS analyses; these instruments are called triple quadrupole (QqQ) mass

spectrometers.
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Figure 4. The end view of quadrupoles in a commercial quadrupole instrument.

1.3.1 Triple Quadrupole (QqQ) Mass Spectrometry

The development of triple quadrupole (QqQ) mass spectrometers™, the first widely used
tandem (MSMS) instruments, allowed scientists to conduct gas phase experiments in which
precursor ions could be fragmented in a much more controlled and systematic way. A QqQ
system is comprised of several differentially pumped mass filters and focusing units along with a
collision cell’’. A QqQ mass spectrometer conceptually consists of three sequential units instead
of the single mass analyzer illustrated in Figure 2. In the first, a mass analyzer, specific
precursor ions (previously called parent ions) or precursor ions of a specific mass range are given
kinetic energy through the application of a direct current field (DC) offset across the analyzer
causing them to fly from one end of the mass analyzer to the other. They are then filtered and
isolated. A radio frequency alternating current (RF) field is applied to the mass analyzer to focus
the ions into a beam, and resonant ions remain in the analyzer until being injected into the next
MS unit by changing the field frequency, while non-resonant ions fly out of the analyzer to
vacuum where they are discarded. In the second, called a “collision cell”, precursor ions are
systematically fragmented under somewhat controlled conditions into product ions (previously

referred to as fragment or daughter ions). In the third, product ions are isolated by a mass
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analyzer to identify either a single, diagnostic ion fragment or to produce a characteristic
spectrum composed of all the product ions generated and identified from the fragmentation of the
precursor. In some classes of tandem mass spectrometers, these three stages are performed in
three separate, but sequential, mass analyzer elements. For example, in triple quadrupole (QqQ)
or quadrupole/time-of-flight (QToF) instruments in which the ion flight path is linear, precursor
ions are selected in an initial mass filter and injected into the second unit, a mass filter/collision
cell. (In other mass spectrometer classes where the ion flight path is nonlinear, i.e., ion trap (IT),
orbitrap (OT) and ion cyclotron resonance (FTICR) instruments, the three stages of analysis are
conducted in the same mass analyzer). A highly pure, nonreactive gas such as Argon or
Nitrogen is pumped into the collision cell to be used as a collision gas. As more or less kinetic
energy is imparted to the precursor ions by increasing or decreasing the DC offset, respectively,
across the cell, they collide with collision gas atoms or molecules with greater or lesser force
causing somewhat controlled precursor ion fragmentation. The characteristic product ions are
then filtered and scanned out of the cell for MS analysis in the third element, another mass
analyzer. In this third stage, product ions are filtered to isolate and identify a diagnostic
fragment(s) or to collect and compile all the product ions generated to form a characteristic
precursor spectrum. The product ions are scanned out of the third mass analyzer into the detector
where they are collected and converted into an electronic signature called a mass spectrum. The
ESI interface along with MSMS provided the capability to conduct gas phase experiments in-
order-to determine molecular fine structure. The result was that proteins, the most diverse bio-
macromolecule, and the second most abundant macromolecule of mammalian life-forms, could
be sequenced and fine structure, like post-translational amino acid residue modifications,
verified.

Because the ability to separate ion species, resolution, is directly dependent on the length
of the ion flight path, nonlinear mass spectrometers achieve their high mass resolution and mass

accuracy through the theoretical ability to maintain ion flight paths of infinite length. These
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instruments include three-dimensional IT, OT, and FTICR instruments. In these instruments,
rather than flying down a linear space at high vacuum to a detector, the ions orbit within a space
defined by an electromagnetic or magnetic field at high vacuum. Ions resonant with the field
remain in the space and non-resonant ions are ejected either to vacuum or to a linear mass
analyzer or series of mass analyzers/filters for fragmentation/focusing and then to a detector.
These instruments can, therefore, resolve the charge envelope of very highly charged
biomacromolecules like proteins, polar lipids, carbohydrates, etc.

The QqQ mass spectrometer was developed from the single quadrupole mass analyzer®.
A QqQ MSMS is comprised of three quadrupoles in series (Q1, g2, and Q3). Usually, Q1 acts as
a mass filter set to specific RF voltages through which only resonant ions of one m/z ratio or a
range of ratios effectively pass and with a DC offset to propel ions towards the detector. As
selected precursor ions are propelled into g2, a collision cell, they collide with inert gas
molecules with specific kinetic energy imparted by adjusting the DC voltage offset applied to the
cell’’. Inert or relatively inert gases most commonly employed in a collision cell include argon,
nitrogen, and less commonly helium®®. Collisions impart internal energy to the precursor ions
which results in their fragmentation into product ions; this is known as collisionally induced
dissociation (CID)> or collisionally activated dissociation (CAD)®. Q3 functions as a second
mass filter from which product ions are propelled for mass analysis in a dectector’®. Product ion
masses provide information about the formula and structure of the original precursor ion. Often,
q2 is replaced with a hexapole or octapole ion guide which are like quadrupoles in design, except
they consist of 6 or 8 electrodes, respectively, in a hexagonal or octagonal arrangement, and
cannot be used as mass analyzers.

Normal QqQ MSMS processes conducted include product ion scans, precursor scans,

- - L 59.60,61,62
neutral loss scans, and selected/multiple reaction monitoring™ ™" .

During product ion
scanning (Figure 5), the RF field in Q1 is set to select a single resonant ion at a known m/z,

which is subsequently fragmented in q2%. All the product ions are then injected into Q3 in
q y Irag q p y
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which the RF is stepped through the frequency of the entire potential m/z range of all product

ions64,65

. This produces a mass spectrum of the precursor ion. Because the RF frequency must
be stepped through the entire frequency range (generally commercial instruments step through
the frequency range in 0.1 m/z increments per scan from low m/z to high), QqQ scan rates are
relatively slow. It can take between 0.02 and 0.1 seconds to perform each quadrupole scan.
Since an LC peak may only be a few seconds wide, and each peak must be sampled at least 10
times across the product ion m/z range to accurately measure a peak area for quantification
purposes, this severely restricts the number of complete product ion scans that can be collected
for each peak. For example, it would take a QqQ scanning across a 450 m/z range (4500
samplings/scan cycle) 9 seconds to produce a product ion spectrum from precursor ion isolation.
Therefore, the other QqQ functions have been developed to restrict the number of scanning
cycles required to produce the required spectrometric information. Some classes of compounds
produce common MSMS fragment ions. Therefore, the precursor scan was developed to identify
all precursors that produce a common fragment ion®. To accomplish this, the RF field in Q3 is
set to filter only that common m/z while Q1 scans across a mass range thought to encompass the
mass range of any targeted precursor. By restricting m/z scanning to only that required to filter
specific ions through Q3, the time is greatly reduced as compared to full product ion scanning.
This can only be used for targeted analysis. A third mode is called neutral loss scanning. During
a neutral loss scan, both Q1 and Q3 are scanned simultaneously but using RF fields that select
for a constant m/z difference (Q3 is always selecting ions at an m/z that is a specific m/z less
than that selected by Q1). This method selectively identifies all ions which lose a common
neutral fragment during q2 fragmentation. As compared to the precursor scan, the coordination
of QI and Q3 scanning in a neutral loss scan reduces the time required to make one full mass
scan, resulting in a significant increase in data acquisition rate. As with the precursor scan, the
limitation for neutral loss scanning is that only molecules capable of losing the specific neutral

fragment are filtered and identified. A fourth option is selected/multiple reaction monitoring
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(SRM/MRM). In SRM/MRM, the RF in QI is set to select for a single precursor m/z, and the
Q3 RF is set to filter only one, single reaction monitoring (SRM), or multiple reaction
monitoring (MRM), precursor ion m/z, greatly reducing the time required to complete a scan
cycle. In SRM/MRM, the QqQ will detect only targeted precursor ions in a sample which can be
fragmented into preselected product ion(s). The use of MRM instead of SRM increases the
specificity of the method because valid MRM identification requires not only the identification
of characteristic precursor and product ions, but product ion relative abundances must be

characterized and match to those from a reference standard to increase identification confidence.

Q1 Q2 Q3 Q1 Q2 Q3
mass analyzer collision cell mass analyzer mass analyzer collision cell mass analyzer
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Figure 5. Operational modes in a triple quadrupole MSMS instrument. During product ion
scanning, Q1 operates under a fixed RF frequency to select target ions of a specific m/z, Q2
operates as a collision cell to fragment all transitioning ions, and Q3 operates in scan mode over
the expected fragment ion m/z range to obtain a full scan of the precursor ion. During precursor
ion scanning, Q1 operates in full scan mode over the desired m/z range, Q2 operates as a
collision cell to fragment all transitioning ions, and Q3 operates in single reaction or multiple

reaction monitoring mode to isolate specific fragment ions. During neutral loss scanning, Q1
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operates in full scan mode, Q2 operates as a collision cell, and Q3 operates scanning with a fixed
RF offset. Finally, during SRM or MRM mode, Q1 operates as a mass filter selecting specific
precursor ions which are fragmented in Q2. Q3 also operates as a mass filter monitoring specific
single of multiple product ions. SRM or MRM mode is the most sensitive mode but least
specific regarding the identification of precursor ions and product ion scanning mode is the least
sensitive but most specific mode for identifying precursor ions.
1.3.2 Time of Flight (ToF) Mass Spectrometry

QqQ mass analyzers are limited in two ways. One of these weaknesses mentioned
previously is that in a QqQ, two quadrupoles must be scanned in time, and as quadrupole
scanning is relatively time consuming as compared to the width of LC peaks, this restricts the
amount of m/z data that can be collected for each LC peak. The second weakness is that QqQ
MS instruments are nominal mass instruments with limited mass resolution and mass accuracy
capable of fully resolving only peaks of single m/z difference. Time of Flight (ToF) instruments
are capable of relatively high mass resolution which is dependent almost exclusively, as with all
mass spectrometers, on the ion flight path length. In a simple ToF instrument post-ionization, a
packet of ions is accelerated by a repeller set to a high voltage (DC) relative to the draw out grid
using the same charge state as the target ions. The ions initially experience a potential of 2.5 kV
propelling them down the DC field gradient so that all ions accumulate 2.5 keV in kinetic energy
by the time they reach and pass through the grid. Figure 6 is a cartoon illustrating a very simple
ToF mass analyzer. The ions are propelled down the ToF through an RF field-free region to a
detector. Normally, velocity (v) is directly related to kinetic energy (Ek), where Ek=1/2mv? but
not all ions of the same m/z have exactly the same Ek so are propelled with a distribution of
velocities. As ions travel through the field-free region, they are separated according to their
velocities arriving at the detector at different times. Arrival time distributions can be mass

calibrated providing all ions start traveling at the same time. Therefore, voltages in the ToF
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pusher or repeller region are pulsed — the starting time of each ion packet through the ToF
corresponding to a specific pulse.

Draw Out Grid
Detector
Repeller

RF Field-Free Region

+
++—>

5kv

4

DC Offset

Figure 6. The schematic of a simple ToF instrument.

The two QqQ weaknesses can be overcome by adding a ToF mass analyzer to a QqQ®%°.

This hybrid instrument is called a quadrupole-time of flight (QToF) instrument. In a QToF, a
packet of ions is ejected from the terminal Q region and propelled orthogonally down the ToF,
employing pulsed DC current from a “pusher plate”. The mass resolution of a ToF primarily
depends on the length of the ion flight path, but in part, also depends on the Ek distribution (and
directly related velocity distribution) of the ions. Because the ions are ejected from the QqQ into
the ToF orthogonally, the Ek distribution of the ions as they originate from the QqQ is
minimized. One way of increasing resolution in a ToF is to position a reflectron or ion mirror at
the end of the flight tube®”. It consists of a stack of ring electrodes held at constant voltage in
line with the ion flight path. The ions enter the stack with a range of kinetic energies, and as they
penetrate the stack they slow down and are repelled in the opposite direction. The ions with the
highest kinetic energy penetrate the furthest into the stack. As they reverse flight direction and
exit the ring stack, the relative linear spatial position of the ions is minimized increasing ToF
resolution. A reflectron or ion mirror provides two purposes, it enables the ion flight path to be

essentially doubled without physically doubling the instrument length, and it reduces the spatial
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distribution of the ions resulting from the Ek distribution which improves resolution. There are
instruments that also allow for multiple passes through the ToF to improve mass resolution even

further.
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Figure 7. Schematic of a simple QqQ-TOF instrument. This is a hybrid instrument using
quadrupole technology to perform low resolution ion separation and CID to perform
fragmentation experiments prior to orthogonal introduction of ions into the TOF for high m/z ion

sorting and analysis.
1.3.3 Orbitrap Mass Spectrometry

The development of the Orbitrap, a nonlinear, Fourier transform mass analyzer, has
revolutionized the application of mass spectrometry to biomedical analysis®™.  Current
instruments routinely capable of >10° resolution and mass accuracy to parts per billion are being
employed today. This provides the ability to analyze both small molecules and large
biomolecules with very high specificity. In current Orbitrap instruments, ions are formed in an
ion source, packets of ions are selected in a quadrupole or linear ion trap, and collected in a C-
Trap, a curved field linear ion trap. The ions are then injected into the Orbitrap where they are

69,70

trapped in an electrostatic field formed by specially shaped electrodes Figure 8 is a

schematic of an Orbitrap instrument. The ions separate axially along the axis of the inner
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electrode according to m/z, and the frequency of the ion oscillations around the spindle-shaped
electrode inside the trap is mass calibrated to their m/z. Like FTICR instruments, the ion motion
generates a current which is captured and measured in an ion transient which must be Fourier
transformed to produce a mass spectrum. Unlike quadrupole, three-dimensional trap, linear ion
trap, and ToF instruments, ions are not detected and measured by directly striking an electron
multiplier or multichannel plate detector in an Orbitrap. Though Orbitrap instruments provide
slightly less performance than FTICR MS instruments, they are cheaper, require less resources
and space to maintain, and are still able to provide sufficient resolution to determine isotopic fine
structure.

C-Trap
lon Injection

Outer Electrode | Outer Electrode

7 T~

Inner Electrode

— /’/,_

\\\\\\//‘
Outer Electrode Outer Electrode

Figure 8. Cartoon of an Orbitrap instrument with the inner and outer electrodes showing the
injection of ions from a C-Trap into the mass spectrometer. lons are injected orthogonal to the
axis of the electrodes and revolve around the inner electrode dispersing axially according to their
m/z. As in FTICR instruments, ion movement generates a current called a transient which can be

measured and m/z calibrated.
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1.3.4 Thesis Aims

This thesis briefly describes the development and validation of two LC-MSMS regimens

used for very different analytical purposes. It demonstrates the versatility and utility of

interfacing LC with quadrupole, quadrupole-TOF and hybrid Orbitrap MSMS instruments to

provide highly specific and sensitive analysis of biomedical samples for both targeted small and

large molecular species and for the proteomic characterization of a variety of complex

biomedical samples.

The goals of the first application of LC-MSMS to the analysis of biomedical samples

WwEre:

. the development of a unique LC-QqQ nominal mass resolution MSMS method

with associated sample preparation strategies to absolutely quantify, with high
sensitivity, carfentanil, an extremely potent and clinically toxic semi-volatile

small molecule opioid.

. Determine and describe the percutaneous absorption kinetics of carfentanil in a

live human epidermal model.

The goals of the second application of LC/MSMS to the analysis of biomedical samples were:

1.

3.

The development and validation of a unique sample preparation method that
enabled samples to be rapidly prepared for LC-QTOF MSMS or LC-Orbitrap
MSMS proteomic analysis.

The identification and characterization of targeted toxin proteins in complex
biomedical samples.

To describe the proteomes of a variety of highly complex biomedical matrices.

Chapter 2 describes the validation of a quantitative carfentanil method that was published

in 2022 by editor invitation in a special issue of the peer reviewed journal, Rapid

Communications in Mass Spectrometry, celebrating the advent of quadrupole mass

spectrometry’>. A triple quadrupole MSMS method was developed and used to measure and
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describe percutaneous carfentanil absorption kinetics in a live human epidermal model. Results
from these studies have been published in US Army Toxicity Report No. S.0055513-18, July -
September 2018 and in a journal article in 2019 entitled “In vitro dermal absorption of
carfentanil” in the peer reviewed journal, Toxicology In Vitro™. The impetus for the study was
to determine whether alcohol-containing skin decontaminating solutions would endanger law
enforcement and medical first responders through enhancing percutaneous absorption of
carfentanil should they be exposed. The results from these experiments demonstrated the
capability of LC coupled with nominal resolution QqQ to absolutely quantify small semi-volatile
drugs with relatively high sensitivity in biomedical samples.

Chapters 3 and 4 describe a tryptic digestion method developed for use in bottom-up LC-
MSMS protein identification. Chapter 3 describes its use in the identification, with high
confidence, specific target proteins in biomedical samples’*, and chapter 4 describes results from
its use to perform proteomic characterization of several complex biomedical matrices. It is a
very rapid and simple method requiring no specialized equipment or expensive reagents. A
manuscript describing the targeted protein data was published in the peer-reviewed journal,
Analytical Chemistry, in 2021. The method is currently being used very successfully by Merck
and Company for targeted protein analysis in one of their high-volume protein discovery
pipelines. The method has proven to provide substantial time and monetary cost savings
according to a personal communication from the Laboratory Director to a colleague. A
manuscript describing the application of the digest method to the proteomic characterization of
complex biomedical samples was published in the peer reviewed journal, Analytical Chemistry,

in 20237,
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Chapter 2
Validation of a Quantitative LC/Hybrid Quadrupole-Linear Ion Trap MSMS

Method for Carfentanil and Caffeine in a Live Human Epidermis Model
Jonathan M. Oyler', Kathleen J. Maistros®, David Kilgour'

'Nottingham Trent University, Clifton Campus, Nottingham, UK

*Laboratory Services Department, U.S. Army Medical Research Institute of Chemical Defense,
Aberdeen Proving Ground, MD, USA

2.0 Abstract

In this study, a quantitative liquid chromatography/hybrid triple quadrupole-linear ion trap
method was developed for carfentanil, an extremely toxic opioid. The method was also validated
for caffeine, a molecule routinely used to monitor epidermal cell-culture viability. The method
employed reversed-phase chromatography coupled with positive electrospray ionization and
MRM monitoring to quantify carfentanil and caffeine against calibration curves formulated from
authentic standards. Limits of detection (LOD) for the two compounds were determined
employing 10:1 signal-to-noise requirements for all product ions with relative peak areas equal
to £20% of those observed for a mid-level calibrator. Calibration curves for seven formulated
replicates of the two compounds met linearity requirements over at least four orders of
magnitude concentration range. The accuracy was within £20% of the actual, precision across
results (%CV) was <15%, curve coefficients of determination (r*) were > 0.980 (correlation
coefficient r > 0.990), and relative ion ratios of all qualifier ions were within £20% of those for a
mid-level standard. Blanks contained no target analyte or internal standard signal above
baseline. Limits of quantification (LOQs) for carfentanil and caffeine were 230 pg/mL and 12
ng/mL, respectively. Precision and accuracy were determined by analyzing positive controls
formulated in quintuplicate, by a different analyst, at three concentrations bracketing the method

dynamic range. Intra-day accuracies (mean concentrations) for carfentanil and caffeine ranged
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from 90.1-100.8% and 87.1-108.9%, respectively; inter-day accuracies ranged from 98.7-100.4%
and 97.5-101.7%. Intra-day precision (%CV) over the dynamic range ranged from 1.31-8.88 and
1.49-6.72 for carfentanil and caffeine, respectively. Inter-day precision was evaluated using data
collected from three separate days of analyses and ranged from 4.7-9.9 and 7.6-12.1 %CV for
carfentanil and caffeine, respectively. The method was subsequently used to evaluate the

percutaneous absorption kinetics of carfentanil in solution as a function of solvent

composition using an in vitro, live human epidermis model. Counterintuitively, as previously
reported, the addition of organic solvents to the formulations decreased rather than increased the

percutaneous absorption rate of the ultra-potent opioid, carfentanil.

2.1 INTRODUCTION

One of the major strengths of quadrupole mass spectrometry is the ability to rapidly and
reproducibly scan through relatively wide mass-to-charge ranges with great sensitivity and
speed, especially when targeting limited characteristic ions using a selected ion monitoring
mode. The subsequent development of triple quadrupole instruments resulted in the ability to
reproducibly fragment a precursor molecule under controlled conditions and quantitatively
measure the resultant product ions to characterize and quantify the parent molecule with even
higher specificity and sensitivity'. Consequently, triple quadrupole instruments have become the
“gold standard” for drug and small molecule quantification in toxicological, forensics, drug
monitoring, and pharmaceutical analyses. In this study, a highly sensitive quantitative liquid
chromatography/hybrid triple quadrupole-linear ion trap MS/MS method was validated for
carfentanil and caffeine. Subsequently, the method was used in an in vitro protocol designed to
evaluate percutaneous absorption kinetics of carfentanil in a live human epidermal model, as a
function of solvent composition.

Fentanyl analogs, like other opiates and opioids, act directly on central nervous system .-
opioid receptors to induce bradycardia, respiratory depression, hypotension, depressed cough

>34 An extremely potent fentanyl analog, carfentanil (methyl 4-(1-
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oxopropyl) phenylamino-1-(2-phenylethyl)-4-piperidine carboxylate-2-hydroxy-1,2,3-propane
tricarboxylate), is a DEA Schedule II opioid (synthetic drug) that has been estimated to be 100
times more potent than fentanyl and 10,000 times more potent than morphine, a naturally
occurring opiate’. The drug has until recently been considered a United States federally
classified compound so there is little data available in the open literature on its physical/chemical
or pharmacokinetic characteristics. The citrate salt was originally formulated (Wildnil) for use in
veterinary medicine as a large animal tranquilizer but has not been commercially available since
2003. The intravenous LDs of the citrate salt in mice and rats has been reported to be 3.39 and
18.75 mg/kg, respectively®, and the subcutaneous median effective dose (EDsg) required to
induce severe intoxication in African green monkeys was found to be 0.706 pg/kg’. Due to its
ultra-potency and because it has no licit clinical uses, the clinical LDsy of carfentanil has not
been determined, but the estimated human lethal dose is 20 ug (0.286 pg/kg), with significant
clinical effects observed with exposure to as little as 1 pg’. This toxicity is within the range of
classic organophosphate nerve agents, making it a potential agent of warfare and terrorism.
There have been terrorist incidents in which humans have been exposed to carfentanil. In 2002,
Chechen hostages in a theater in Moscow were presumably exposed to vaporized or aerosolized
carfentanil and remifentanil, another highly potent opioid, resulting in 170 human deaths. Urine
and clothing residue collected from three victims, analyzed by scientists at Porton Down,
Wiltshire, England, contained the two fentanyl analogs™’.

Recently in the United States, the incidence of fentanyl-related overdose deaths has
dramatically risen'®. In the past, this resulted from the exposure of individuals to fentanyl-
adulterated heroin, and cocaine and other psychostimulants (primarily methamphetamine)'', but
increasingly, especially during specific localized outbreaks, fentanyl analogs alone, including
carfentanil, have been implicated®. With this dramatic increase in overdose cases, concern has
grown for the safety of responding law enforcement and emergency medical personnel due to

potential occupational exposure since these highly potent opioids are known to be readily
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absorbed through skin and mucous membranes. Incidents of percutaneous and dermal fentanyl
exposure have been reported. There have been multiple reports from emergency response
personnel describing symptoms consistent with opioid exposure presumably from percutaneous,
dermal and mucous membrane contact with on-scene material and/or potentially contaminated

12,13
surfaces =

. In a confirmed case resulting from skin and mucous membrane exposure, a
veterinarian’s facial skin and mucous membranes of the eye and mouth were exposed to a large
animal veterinary formulation which splashed from a misfired dart. The individual exhibited
classic opioid symptoms including nausea, respiratory depression, miosis, and hypotension'*.

In addition, since fentanyl analogs are lipophilic and readily absorbed through the skin,
concern has been generated in the medical community that the routine use of alcohol-containing
hand sanitizers by law enforcement and emergency medical personnel could enhance dermal
absorption rates. For this reason, the NIOSH, NIH, the US DEA, and the NIEH, NIH, have
issued guidance documents strongly discouraging the use of alcohol-based hand sanitizers by
first responders who are at risk of being exposed occupationally to fentanyl-related
substances'>'®".

Due to its potency, until recently no human data from controlled studies existed describing
percutaneous or dermal absorption of carfentanil. For this reason, an in vitro epidermal dosing
study was designed and conducted using a live reconstructed human epidermal model (RhE) to
measure percutaneous carfentanil permeability coefficients, absorption rates and permeation lag
times as a function of the solvent in which it was formulated.

The in vitro Franz Cell system consisted of two chambers with an air-liquid interface
between the upper and lower chambers (Figure 1). Live, cultured human epidermis with intact
stratum corneum was suspended, stratum corneum side up (air side), at the air/liquid interface on
Krebs-Ringer bicarbonate solution where cell integrity and viability could be maintained;

caffeine was employed as a cell viability marker'®. Dosing was performed in the upper chamber,

onto the air-exposed stratum corneum, and samples were drawn from the lower chamber through
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a port, prior to and at different time points after dosing. Epidermal cells were also dosed with
caffeine, a drug routinely used to monitor epidermal viability in this model. This provided a live
human model in which absorption kinetics could be studied as a function of dosing formulation
solvent composition. In the in vitro study, carfentanil was formulated in four vehicles, water,
ethanol, and two ethanol-containing hand sanitizers, for dosing. The pharmacokinetic results
have been reported'”’. The goal of the study was to determine the effect of the use of hand
sanitizers containing a lipophilic organic solvent as a ‘“decontamination agent” on the
percutaneous absorption of the highly potent opioid, carfentanil, in humans should an epidermal
surface become contaminated with carfentanil in the course of entering and examining a forensic

scene.

Figure 1. Franz Cell live human epidermal model.
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Prior to conducting the pharmacokinetic study, a sensitive LC/hybrid triple quadrupole-
linear ion trap (LC-MS/MS) method for direct quantification of carfentanil and caffeine in the
RhE buffer, was designed and validated. The method incorporated another fentanyl analog,
sufentanil, as an internal standard. (Theoretically, use of an isotopically labeled carfentanil

internal standard should produce comparable or better method performance provided the label
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remained attached to the fragments used.) This report describes the method validation process

and method performance in detail.

2.2 MATERIALS AND METHODS

Carfentanil citrate (CAS# 61380-27-6; purity: 96.9%) was obtained from Edgewood
Chemical and Biological Center. Caffeine (CAS# 58-08-2) was purchased from Sigma (St.
Louis, MO). Sufentanil citrate (CAS# 60561-17-3) was purchased from Cerilliant Corporation
(Round Rock, TX) for use as the analytical internal standard (IS). Water (18 MQ) was produced
by an in-house Millipore system acquired from MilliporeSigma, Burlington, MA. LCMS-grade
methanol, acetonitrile, and formic acid were purchased from Fischer Scientific (Hampton, NH).
All test systems, reagents, and chemicals were maintained according to manufacturer's

instructions.

2.2.0 ANALYTICAL STANDARDS

Carfentanil and caffeine primary stock solutions were gravimetrically formulated from neat
stock in ethanol and stored at -20 °C in borosilicate vials until use. The IS, sufentanil, was
commercially acquired in solution at 100 pg/mL in methanol (Lot FE013012-01), in flame-
sealed borosilicate vials. Stock standards were formulated volumetrically using calibrated
Eppendorf pipets. Calibration standards and controls were diluted volumetrically in water
containing 0.1% formic acid fresh each day of analysis from primary standards. Calibration
curve standards for carfentanil and caffeine ranged in concentration from 0.23-920 and 11.88-

19,800 ng/mL, respectively.

2.2.1 ANALYTICAL METHODS:

2.2.1.0 LC Method:

The LC system used was a Shimadzu Nexera UHPLC. A 5 pL sample aliquot was
analyzed on a Phenomenex Kinetex column (2.1 x 100 mm x 1.7 um F5, PN: 00D-4722-AN,
SN# H18-042762). Mobile phase A consisted of MS-grade water with 0.1% formic acid, and
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mobile phase B was MS-grade acetonitrile containing 0.1% formic acid. The mobile phase flow
rate was 0.4 mL/min using an initial 0.1-minute hold time at 2% mobile phase B, a gradient

profile of 2-90% mobile phase B over 4 minutes, and a 30°C column temperature.

2.2.1.1 MS/MS Method Development:

The MS/MS system employed for carfentanil and caffeine quantification was a SCIEX
4000 QTRAP, a nominal mass accuracy/resolution hybrid quadrupole-linear ion trap, operated in
positive ESI mode. To develop the method, standards at 2 pg/mL in methanol with 0.1%FA
were directly infused at 15 pL/min and analyzed in Q1 full scan mode to acquire a background-
subtracted spectrum for each compound. The (M+H)" species for each compound was identified
to use as precursor ion for MS/MS analysis; standards were directly infused to optimize source
and Q1 conditions for each respective precursor. Again, samples were directly infused in
product ion scan mode (precursors selected in Q1 followed by collision assisted dissociation
(CAD) in Q2 with the resulting product ions scanned out of Q3 to identify the most abundant
characteristic product ions for use in multiple reaction monitoring (MRM) analysis. During
product ion scanning for both analytes, the declustering potential (DP) was held at 50, and the
collision energy (CE) was ramped in 5 V steps from 0-120V for carfentanil and 0-60V for
caffeine. CAD of carfentanil produced many highly characteristic product ions to use for MRM
analysis; again, CAD conditions were optimized for the selected ions. A heat plot of caffeine
CAD produced a more limited number of prominent characteristic fragment ions. Figure 2
illustrates cumulative product ion scan spectra over the respective CE ranges for carfentanil and

caffeine, and Figure 3 illustrates product ion intensities for carfentanil as a function of CE.
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Figure 2: Summed product ion scan spectra for carfentanil and caffeine; A) Carfentanil at 2
pg/mL in methanol with 0.1% formic acid infused at 15 pl/min (MS2 Scan of m/z 395.0,
declustering potential = 50, CE ramped from 0-120V, and CAD = MED); and b) Caffeine at 20
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pg/mL in methanol with 0.1% formic acid infused at 15 pL/min (MS2 Scan of m/z 198.0,
declustering potential = 50, CE ramped from 0-60V, and CAD = MED).
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Figure 3. Carfentanil total fragment ion mass spectrum and heat map of product ion intensity as a

function of CE.

The most abundant and characteristic ions were then selected for MRM method
development. Table 1 lists the characteristic precursor and product ion m/z values for

carfentanil, Ds-carfentanil, caffeine, and >Cs-caffeine with select optimal acquisition conditions.
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Ql m/z Q3 m/z Time
(msec) volts)

395.0 335.0 Carfentanil 30.0
395.0 113.0 45 Carfentanil 60.0 43.0
395.0 105.0 45 Carfentanil 60.0 63.0
400.0 340.0 45 Ds-Carfentanil 60.0 26.0
400.0 113.1 45 Ds-Carfentanil 60.0 46.0
400.0 105.0 45 Ds-Carfentanil 60.0 65.0
195.0 138.0 45 Caffeine 60.0 15.0
195.0 110.0 45 Caffeine 60.0 20.0
195.0 83.0 45 Caffeine 60.0 41.0
198.0 140.0 45 13C,-Caffeine 65.0 29.0
198.0 112.0 45 13C,-Caffeine 65.0 44.0
198.0 84.0 45 13C,-Caffeine 65.0 37.0

Table 1. Precursor and product ion m/z values along with important optimal acquisition
conditions and parameters (DP = declustering potential, CE = collision energy).
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Figure 6. MRM chromatogram of carfentanil and Ds-carfentanil.

2.2.1.2 MRM Method Validation

MRM method quantification was performed with newly formulated calibration standards,
quality control samples (QCs), and blank samples on a minimum of three separate days to
measure inter-day method performance; calibration standard and QC samples were formulated
from stock solutions and analyzed each day. Calibration and QC stock solutions were
formulated by different analysts. QCs consisted of low, medium and high levels, bracketing the
calibration curves, and were formulated by a different analyst. The internal standard, sufentanil,
was spiked into the samples at a final concentration of 100 ng/mL prior to sample analysis.

A minimum of three characteristic product ions for each compound were selected for MRM
monitoring. From the infusion experiments, characteristic product ions for both compounds

were identified along with their corresponding optimal CEs. Subsequently, a high standard for
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each compound was analyzed using the LC gradient described above employing the identified
optimal CEs. The most abundant characteristic fragment ion was selected as the quantitative
transition; the second and third most abundant characteristic fragment ions were selected as
qualifier transitions for MRM spectral matching to ensure method specificity.

To determine the limit of detection (LOD) for carfentanil and caffeine, a minimum of seven
daily replicates were analyzed. All blanks, controls, and samples had to contain no peaks
interfering with the target analyte or internal standard. At the method LOD concentration, a
signal-to-noise criterion of >10:1 and a minimum of 10 points had to be identified across each
m/z peak for quantifier and qualifier ions (sensitivity requirement) had to be met, and qualifier
ion relative peak area ratios had to be within +20% of those for a mid-level calibration curve
standard (spectral matching specificity requirement).

To identify the method limit of quantification (LOQ) and dynamic range, quantification
criteria included the general requirements used routinely by the U.S. FDA and the Federal Drug
Testing Program that all measured replicate results were accurate within +20% of the actual,
precision across results (%CV) was <15%, the curve coefficient of determination or r* (measure
of curve linearity) was > 0.980 (correlation coefficient or r > 0.990), ion ratios of all qualifier
ions were within +20% of that for a mid-level standard, and blanks contained no target analyte or
internal standard signal above baseline. Two carfentanil calibration curves meeting all analytical
criteria were employed in order to accurately quantify over the broad concentration range
encountered with the study samples. Carfentanil low and high calibration curve concentrations
ranged from 230-4600 pg/mL and 46-920 ng/mL, respectively, each comprised of a minimum of
six calibration points. A single calibration curve meeting analytical criteria was used to quantify
caffeine over a concentration ranging from 12-19,800 ng/mL. Figure 4 illustrates carfentanil
calibration curves for the two dynamic concentration ranges employed in the three-day method
validation. The curves were best described mathematically with quadratic formulae, using 1/x

weighting for the area ratio term.
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Figure 7. Daily carfentanil calibration curves; A) 230-4600 pg/mL (low curves) and B) 46-920

ng/mL (high curves).

To determine method intra- and inter-day precision and accuracy, a minimum of five

replicate quality control samples at three concentrations bracketing the method dynamic

concentration range were analyzed on three separate days.

Intra- and inter-day results were

57



evaluated using LOD and LOQ requirements. Quality controls were formulated by a different
analyst and evaluated against LOD and LOQ requirements. All calibrator and quality control
results were required to meet the following accuracy and precision criteria: 1) all individual
measured quantitative results had to quantify within £20% of the expected concentration, 2) the
mean measured concentration for each level had to quantify within £15% of the expected

concentration, and 3) the % coefficient of variation (CV) across replicate results had to be <15%.
2.3 RESULTS:

Optimal source parameters for the target analytes included the following; curtain gas
(CUR) - 55; ionspray voltage (IS) - 5500; turbo gas temperature (TEM) - 700; gas one (GS1) -
60; gas 2 (GS2) - 60; interface heater (ihe) - ON; collision-assisted-dissociation (CAD) voltage -
MED; entrance potential (EP) - 10; and collision cell exit potential (CXP) - 9. Table 1 lists the

optimal MSMS voltages for precursor and product ions.

Table 2: Optimal MSMS Parameters

Transitions Precursor Product lon Dwell (msec) Declustering Collision
(M+H)" Potential (DP) | Energy (CE)

335 30
Carfentanil 395 113 62 60 43
105 63
138 15
Caffeine 195 110 62 60 20
83 41
238 23
Sufentanil 387 355 62 30 23
111 52

Applying both intra- and inter-day linearity, accuracy, and precision acceptance criteria,
carfentanil low and high calibration curve concentrations ranged from 230-4600 pg/mL and 46-
920 ng/mL, respectively, each comprised of a minimum of six calibration points. A single
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calibration curve ranging from 11.88-19,800 ng/mL met analytical criteria and was used to
quantify caffeine. All curves were evaluated as quadratic expressions with 1/x weighting, and
correlation coefficients for all calibration curves exceeded 0.995. Intra-day quantitative data
listed in Tables 2-4 were evaluated using the curve regression equations; all calibration curve
data met intra- and inter-day precision and accuracy requirements.

Table 3: Carfentanil Low Calibration Curve Accuracy

Day 1 Day 2 Day 3
Expected
Mean Mean Mean
Conc. Accuracy Accuracy Accuracy
(ng/mL) Conc. %) Conc. %) Conc. %)
ng/m
8 (ng/mL) ° (ng/mL) ° (ng/mL) °
0.046 0.09 193.0 0.00 0.00 0.042 91.25
0.069 0.20 292.4 0.068 98.53 0.065 94.62
0.23 0.21 91.8 0.24 104.25 0.27 116.43
0.69 0.74 107.5 0.68 98.76 0.72 104.80
2.30 2.34 101.9 2.31 100.25 2.17 94.35
6.90 6.83 98.9 6.72 97.44 6.73 97.51
36.8 36.73 99.8 37.55 102.04 37.77 102.63
46.0 46.06 100.1 4542 98.74 45.27 98.41

A minimum of 7 replicates/calibration level/day were analyzed to determine the LOD and LOQ.
Data in red did not meet accuracy requirements but did meet detection requirements. The valid
carfentanil curve dynamic concentration range was 0.23-46 ng/mL.

Table 4: Carfentanil High Calibration Curve Accuracy

Day 1 Day 2 Day 3
Expected
Mean Mean Mean
Conc. Accuracy Accuracy Accuracy
Conc. Conc. Conc.
(ng/mL) (%) (%) (%)
(ng/mL) (ng/mL) (ng/mL)
46 46.9 101.93 46.2 100.39 45.6 99.21
138 135.1 97.87 137.5 99.60 141.3 102.39
368 359.5 97.69 364.5 99.04 3543 96.29
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522 573.0 103.8 563.8 102.1 559.7 101.40
736 731.9 99.45 724.9 98.5 750.9 102.02
920 913.3 99.28 923.3 100.4 908.1 98.71

A minimum of 7 replicates/calibration level/day were analyzed to determine the LOD and LOQ. All data met

accuracy requirements.

Table 5: Caffeine Calibration Curve Accuracy

Day 1 Day 2 Day 3
Expected
Mean Mean Mean
Conc. Accuracy Accuracy Accuracy
Conc. Conc. Conc.
(ng/mL) (%) (%) (%)
(ng/mL) (ng/mL) (ng/mL)

7.9 7.3 92.0 33 41.9 11.4 143.5
11.9 10.9 92.0 11.9 86.1 13.1 110.4
39.6 42.3 106.8 39.6 110.1 42.0 106.0
59.4 62.3 104.8 59.4 92.8 59.3 99.8
198 205.6 103.8 198.0 100.9 178.8 90.3
597 601 100.7 597.0 104.2 565.3 94.7
1584 1579 99.7 1584 105.7 1571 99.2
1980 2003 101.1 1980 102.5 1914 96.7
5940 5886 99.1 5940 97.5 6367 107.2
7920 7802 98.5 7920 101.8 7453 94.1
11880 12340 103.9 11880 100.9 11970 100.7
15840 15310 96.6 15840 94.5 16240 102.5
19800 20020 101.1 19800 103.0 19480 98.4

A minimum of 7 replicates/calibration level/day were analyzed to determine the LOD and LOQ.

Data in red did not meet accuracy requirements.

In addition, all daily QC sample results met precision and accuracy criteria during the
validation. Intra-day precision and accuracy data for carfentanil QC samples from the three days
of analysis are listed in Table 5, and inter-day precision and accuracy data for carfentanil and

caffeine QC samples over the three days are listed in Table 6.
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Table 6: Intra-day Carfentanil QC Accuracy and Precision

Day 1 Day 2 Day 3
Expected
Conc. Measured Accuracy Measured Accuracy Measured Accuracy
(ng/mL) Conc. %) Conc. %) Conc. %)
(ng/mL) (ng/mL) (ng/mL)
1.65 107.1 1.52 98.77 1.59 103.07
1.51 98.3 1.51 98.20 1.66 108.00
1.45 943 1.77 115.17 1.57 101.88
1.54 1.48 96.1 1.44 93.44 1.42 92.24
1.39 90.2 1.45 93.94 1.38 89.90
Mean Accuracy =97.20 | Mean Accuracy =99.90 | Mean Accuracy = 99.02
%CYV = 6.46 %CYV = 8.88 %CV =17.73
36.15 89.31 39.50 97.57 38.48 95.06
36.27 89.60 39.68 98.03 39.92 98.63
36.79 90.87 38.34 94.72 41.62 102.81
40.48 36.04 89.03 40.41 99.82 38.59 95.32
37.17 91.83 40.03 98.89 40.07 98.98
Mean Accuracy =90.13 | Mean Accuracy =97.81 | Mean Accuracy = 98.16
%CV =1.31 %CV =197 %CV =3.23
601.8 96.20 639.54 102.23 611.90 97.81
597.1 95.45 609.06 97.36 595.30 95.15
601.6 96.16 654.88 104.68 NA NA
622.6 99.53 615.65 98.41 597.80 95.55
02 606.4 96.94 634.43 101.41 591.40 94.53

Mean Accuracy = 96.86

%CV =1.64

Mean Accuracy =
100.82
%CYV = 6.46

Mean Accuracy = 95.76

%CV =149
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Table 7: Intra-day Caffeine QC Accuracy and Precision

Day 1 Day 2 Day 3
Expected
Measured Measured Measured
Conc. Accuracy Accuracy Accuracy
Conc. Conc. Conc.
(ng/mL) (%) (“e) (%)
(ng/mL) (ng/mL) (ng/mL)
117.4 88.38 152.4 114.79 126.6 95.31
118.1 88.97 147.9 107.6 131.5 99.03
116.7 87.92 156.7 118.03 129.3 97.39
132.78 113.0 85.13 135.3 101.87 131.0 98.63
113.2 87.23 135.7 102.2 123.0 92.62
Mean Accuracy = 87.13 | Mean Accuracy =108.9 | Mean Accuracy = 96.6
%CV =2.08 %CV =6.72 %CV =2.75
1522 87.37 1895 108.77 1615 92.71
1563 89.72 1867 107.12 1655 94.99
1536 88.16 1806 103.62 1751 100.49
1742 1542 88.51 1891 108.51 1638 94.00
7
1623 93.17 1850 106.18 1766 101.36
Mean Accuracy =
Mean Accuracy = 89.39 Mean Accuracy = 96.71
106.84
%CV =2.55 %CV =1.95 %CV =4.08
12660 94.02 13711 101.84 14950 111.02
12670 94.10 12867 95.57 13590 100.94
12720 94.47 13891 103.17 NA NA
12670 94.13 13475 100.08 13200 98.06
13464
12260 91.08 13375 99.34 13780 102.34
Mean Accuracy = Mean Accuracy =

Mean Accuracy = 93.56
100.00 103.09

%CV =149 %CV =2.89 %CV =541



Table 8: Inter-day Carfentanil and Caffeine QC Accuracy and Precision

Expected
Mean Conc. Accuracy
Analyte Conc. %CV
(ng/mL) (%)
(ng/mL)
1.54 1.52+£0.11 98.7 7.25
Carfentanil 40.48 38.74 £ 1.82 95.7 4.71
625.60 628.10 + 61.86 100.4 9.85
132.78 129.50 £ 13.50 97.5 10.40
Caffeine 1742.0 1707.0 £ 130.0 98.0 7.63
13464.0 13663.0 + 12.1 101.5 12.12

2.4 Discussion

A relatively sensitive and rapid quantitative LC/hybrid triple quadrupole-linear ion trap
MS/MS method was developed and validated for the extremely potent opioid, carfentanil, in a
live human epidermal model previously designed and employed to perform pharmacokinetic
measures following cutaneous drug exposure. The method was also validated for caffeine which
was, in turn, used to validate the epidermal model for EtOH-containing solvents by verifying
epidermal viability throughout the experiments. Another fentanyl analog, sufentanil, was
employed as the internal standard for both target analytes. The method met rigorous sensitivity,
specificity, accuracy and reproducibility criteria required for quantitative methods used in
toxicology, drug monitoring, pharmacokinetics, pharmacodynamics, and forensics. These data
demonstrated the relative high sensitivity, accuracy and reproducibility capabilities of triple
quadrupole instruments for quantitative interrogation of samples for drugs and small molecules
and illustrate why triple quadrupole instruments are considered the “gold standard” for small
molecule quantification in these disciplines.

The mass spectrometer used was a nominal mass accuracy/resolution hybrid quadrupole-

linear ion trap instrument. Not surprisingly, a single calibration curve proved to be too
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inaccurate at the lower and upper concentration ranges over the extended concentration range
needed for carfentanil quantification in the experimental samples. Therefore, “low” and “high”
concentration curves were validated and employed. The curves, however, did each bracket at
least four orders of magnitude concentration providing a very wide method dynamic range for
the study. The caffeine calibration curve proved to be accurate and precise over the more than
four orders of magnitude concentration range needed to verify epidermal cell viability during the
exposures. Method accuracy and precision for carfentanil and caffeine met all validation
acceptance criteria.

Counterintuitively, as reported previously'’, alcohol modifiers appeared to reduce
permeation rates and peak concentrations in the RhE culture medium prolonging permeation lag
times. The authors postulated that this was due to slowed partitioning from the hand sanitizers,
due to reduced solvent polarity as compared to water alone. The results appeared to indicate that
the concern over increased risk for law enforcement and emergency personnel using these hand
sanitizers in environments where they may be at risk from percutaneous carfentanil exposure

may be unwarranted. These conclusions appeared to support previous results™.
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3.1 Abstract

Bottom-up mass spectrometry-based protein analysis methods employing protease digestion are
routinely used to identify and characterize proteins with high specificity and sensitivity. Method
performance is generally measured by sequence coverage capability and the total number of
characteristic peptides identified, when compared to predicted databases. Limitations to
commonly used solvent-based digestion methods currently employed include long digest times
(18-24 h or more), leading to protease autolysis which also precludes automation, decreases
sensitivity, and increases both intra- and inter-day performance variability. This report describes
the development and validation of a simple, 5 min tryptic Denaturing Organic Digestion (DOD)
method for use with tandem mass spectrometry in bottom-up protein identification and
characterization. It has been evaluated across select protein toxins and diagnostic clinical protein
targets substantially improving digestion performance when compared to other solution- based
and enzyme immobilized methods. The method was compared to two currently used bottom-up
methods, the 24 h Filter Aided Sample Prep (FASP) and Flash Digest (1 h and 4h) methods.
Single proteins used to compare the methods included ricin light chain, ricin heavy chain, ricin
holotoxin, serotype A Clostridium botulinum toxin, Staphylococcus enterotoxin B, ribonuclease
A, and thyroglobulin. In tests across the target proteins investigated, the 5 min DOD digestion
method resulted in sequence coverages ranging from 55-100%, with relative high reproducibility
and precision; results were better than or equal to FASP method results and were greatly
enhanced when compared to Flash method results. Importantly, DOD method intra- and inter-

day precision was much improved as compared to results for both FASP and Flash digestions.
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These data indicated that the DOD method, when compared to the FASP and Flash Digest
methods, dramatically reduced digestion time while maintaining or improving the ability to
detect and characterize targeted proteins, and reduced analytical variability for tryptic digestion

resulting in markedly faster and more precise analyses.

3.2 Introduction

Protein identification and quantification is a challenging task. The most commonly used
mass spectrometry-based protein analysis approach, bottom-up LC-tandem MS protein analysis,
does not have a requirement for high resolution mass spectrometry, usually requires a much
shorter analysis time, and has historically been much more sensitive than top-down approaches.
Because the mass range of many of the mass spectrometers used is limited, bottom-up methods
initially employ proteolytic digestion to produce characteristic peptides, unique to the protein
targeted, and amenable to analysis by these instruments. To identify the peptides, their masses
and their tandem mass spectra are then compared to sequence database or annotated peptide
spectral library predictions. The peptide data is then compiled to predict the sequence of the
parent protein. These methods, however, have generally been limited by an inability to provide
sufficient sequence coverage to fully characterize targeted proteins and are limited in their ability
to fully characterize PTM maps and point mutations located in digestion fragments that are not
easily ionized. In addition, bottom-up methods have had relatively poor reproducibility, often
attributed to the tendency for protease autolysis during lengthy digestion times, especially at high
relative protease concentrations, and inconsistent target analyte recoveries inherent with lengthy
multi-step processes. To improve sequence coverage, multi-protease strategies have been devised
which have proven to dramatically improve results'?, but the additional processes can reduce
sensitivity, make results more variable due to compounded inherent recovery losses, and
dramatically increase analytical time by increasing sample preparation time from hours to days.

The most common protease used in targeted protein analysis is trypsin which cleaves the

amide bond on the C-terminal side of lysine and arginine residues, except when they are
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immediately followed by a proline. Many previously published benchtop tryptic digestion
methods require 18-24 h digestion times®. Trypsin autolysis, directly correlated with trypsin
concentration and digestion time, is the primary factor contributing to inter- and intra-day
variability>*.

Recent descriptions of methods employing on-column and bead surface immobilization
of protease’ have dramatically reduced digestion times as well, improved method reproducibility
and almost eliminated autolysis. These methods, however, often provide limited sequence
coverage as compared to in-solution methods, likely due to steric hindrance issues. Another
limitation to column-immobilized protease digestion is the inability to multiplex sample
preparation.

The effects of organic modifiers in solvent systems or elevated temperatures have been
previously used to speed protein digestion, improve digestion reproducibility, provide increased
sequence coverage for protein characterization, and to identify conditions under which the
protein folding could be characterized. Data demonstrated that trypsin proteolytic activity was
maintained across a relatively wide temperature range in aqueous environments and in a variety
of organically modified solvent systems, and that organic solvents denatured proteins exposing
otherwise protected domains. In addition, work had been conducted using either a combination
of low organic solvent concentration and temperatures up to 40°C or higher organic solvent
concentrations alone. In 1987, Fink et al.® investigated the denaturation or unfolding of
carboxymethylated, disulfide- reduced ribonuclease A in methanol-water cryosolvent systems.
The goal was to identify cryosolvent conditions under which the protein was stabilized, in
multiple partially folded intermediate forms in order to examine the thermodynamics, kinetics,
and structural aspects of protein folding mechanisms. They monitored the degree of exposure or
burial of tyrosine residues to measure the degree of protein unfolding. The results demonstrated
that there was a positive correlation between increased unfolding and both methanol (MeOH)

concentration and temperature and that unfolding increased even more with increases in both
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MeOH content and temperature. In the course of their studies, they discovered that with MeOH
as co-solvent, protein unfolding was 100% reversible up to a 60% MeOH concentration (v:v)
over a temperature range of -40 to 70 °C. Ultimately, the authors selected a 50% (v:v)
concentration with which to conduct further studies.

In 1988, Welinder, et al.’, studied the activity and specificity of eight proteases when
digesting reduced and carboxymethylated ribonuclease using organic solvent-modified systems.
The authors evaluated MeOH, ethanol, isopropanol, and acetonitrile (AcN) as organic modifiers,
and digests were analyzed by amino acid sequencing using commercially available sequencers;
results were compared to aqueous digestion. Experiments were conducted to determine if
digestion could be performed directly in the chromatographic mobile phases in which samples
were collected following protein isolation. The authors stated that at least partial trypsin activity
was maintained in solvents containing up to 40% organic (v:v), but digestion efficiency was only
evaluated at 22 and 37 °C using 2 and 18 h digestion times. The authors concluded that trypsin
activity was reduced with organic solvent modification; activity was most reduced using AcN,
and at 37 °C, proteolysis was even more reduced.

In 2000, Park et al.'” showed that thermal protein denaturation prior to digestion
generally increased the digestion efficiency of soluble proteins otherwise resistant to proteolytic
digestion in aqueous solvents, and similar results were demonstrated by the same group with
mixtures of proteins''. Though it improved the capability to digest resistant soluble proteins,
thermal denaturation alone did not result in an improved ability to digest membrane proteins.

Subsequently, Russell, et al.'?, investigated the use of organic-modified solvent systems
with proteolytic digestion for use in high through-put bottom-up peptide mapping. Their goal
was to reduce digestion time in order to more rapidly characterize proteins. Investigated proteins
included rabbit phosphorylase, bovine serum albumin, bovine hemoglobin, rabbit aldolase,
chicken ovalbumin, rabbit carbonic anhydrase, horse myoglobin, horse cytochrome C, chicken

lysozyme and bovine ubiquitin. With MeOH, acetone, 2-propanol, or AcN addition, digestion
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rate dramatically increased, the sequence coverage for the proteins also increased, and proteins
resistant to proteolysis under aqueous conditions could be digested to yield sequence data.
Though digestion times were dramatically improved with no need for detergents or other
chemical denaturants, the increases in digestion efficiency observed across the eleven proteins
investigated were generally relatively modest.

Proc, et al.”’, evaluated the effects of chaotropic agents, surfactants and two organic
solvents on trypsin digestion efficiency. They used a method employing isotopically labelled
characteristic peptides as internal standards in order to quantitatively measure the “absolute
amounts” of peptides produced. Forty-five clinically important plasma proteins were digested.
Results were compared to those from a common denaturing digestion method using sodium
deoxycholate. Solvents evaluated were MeOH and AcN. Digestion was conducted at 37°C
using 40% and 20% AcN and MeOH (v:v), respectively, with digestion times ranging from 0.5
to 23 h. The organic solvent was added to the digestion solution following reduction and
alkylation and just prior to the addition of trypsin, to “prevent protein precipitation”. The
proteins were divided into three groups based on the results: “rapidly digested”, “moderately
digested” and “resistant to digestion”. For most proteins, digestion “signal” peaked at 4 h and
plateaued, though for a few proteins, digestion continued throughout the 23 h incubation without
plateau. They also observed that after 4 h, the digestion signal for some proteins decreased.
With AcN as solvent, though digestion did occur, it was significantly reduced compared to the
sodium deoxycholate denaturation method; the authors said of the AcN results, “in our
experiments, a significant reduction in digestion efficiency was observed for all 45 analytes in
the presence of 40% v/v acetonitrile, even though no protein precipitation was observed.
Moderate digestion of some proteins, such as haptoglobin however, was observed when using
AcN denaturation.”; MeOH results were similar.

More recently, methods have been designed and tested to shorten optimal digestion times.

In 2017, Zhang, et.al., validated a tryptic digestion method for five target proteins employing a
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20-min digestion preceded by heat denaturation, without the use of chemical denaturants or
reduction/alkylation steps'*. It was validated for the detection of five plasma proteins in diluted
1 pl plasma samples. It employed trypsin pretreated with tosyl phenylalanyl chloromethyl
ketone (TPCK) and required several additional pre-digestion steps. In 2023, Shuford, et.al., also
explored the use of TPCK-treated trypsin, TPCK-treated trypsin/Lys C, and dimethylated trypsin
with several strategies in a 96-well plate format to shorten and simplify tryptic digestion for a
single target protein, thyroglobulin, in clinical serum samples'>. Importantly, digestions were
performed only at 35 or 37°C and the formation of characteristic thyroglobulin peptides was
monitored to measure performance. Four different digestion time course experiments were
conducted. The four digestion variables assessed in each experiment were digestion additive,
trypsin type, incubator/reactor, and trypsin concentration. All digestions were performed using
TPCK-treated bovine trypsin at an enzyme to protein ratio of 1:200 (w/w).” Additives tested
included, “urea, guanidine, thiourea, deoxycholate, CHAPS, trifluoroethanol, ACN, MeOH, and
I-propanol. They observed that maximum recoveries for four of the eight characteristic
thyroglobulin peptides occurred with digestions conducted for at least 4 h using any of the
additives while the other additive conditions required much longer digestions. Interestingly, the
most efficient digestions were generally achieved with the lower of two additive concentrations.
The effect of trypsin type was also investigated. Samples were digested with five different
trypsins employing five different digestion times ranging from 0.5 to 18 h on a Thermomixer C
and employing an enzyme-to-protein ratio of 1:200 (w/w). Several ‘sequencing’ grade trypsins
as well as a trypsin/LysC mixture were tested to determine their effect on digestion performance.
Trypsin grade did not appear to improve digestion performance and required up to 18 h for
optimal performance. The proteomics-grade dimethylated porcine trypsin tested did decrease the
digestion time slightly, but a trypsin/Lys C enzyme combination achieved the most rapid
digestion time course with optimal digestion occurring at 2 h for some peptides. Different

enzyme reactor systems were also evaluated including the Thermomixer C heat block, the two
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microwave systems tested, the Rapid Enzyme Digestion System (REDS) and microwave acid
digestion system (MARS). The pressurized system shortened optimal digestion time to 15-75
min across the peptides assayed. The authors stated, however, “further optimization of the
enzyme reactors was not attempted as similar, rapid digestion speeds were achievable with
conventional incubation by simply increasing the amount of trypsin. In fact, increasing the
concentration of trypsin 10-fold with conventional incubation was feasible due to the relatively
low cost of TPCK-treated bovine trypsin and was more favorable for a high-throughput clinical
lab environment compared to using specialized reactors and associated consumables. An
important finding was also noted; use of “sequencing” or “MS” grade was not required for
optimal digestion results.

We investigated the hitherto unexplored combined use of high solvent concentrations
(consisting of 40-100% AcN (v:v)), along with “high” temperatures (ranging from 40-80°C) to
digest select single protein toxins and diagnostically important proteins and cocktails of the same
for use in bottom up protein analysis.  Digest products were analyzed by liquid
chromatography/tandem mass spectrometry as part of an effort to develop a rapid diagnostic
method for targeted proteins. Proteins investigated included the toxins ricin, botulinum
neurotoxin serotype A (BotNT-A) and staphylococcus enterotoxin B (SEB).

Ricin holotoxin (RH), a lectin found in castor beans, was initially investigated as a “proof
of concept” experiment. RH is a protein heterodimer composed of an A and B chain (RAC and
RBC, respectively) linked through a disulfide bond. It is a ribosome-inactivating protein that

disrupts cellular protein synthesis'*".

It has significant clinical toxicity, is highly stable, and
there are no effective therapies. BotNT-A is one in a family of toxins produced by gram positive
anaerobic bacteria in the genus Clostridium. BotNTs are the most toxic substances known to
man and, like ricin, potential weapons of terror and mass destruction'®'”'%; BotNT-A is one of
four clinically significant serotypes. Like RH, BotNTs are heterodimers consisting of heavy

(HC) and light chains (LC) linked by disulfide bridges. SEB is an enterotoxin produced by the
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gram-positive bacterium Staphylococcus aureus. It induces severe diarrhea and nausea, is a
superantigen that can lead to severe gastroenteritis'’, and is a cause of toxic shock syndrome. It
is also quite stable, even capable of withstanding boiling in aqueous solution at 100 °C for
several minutes. Due to the ease with which it can be produced, its stability, and its capability
for causing human morbidity and mortality, it is also considered a potential weapon of terror and
mass destruction®’. For these reasons, it was important to develop rapid, sensitive assays for
these protein toxins.

After the initial successful tests with toxins, the high solvent/high temperature digestion
method was used to digest two clinically important diagnostic proteins, thyroglobulin (TG) and
ribonuclease A (RNAse A) for which routinely used clinical digestion methods have lacked
sensitivity, specificity, and reproducibility largely due to digestion method inefficiency and lack
of reproducibility. TG, a ~660 kDa glycoprotein homodimer, is produced mainly by the thyroid,
is involved in the synthesis of thyroxine and triiodothyronine, and acts as a storage site for
thyroid hormone and iodine®'. Detection and quantification of TG in the clinical laboratory can
be problematic especially for patients that express anti-TG antibodies (ATAs) which can
inteRFere with the immunoaffinity methods commonly used®. Since successful long- term
patient monitoring using these methods can be difficult, the American Thyroid Association has
emphasized the need for development of sensitive TG methods, not affected by ATAs, in clinical
samples. RNAse A, a relatively small protein (124 residues, ~13.7 kDa), is a very stable
endoribonuclease typically prepared in the lab for analysis by boiling for 30 min to remove
deoxyribonuclease™. Blood levels have been used in combination with other biomarkers to
diagnose a variety of cancers and infectious diseases. Current, largely activity-based indirect
methods, as with TG, are relatively long and have lacked the specificity, sensitivity and
reproducibility needed.

We describe the development and validation of the simple, 5-minute rapid proteolytic

Denaturing Organic Digestion method (DOD), using trypsin, that was compared briefly to a
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100% AcN solvent method and more rigorously to the Filter Aided Sample Prep (FASP) and
Flash methods, two commonly used tryptic digest methods used in MS-based protein analysis.
(The known sequences and tryptic cleavage sites for the proteins studied are illustrated in the
supplemental information published with the original manuscript.) FASP is a tryptic digest
method developed to generate peptides from crude cell lysates for subsequent MS analyses. It
employs a detergent to disrupt cells exposing cellular proteins to proteolytic digestion. Critical
method steps occur in a filter using 8 M urea, hence the name. Method advantages include that
genomic material is removed from samples prior to digestion, samples are not subjected to
precipitation, the method can be used successfully with samples containing strong detergents at
relatively high concentrations, samples containing a relatively wide range of protein
concentrations can be prepared using a single filter device, and targeted protein concentrations
are kept relatively high®**>*. The Flash Digest method employs immunoaffinity-immobilized
protease. Advantages include very rapid digestion times resulting from a very high enzyme-to-
target protein concentration ratio, steric hindrance of protease autolysis resulting in good

reproducibility, and the ability to reuse enzyme*’>*

. The optimized DOD method employed a
digestion solvent composed of a high relative amount of AcN (60% v:v) and a high relative (60
°C) incubation temperature. In this study, method digestion efficacies were compared for select
toxins and two clinically previously difficult to digest diagnostic proteins by measuring and
comparing the sequence coverage and number of characteristic peptides identified using each
method. Samples containing single proteins or protein cocktails were digested and analyzed and

results compared.

3.3 Methods

3.3.0 FASP 24 h Digestion Method
Samples were processed by the FASP digestion method according to the protocol
described by Wizniewski et al.*’. Briefly, proteins were introduced onto a Microcon YM-10

(Millipore, Cat. No. number 42407) filter and reduced with 20 mM DTT (prepared fresh daily)
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for 1 h at 60 °C followed by alkylation with 55 mM iodoacetamide for 45 min at room
temperature. Samples were digested overnight at 37 °C using 0.02 pg/uL trypsin prepared in 50
mM ammonium bicarbonate. Post-digestion, the samples were vacuum centrifuged to dryness
for 40 min and stored at -20 °C until analysis. Prior to nanoLC/MSMS analysis, samples were
suspended in 100 pL of buffer consisting of 95% LC/MS-grade water/5% acetonitrile with 0.5%
formic acid.
3.3.1 Flash Digestion Method

Samples were digested according to the method described by Griffiths, et al.*’. To each
Flash Digest tube was added a 150 pL aliquot of Flash Digest buffer and 50 pL of 50 mM
triethyl ammonium bicarbonate containing 20 pg of each target protein. Samples were placed in
an Eppendorf ThermoMixer C equipped with a 96-well PCR plate shaker with a heated lid (pre-
heated to 70°C) and digested for 1 h constantly stirred at 1400 RPM. Digestion was terminated
by adding 400 uL of 0.1 % TFA with agitation. Samples were allowed to stand for 40 minutes at
37 °C followed by filtration through 3kD and 10kD membranes to remove particulates. Each
supernatant was transferred to an autosampler vial and diluted to the desired target concentration
with LC/MSMS buffer prior to nanoLC/MSMS analysis.
3.3.2 Denaturing Organic Digestion (DOD) and 100% AcN Methods

Sample digestion using the optimized DOD and 100% (v:v) AcN methods was performed
as follows. A master mix was formulated consisting of 10-70 pg of targeted protein, 22 uL of
1.0 M DTT (final concentration 20 mM), 660 uL of AcN and 418 pL. LC/MS grade water (60%
AcN ((v:v)) for the DOD method or 1078 pL of 100% (100% AcN method) for a total sample
volume of 1100 pL. A 1 pg trypsin/uL. LC/MS-grade water solution was prepared fresh daily.
Aliquots (50 pL or 450-3180 ng of protein) of the master mix were transferred to separate 1.5
mL Eppendorf snap-cap tubes. Digestion was initiated by adding trypsin at a 1:3 molar ratio to
target protein(s). Vial caps were affixed, and samples were incubated at 60 °C at 700 rpm in an

Eppendorf ThermoMixer C equipped with a heated lid for five minutes (During method
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optimization, digestion times and temperatures were varied from 5-60 min and 40-80 °C,
respectively. Our first digestion attempts were conducted using an Eppendorf ThermoMixer C
equipped without a heated lid and failed; results improved markedly after procuring a heated
lid.). Digestion was terminated by adding 1 pL of 50% TFA to each tube. Samples were
vacuum-dried for 30 minutes in a Speedvac under medium heat and stored at -20 °C until
analysis. Prior to nanoLC/MSMS analysis, samples were suspended in 50 pL LC/MSMS buffer
consisting of 95% LC/MS-grade water/5% AcN with 0.5% formic acid.

3.4 Results

3.4.0 Ricin

Since previous studies had shown that protease digestion efficiency for peptides and
proteins with known potential cleavage sites appears to be limited by steric hindrance resulting
from protein tertiary structure’’, we reasoned that a simple treatment of RH with AcN, an
organic solvent routinely employed to crudely “crash” proteins out of aqueous solutions through
tertiary structure disruption, might expose potential cleavage sites providing trypsin more access
thereby improving bottom-up sequence coverage. Following DTT reduction, RH was digested
using the 24 h FASP, 1 and 4 h Flash, and 100% AcN method, digesting for 1 and 4 h. Samples
were digested in quintuplicate. The mean number of characteristic peptides identified for the
FASP, 1 and 4 h Flash and 1 and 4 h 100% AcN methods were 29, 7, 6, 12 and 9, respectively,
and mean sequence coverages for the methods were 72, 11, 9, 14 and 13%, respectively.

Subsequently, RAC and RBC were digested using solvents containing 50-80% AcN (v:v)
incubated for 15-60 min at 40-70 °C; quadruplicate biological replicates were digested under
each condition. Both sequence coverage and number of unique peptides identified significantly
improved when compared to results from previous 24 h FASP and 1 and 4 h Flash experiments.
Optimal results were observed when employing 60-70% AcN (v:v) at 60-70°C (Figure 1

illustrates 15 min digestion results). The data also suggested that AcN content was the principal
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variable affecting digestion across this temperature range and that digestion could be conducted

in as little as 15 min without affecting performance.
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Fig. 1: Number of characteristic peptides identified and sequence coverages from 15 min
digestion of RAC and RBC varying temperature and AcN concentration; proteins were not
reduced or alkylated in this experiment. Panels A and B illustrate AcN-assisted 15 min
digestion of RAC and RBC, with respect to number of unique peptides identified. Panels C
and D illustrate % sequence coverage results for RAC and RBC, respectively. Panels E and F
show transects through (D) to illustrate the shape of the surface as a function of AcN
concentration (E) and temperature (F). Error bars illustrate the standard deviation from 4

biological replicates.

To confirm that DTT reduction could be performed in 60% AcN, we alkylated, and
digested RH, RAC and RBC with and without DTT reduction in the solvent. Results from four
replicates per condition are illustrated in Figure 2. Across proteins, substantial improvements in
sequence coverage and the number of characteristic peptides identified were observed with
disulfide reduction. Not surprisingly, the number of characteristic peptides improved mostly
with RBC, in which four of the five holotoxin disulfide bonds lie. Additionally, across the
proteins, precision, as determined by the calculating the RSD across replicates, improved with

disulfide reduction, especially for sequence coverage.
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Fig. 2. DOD method sequence coverages and number of characteristic peptides identified for
four replicate digestions each of Ricin-A chain, Ricin-B chain, and ricin holotoxin with and
without 0.5 M DTT. Error bars represent the calculated RSD for the replicate data.

Subsequently, separate RAC, RBC, and RH samples were reduced and digested in
quintuplicate using the DOD method employing 15-, 30-, and 60-min digestions. Data were
compared to that from 24 h FASP digests collected previously, as illustrated in Figure 3 - results
for RAC and RBC from 60 min DOD digestion were comparable and are not shown. The DOD
method, for all digestion times, showed consistently increased numbers of characteristic peptides
detected and much better precision across replicates, as compared to those attained with the
FASP method.
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Fig. 3: Mean number of peptides identified (left) and sequence coverage (right) for RAC, RBC
and RH, respectively, using the 24 h FASP and 15- and 30-min DOD digestion methods. Results

are mean data across five biological replicates with variability expressed as %CV (error bars).

The average number of characteristic peptides identified and average % sequence
coverages for the 1 and 4 h Flash, 24 h FASP, 1 and 4 h Flash, and 1 and 4 h 100% AcN methods
collected from the initial experiment and the results for the 15 min DOD method are illustrated in
Figure 4. Specific sequence coverages for RH using the 24 h FASP and the 15 min DOD
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methods are illustrated in Figure 1 of the supplemental information. Compared to the 24 h FASP
method, the DOD method provided equivalent sequence coverages for RAC, RBC and better
results for RH, with a substantial increase in the number of characteristic peptides identified.
Compared to the Flash method, the % sequence coverage and number of characteristic peptides
identified improved dramatically. Additionally, intra-day data variability across replicates
improved as compared to that for the FASP or Flash methods.
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Fig. 4: Number of RH peptides identified and sequence coverages for 1 and 4 h Flash, 24 h
FASP, 1 and 4 h 100% can, and the new 15 min DOD digestion methods with disulfide

reduction.

3.4.1 Toxin Cocktail

DOD method performance for a protein cocktail containing RH, BotNT-A, and SEB was
then evaluated. A 1 mL sample containing 22 pg/mL each of RH and BotNT-A, and 4 pg/mL of
SEB was reduced and digested in quintuplicate using the FASP, Flash and DOD methods.
Results confirmed our preliminary results using RAC, RBC and RH. Using the DOD method,

sequence coverages for all three toxins were comparable to those attained with the 24 h FASP
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method, but there was a >20% increase in detected peptides for BotNT-A, and a >25% increase
in detected peptides for Ricin. In addition, across all targeted proteins, the DOD method
reproducibility was substantially better than that resulting from the FASP or Flash methods. The
DOD method produced only slight increases for SEB, but SEB was well digested with both the
FASP and Flash methods. The number of characteristic peptides identified and percent sequence
coverages for RH and BotNT-A using the 1 h Flash method were substantially lower (data not
illustrated).
3.4.2 Digestion Time Optimization

Remarkably, a digestion time course study of RH, BotNT-A and SEB in a cocktail
comparing the FASP method to the DOD method using digestion times ranging from 5-60
minutes, demonstrated that 5-minute digestion produced equivalent results to 60 min digestion.
With the DOD method, across digestion times, the number of peptides identified and percent
sequence coverages obtained were consistent down to as little as 5 minutes with comparable

precision (Figure 5).
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Fig 5: Time course study comparing DOD digestion time to sequence coverage (A) and number
of characteristic peptides identified (B) for BotNT-A, SEB, and ricin in a cocktail of the three
proteins at a concentration of 22 pg/mL for BotNT-A and SEB, and 4.4 pg/mL for ricin.
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3.4.3 Thyroglobulin and Ribonuclease A

Using 5-, 15-, 30-, and 60-min digestions, samples in quintuplicate containing 1 pg each
of TG and RNAse A were digested and analyzed as technical duplicates (total of 40 samples).
Method precision was very high, both within and across digestion times. Between 260-280
characteristic peptides were identified for TG, and sequence coverages ranged from 50-55% with
no significant variability in the data across digestion times. For RNAse A, the number of
characteristic peptides identified per sample ranged from 35-45 with no significant difference
within and across digestion times, and sequence coverages for all 40 samples were 100%.
Sequence coverages and number of peptides identified under each condition for TG and RNAse
A are illustrated in Figure 6 and Table 1. Sequence coverage results were so consistent across
digestion times that we believe digestion time could likely be reduced even further without
affecting method capability for these proteins. In fact, the data from RNAse A digestion
indicated that at least for this protein, the number of characteristic peptides produced was highest
with only a 5-minute digestion.

The effect of pH and temperature on DOD method digestion efficacy was further
investigated by digesting quadruplicate biological replicates containing 1 pg each of TG and
RNAse A in a cocktail under neutral pH conditions and under acidic conditions at 60 and 25°C.
Digestion was also compared employing trypsin-to-protein ratios of 1:5 and 1:1. Differences
observed across different trypsin-to-protein ratios were small (data not shown) indicating that a
stoichiometric excess of trypsin was efficacious even at a trypsin-to-protein ratio of 1:5. Method
performance was optimal at 60°C and neutral pH. The greatest numbers of characteristic
peptides identified, and greatest sequence coverage were produced at 60°C under neutral pH
conditions. Though the samples consisted of only spiked proteins containing no clinical matrix,
sequence coverage was extremely good for these two proteins using the DOD method.
Additionally, the data from RNAse A digestion indicated that at least for this protein, the number

of characteristic peptides produced was highest with only a 5-min digestion. Experiments were
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conducted separately digesting at room temperature and under acidic conditions. The method
worked at room temperature with somewhat less efficiency, but no detectable digestion occurred

under acidic conditions.
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Fig. 6. Number of characteristic peptides and sequence coverages for TG and RNAse A over
different digestion times using the DOD method. Mean data with error bars representing %CV

for quintuplicate biological replicates analyzed as technical duplicates is illustrated.

Digestion time Smin 15 min 30 min 60 min
TG peptides 273 279 280 271
TG sequence coverage (%) 53 54 54 53
RNAse A peptides 35 35.0 34 33
RNAse A sequence coverage (%) 100 100 100 100

Table 1. The number of peptides identified and sequence coverage for TG and RNAse A using
the optimized DOD method. The table lists mean data for number of characteristic tryptic
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peptides identified and the sequence coverage for each protein from technical duplicates

digesting quintuplicate biological replicates and analyzing 1 pg of each protein.
3.5 Discussion and Conclusion

As described, a new rapid, in-solution trypsin digestion method was successfully
developed, optimized and validated for a select list of toxins and standard clinical diagnostic
proteins with a proteolytic digestion time of as little as five minutes. Digesting spiked protein
samples containing no environmental or clinical matrix, the DOD method produced sequence
coverage results and sensitivities that were equivalent to or often greatly exceeded those
provided by the 24 h FASP method across all samples, and dramatically exceeded those provided
by the Flash 1 and 4 h digestion methods. In addition, compared to the FASP method, intra-day
method reproducibility was in most cases substantially improved. @ The DOD method
substantially reduced analysis time compared to traditional methods, which can require hours to
more than a day to sufficiently digest targeted proteins. In addition, in most cases, the DOD
method provided equal or better sequence coverages than the methods to which it was compared.
For targeted analysis of single or multiple proteins, the DOD method, while greatly reducing
digestion times, appeared to provide an increase in the number of characteristic peptides
identified, increased sequence coverages for many, and there was a marked increase in intra- and
inter-day precision. Prior to method use for specific applications however, digestion capabilities
need to be verified with spiked samples containing the sample-specific environmental or
biomedical matrix.

With its comparatively short digestion time, consistent capability for identifying relative
high numbers of characteristic tryptic peptides and proteins, and its consistently high sequence
coverage capabilities when compared to other bottom-up methods, the DOD method should
dramatically affect the ability to rapidly identify target toxins and other peptides/proteins of

interest without the requirement for sophisticated equipment or costly materials. Importantly, if
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validated further it could also be used to great advantage in proteomics to rapidly identify
biomarkers of disease, identify microorganisms and viruses of interest, and changes in protein
sequence leading to disease. Along with increases in analytical performance, time and cost
savings in diagnostic and research laboratories could be substantial and current processes
simplified. In addition, the demonstrated improvements in precision inherent with this method
could enhance the absolute quantification of characteristic peptides and their parent proteins.

To date, we have also performed bottom-up protein analysis with the DOD tryptic
digestion method employing it to characterize other target proteins for which characteristic
peptide identification and resulting sequence coverage from currently used longer digestion
methods is relatively poor and to characterize the proteomes of two complex systems. Using a
study design similar to that described in this report, initial results with select complex samples
were compared to results from other digestion methods currently in use. These results are

described in the following chapter.
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4.1 Abstract

Limitations to many current aqueous-based tryptic digestion methods include lengthy digestion
times and both relatively high inter- and intra-day variability for both characteristic peptides
identified and sequence coverages. This report describes results from digestion of some complex
biomedical samples using the rapid Denaturing Organic Digestion method (DOD), an organic
solvent-modified digestion method previously optimized for targeted protein digestion.

Advantages of the DOD method included a very rapid digestion only requiring inexpensive
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solvents and reagents generally available in the laboratory, with no requirement for specialized
equipment or expensive, specialized consumables. For this study, samples of E. coli and murine
ileum protein extracts, and K562, a mass spectrometry-compatible human protein extract and
reference standard routinely used to evaluate methods, were digested. Sequence coverage and
characteristic peptide identification results were compared to those from 18 and 24h
conventional aqueous-based digestion methods. Across the samples tested, though the number
of characteristic peptides and sequence coverages produced by the 5 min DOD method were very
similar to those produced by the aqueous-based digestion methods, the specific characteristic
proteins and their corresponding tryptic peptides identified following DOD method digestion
included more hydrophilic and less hydrophobic species. In addition, we explored the effect of
increasing digestion times with complex samples from 5 to 30 and 90 minutes for the DOD
method. Increasing the digestion time to >30 minutes resulted in improved intra-day precision
and the identification of many more peptide products than the currently used aqueous methods to
which it was compared. These results suggest that the DOD organic-modified digestion method
could, while markedly reducing protein digestion time, also provide more precise analysis and
access to a somewhat different area of the proteome than that provided by current aqueous-based

digestion methods.

4.2 Introduction

Characterizing the proteome of a biological system is essential to describing and
understanding it since proteins, as a class, are the second most abundant mammalian molecule
after water'>?, are the most diverse of all the bio-macromolecules®, and function as enzymes,
basic structural building blocks, hormones and cytokines, transport/trafficking vehicles, and
primary immune agents, et cetera. Additionally, the identification and characterization of
proteins can be very important for clinical diagnostics, medical research, clinical and forensic

attribution, and remediation.
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Protein identification and quantification can be difficult. In Edmand degradation, a classic
chemical method generally used for sequencing peptides up to 30-40 amino acids (AA) long
used prior to the advent of MS-based methods, phenylisothiocyanate was reacted with the N-
terminal AA under basic conditions forming a phenylthiohydantoin (PTH) derivative’. The pH
was then adjusted to acidic conditions with TFA resulting in the cleavage of the N-terminal AA
PTH derivative which was subsequently characterized by liquid chromatography or
electrophoresis. This very lengthy process was repeated to sequence the peptide. The principal
methods employing protease digestion used to characterize proteins prior to the advent of MS-
based proteomics employed protease digestion followed by sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) separation or an immunoaffinity
separation/detection method. These methods have been time consuming, required relatively
expensive reagents that lacked the specificity needed to identify isoforms and post-translationally
modified species (PTMs), and were relatively insensitive and irreproducible.

The development of electrospray ionization (ESI)° and matrix-assisted laser
desorption/ionization (MALDI)"* provided reliable, robust interfaces with mass spectrometers
that could be used to measure non-volatile, high molecular weight compounds such as proteins.
Traditional mass spectrometric approaches have included primarily bottom-up, middle-up/down
and top-down proteomic analyses. The strength of top-down and middle-up/down proteomics as
compared to bottom-up approaches has been the high specificity and sequence coverage
capabilities of the methods, resulting from the high mass resolution and mass accuracy of the
instruments used. In top-down approaches, intact protein ions are isolated and subsequent
fragmentation occurs in a high-resolution mass spectrometer. By analyzing intact proteins,
complete PTM maps and single amino acid mutations or substitutions can be identified with
great accuracy’"°. The requirement for very high-resolution instruments like Fourier transform-
ion cyclotron resonance (FT-ICR) instruments, due to the initial cost and the resources required

to maintain them, is one limitation for top-down and middle-up/down analyses. Recently, higher
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resolution Orbitraps and time-of-flight (TOF) instruments have been developed capable of
performing the analyses. High-resolution instruments are required because of the need to resolve
the high charge states of these large biopolymers when ionized by ESI. Another liability
associated with these approaches is the inherent relatively long instrumental analysis times, with
concomitant relatively poor sensitivities. This makes the identification of intact, low abundance
proteins in complex mixtures difficult with these methods.

Bottom-up analysis is the most common approach employed for protein characterization
and proteomics''. It does not have a requirement for high resolution mass spectrometry, usually
requires a much shorter analysis time, and is, in practice, more sensitive. One major liability for
bottom-up proteomic analysis is that sequence coverage is often not sufficient to fully
characterize identified proteins and elucidate needed information. Another major liability is that
lists of peptides from digested proteins cannot be used to define translated polypeptide sequences
identified in the sample, de novo, since they are usually compared to in silico translated
sequences. These sequence databases often do not contain sequence modifications or anomalies
commonly observed in protein biosynthesis. Additionally, the inherent irreproducibility
associated with bottom-up methods, which has been attributed to the tendency for protease
autolysis during lengthy digestion times, especially at high relative protease concentrations,
makes these methods less than optimal for many applications.

Trypsin, the most common protease used in MS-based protein analysis, is a digestive
pancreatic serine endopeptidase that hydrolyses peptide bonds on the carboxyl side of lysine or
arginine residues, except when either is followed by a proline residue. Previously published
aqueous solvent-based methods have required 18-24 h digestion times'>. Under the conditions
used previously, unmodified trypsin has been prone to autolysis which is a primary factor
contributing to inter- and intra-day variability'’. Autolysis under these conditions has been
directly correlated to trypsin concentration and digestion time. Unfortunately, reducing the

trypsin concentration to reduce autolysis is counterproductive in that it also reduces proteolytic
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efficiency. Recently, tryptic isoforms have been generated that are resistant to autolysis'*. They
have been generated through two mechanisms; acetylation or methylation of trypsin lysine
residues or site-directed mutagenesis of trypsin. Though effective, the cost of these resistant
trypsin isoforms adds significantly to the per sample cost of analysis.

With the advent of bottom-up proteomics has been the co-development of peptide
databases that can be searched against an unknown peptide sequence in order to identify it and
software applications which can perform denovo sequencing from raw MSMS data. Public
proteomic databases include the Global Proteome Machine Database (GPMDB)"”,
PeptideAtlas'®,  the  PRoteomics  IDEntifications  database  (PRIDE)'’,  Tranche
(http://www.tranche.proteomecommons.org), and NCBI Peptidome'®. There are many software
applications using algorithms designed to perform de novo sequencing directly from the raw
MSMS data including Antilope, MSNovo, NovoHMM, PepNovo, PEAKS, pNovo+, UniNovo,
MaxQuant, and ProteinPilot.

The effect of organic-modified solvents and temperature on proteolytic digestion has been
previously investigated. Fink et al. investigated the denaturation or unfolding of a single protein
using methanol-water cryo-solvent systems'®. They demonstrated that both the addition of
methanol (MeOH) to the solvent and elevated temperature increased protein unfolding,
ultimately choosing a solvent composed of 50% MeOH as the preferred solvent system for their
studies. Welinder et al. studied the activity of eight proteases when digesting reduced and
carboxymethylated ribonuclease, using organic solvent-modified systems®. The authors
investigated four organic modifiers using two digestion temperatures, 22 and 37 °C, and 2 and 18
h incubations. Amino acid analyses were carried out using N-terminal amino acid sequencing
followed by reverse phase HPLC analyses. The analyses were performed using Waters ion-
exchange chromatography for separation, followed by post-column derivation with o-

phthaldialdehyde in non-halide buffers. The authors concluded that modification of the digestion
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solution with organic solvent reduced trypsin activity and that activity was further reduced at a
higher temperature.

In 2000 and 2001, Park et al.*"** investigated the effect of thermal denaturation of soluble
proteins prior to digestion and found that, generally, digestion efficiency increased for single
proteins and mixtures of proteins that were otherwise resistant to proteolytic digestion in aqueous
solvents. Subsequently, Russell et al. investigated the use of organic-modified solvent systems
for proteolytic digestion of 10 target proteins to increase method efficiency in high throughput
peptide mapping™. Though digestion efficiency improvements were generally very modest,
importantly, they discovered that along with digestion times as short as 5 minutes and solvent
modification up to 80% organic, there was no need for detergents or other denaturants. Finally,
in 2010, Proc et al.** evaluated the effects of two different organic solvents on the digestion
efficiency of trypsin. Using isotopically labelled characteristic peptides specific to each protein
as internal standards, solvent modifications of 40% and 20% AcN and MeOH (v:v), respectively,
and a 37°C digestion temperature, they quantitatively measured the “absolute amounts” of
peptides produced from the tryptic digestion of 45 clinically important plasma proteins over
digestion times ranging from 0.5-23 h. They compared the results to those from an aqueous
solvent digestion method employing sodium deoxycholate denaturation. To “prevent protein
precipitation”, the organic solvent was added to each sample following reduction and alkylation
and just preceding the addition of trypsin. The proteins were categorized as “rapidly digested”,
“moderately digested” or “resistant to digestion” based on the results. Generally, digestion for
most proteins was maximized at 4 h followed by a plateau. For a few proteins including
fibrinogen y-chain, however, digestion never plateaued throughout the 23 h and for some
proteins the digestion signal decreased after 4 h. Importantly, regarding the use of AcN as a
modifier, the authors stated, “a significant reduction in digestion efficiency was observed for all
45 analytes in the presence of 40% v/v acetonitrile, even though no protein precipitation was

observed.”.
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Microwave heating of samples during chemical or enzymatic digestion has been employed
reducing digestion time from hours to minutes. In 2006, Hua, et.al., concluded that microwave
heating could greatly accelerate the in-gel digestion of myoglobin and BSA by mild acid, as well
as proteins isolated from Escherichia coli K12 cells™. Subsequently, in 2019, Kim, et.al.,
investigated the effects of temperature and AcN modification of digestion solvent on the
microwave-assisted digestion of horse skeletal muscle myoglobin and bovine serum albumin®.
They employed temperatures of 25, 37, and 55 °C, using 0, 10 and 20% AcN over digestion
times ranging from 10-50 minutes. They concluded that similar sequence coverages were
observed across all conditions except with 20% AcN and 50 °C which “provided the lowest
sequence coverages for both MYG and BSA for all investigated digestion times”.

Lastly, the use of trypsin in combination with Lys C, a serine endoprotease that specifically
cleaves proteins on the carboxyl side of lysine residues optimally at pH of 7-9, has historically
been used to digest “difficult to digest proteins™. In 2013, Saveliev, et.al., investigated the use of
trypsin/Lys C for general proteomics’’. They found that use of the combination of proteases
digestion of produced increased number of identified peptides and proteins, higher analytical
reproducibility and more accurate protein quantitation. They wrote, “Effectively, by
supplementing trypsin with Lys-C, we create improved trypsin.”

We previously reported on the development of the Denaturing Organic Digestion (DOD)
method®, a 5-min organic solvent-modified tryptic digestion method for targeted protein
analysis. The DOD method was compared to two commonly used tryptic digestion methods, the
Filter Aided Sample Prep (FASP)® and the Flash methods. The FASP method employs a
detergent to disrupt cells exposing cellular proteins to proteolytic digestion. Critical method steps
occur in a 30-k filter, using 8 M urea, and a digestion time of 24 h. The Flash method, a rapid
digestion method, is an on-column based method that employs immuno-affinity immobilized
trypsin chemically bonded to the column stationary phase. The DOD method employs a

relatively high temperature, 60 °C, and an organic solvent-modified system containing a
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relatively high amount of AcN (60% v:v). Importantly, the use of the Eppendorf Thermomixer
C with a heated lid was determined to be essential for consistent method performance. Initially,
it was evaluated across protein toxins including ricin, ricin A chain, ricin B chain, Clostridium
botulinum neurotoxin A, and Staphylococcus Enterotoxin B as part of an effort to develop a
single highly specific and sensitive rapid screening assay for proteins having a potential for
weaponization. Performance measures included protein sequence coverage and the number of
characteristic peptides identified. Subsequently, it was employed to digest thyroglobulin and
ribonuclease A, two clinically relevant proteins for which routinely used clinical digestion
methods have lacked sensitivity, specificity, and reproducibility largely due to digestion method

inefficiency and lack of repeatability” '~

. DOD method performance equaled or bettered that of
the aqueous solution-based and surface-immobilized trypsin digestion methods to which it was
compared, and, for most of the targeted proteins, performance was substantially improved. The
authors postulated that these improvements were in large part due to precise temperature control
provided by the Thermomixer C employed.

To further evaluate the utility of the DOD method tryptic digestion performance
capabilities for proteomic analysis of complex samples, we digested biological replicates of three
complex samples, including E. coli and murine ileum protein extracts, and K562, a mass
spectrometry-compatible human protein extract and reference standard routinely used to evaluate
digestion methods. Results were compared to those from two routinely used proteolytic
digestion methods developed to generate peptides from crude cell lysates which are currently
used in mass spectrometry-based proteomics. The methods were the FASP method, described
previously, and the “NTU Long Digestion Method”, an overnight aqueous-based tryptic
digestion method employed at the time this work was conducted in the Nottingham Trent
University — Clifton Campus John van Geest Cancer Research Centre proteomics laboratory for
routine proteomic analysis. Proteomic analyses of murine ileum determined that the proteome

consists of >3500 individual proteinsFinally, samples of fibrinogen y-chain, a plasma protein
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categorized by Proc et. al. as “resistant to digestion” by two organic solvent-modified tryptic
digestion methods®*, were digested using the DOD method and the NTU digestion method and

peptide results compared.
4.3 Materials and Sample Preparation Equipment

The MS-compatible yeast and human protein extract protein standard reference, K562,
was acquired from Promega (catalog #V6951).
4.3.0 FASP Method

The following materials and equipment were used: urea, iodoacetamide (Sigma Aldrich
catalog #114959/0681253022), LC/MS grade water, lyophilized Promega Gold mass
spectrometry-grade trypsin, NaCl, ammonium bicarbonate, sodium disulfide (SDS), Tris/HCI,
dithiothreitol (DTT) (Sigma catalog #D9779), trifluoroacetic acid (TFA), Eppendorf
Thermomixer C with heated lid, 1.5 mL Eppendorf snap-cap conical tubes, Speedvac, 30 k filter,
and formic acid (FA).
4.3.1 DOD Method

The following materials and equipment were used: AcN, iodoacetamide (Sigma Aldrich
catalog #114959/0681253022), LC/MS-grade water, lyophilized reagent-grade trypsin (Sigma
Aldrich, catalog #T4799), DTT (Sigma Aldrich, catalog #D0632-25G), Eppendorf Thermomixer
C with heated lid, 1.5 mL Eppendorf snap-cap conical tubes, Speedvac, FA, and TFA.
4.3.3 NTU Digestion Method

The following materials and equipment were used: AcN, iodoacetamide (Sigma Aldrich
catalog #114959/0681253022), LC/MS-grade water, lyophilized Promega Gold mass
spectrometry-grade trypsin, DTT (Sigma Aldrich, catalog #D0632-25G), 1.5 mL Eppendorf
snap-cap conical tubes, BIOER MB-102 mixing block, ultracentrifuge, Speedvac, FA, and TFA.
4.4 Methods
4.4.0 FASP 24 h Digestion Method
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Samples were processed by the filter-aided sample preparation (FASP) proteolytic
digestion method according to the protocol described by Wizniewski, et al.?>. Briefly, proteins
were reduced with 20 mM DTT (prepared fresh daily) for 1 h at 60 °C followed by alkylation
with 55 mM iodoacetamide for 45 min at room temperature prior to proteolytic digestion.
Additional method details are described in chapter 3 and in the manuscript describing the
original work. Samples were digested overnight at 37 °C using 0.02 pg trypsin/uL, prepared in
50 mM aqueous ammonium bicarbonate, at approximately 1:100 trypsin to protein ratio.
Following digestion, samples were centrifuged under vacuum to dryness for 40 minutes and
stored at -20 °C until analysis. Prior to analysis, samples were suspended in 100 pL of LC
mobile phase.

4.4.1 NTU Long Digestion Method

The NTU method employs an overnight aqueous-based tryptic digestion. Septuplicate
biological replicates were digested according to the following regimen. A 30-ug sample of
target protein was diluted in 100 pL of 50 mM triethyl ammonium bicarbonate. Sample proteins
were reduced by adding 1 pL of 0.5 M DTT (Sigma Aldrich D9779 SLBH59545) with a 20-
minute incubation at 56 °C shaking at 600 rpm on a BIOER MB-102 mixing block followed by a
pulse centrifugation to collect lid condensate. To alkylate sample proteins, a 2.7 uL aliquot of
0.55M iodoacetamide (Sigma Aldrich 114959/0681253022) was added, and the sample was
vortexed and incubated for 15 min at room temperature in the dark. A 1 pL aliquot of 1 pg
trypsin /uL was added, and the sample was thoroughly vortexed and again incubated at 37 °C
overnight (16.75 hrs). Pulse centrifugation was conducted to collect lid condensate and digestion
terminated by adding 0.5 % TFA to a final concentration of 0.5 % (v:v). Using the Speedvac V-
AQ setting, samples were vacuum-centrifuged to dryness for 45 minutes and stored at -20°C.
Prior to micro LC/MSMS analysis, samples were thawed at room temperature, suspended in 25

pL of 10% AcN containing 0.1% FA, and shaken for 15 minutes at 5 °C. Sediment particles
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were removed employing 13 G centrifugation prior to transferring the supernatant to a sample
vial for micro LC/MSMS analysis.
4.4.2 DOD Method

Sample digestion was performed as follows (a fresh solution of 1.0 M dithiothreitol (DTT)
in LC/MS-grade water was prepared prior to each digestion). A master mix was formulated
consisting of 10-70 ug of targeted protein, 22 pL of 1.0 M DTT (final concentration 20 mM),
660 puL of AcN (60% v:v), and 396 uL. LC-MS grade water for a total sample volume of 1100
pL. A 1 pg trypsin/uL. LC/MS-grade water solution was prepared fresh daily. Aliquots (50 pL
or 450-3180 ng of protein) of the master mix were transferred to separate 1.5 mL Eppendorf
snap-cap tubes. Digestion was initiated by addition of trypsin at a 1:3 molar ratio to target
protein(s). Vial caps were affixed, and samples were incubated at 60 °C at 700 rpm in an
Eppendorf ThermoMixer C equipped with a heated lid for 5, 30 or 90 minutes. Digestion was
terminated by the addition of 1 pL of 50% TFA to each tube. Samples were dried under vacuum
for 30 minutes in a Rotovap under medium heat until dry and stored at -20 °C until analysis.
Samples were then suspended in LC/MSMS mobile phase prior to nanoLC/MSMS analysis.
Note that the DOD digestions involve much higher trypsin to protein ratios: 1:3 as opposed to the
1:100 or 1:50 in conventional digestions. However, the DOD digestions can be undertaken using
low cost, reagent grade trypsin instead of the much more expensive grades normally used in
protein digestions for LCMSMS analysis. Therefore, the DOD digestions were more cost
effective, in terms of the consumables costs, as well as taking less time.
4.4.3 LC/MSMS Analysis

LC/MSMS analyses of the E. coli and murine samples were performed on an Orbitrap LC-
MSMS. Digest products were suspended in 50 pL of 95/5/0.1 % H.O/AcN/Formic Acid (viv:v)
as described above, loaded on a 100 pm id x 20 mm x 5 um 200 A AQC18 trap column, and
separated by reversed-phase nanoLC, on a 75 pm id x 18 cm x 5 pm 100 A AQC18 analytical

column, using 0.1% formic acid in water and 0.1% formic acid in AcN as mobile phases A and
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B, respectively. The nano-LC reverse-phase separation method was initiated using 100% solvent
A with an initial hold for 2 min followed by a gradient over 45 min to a final mobile phase
composition of 90% solvent B/10% solvent A. The nanoLC was interfaced with a Thermo
Fisher Scientific Fusion Orbitrap mass spectrometer or a Q Exactive Plus Hybrid Quadrupole-
Orbitrap mass spectrometer equipped with a nano ESI source. Mass spectrometric data were
collected using a 3 sec, top-speed data-dependent acquisition (DDA) method in which full MS
scans were collected at a resolving power of 120,000, over a 350-1500 m/z range. Peptide
precursors were selected and subjected to collision-induced dissociation (CID), and MSMS
spectra were collected from the ion trap, employing a rapid scan rate. The data were processed
using MaxQuant software (version 1.5.3.30) which generates a tryptic database using predicted
trypsin amino acid sequence cleavage sites for each protein. Spectra were searched against the
MaxQuant-generated database for each respective proteome. MaxQuant parameters used to
process the data were set to the default with a missed cleavage setting of 2, variable
modifications of oxidation on methionine, and fixed modification of carbamidomethylation on
cysteine. A 0.5 Da window was used to isolate product ions, and full scan spectra were matched
employing a mass tolerance of 10 ppm. Peptide identification was performed with a false
discovery rate of 1%.

For the K562 NTU long digestion experiments, 30 pg samples of target protein were
analyzed on a Sciex QTOF high resolution instrument. A sample was brought to 100 pL in 50
mM tetracthylammonium bromide. Each sample was subsequently reduced and alkylated by
adding 1 pL of DTT followed by a 20-minute incubation at 56°C shaking at 600 rpm. Samples
were briefly centrifuged to collect lid condensation, and 2.7 pL of 0.55 M iodoacetamide was
added. Samples were then vortexed and incubated at room temperature for 15 minutes in
darkness. A 1pL aliquot of Ipg/uL trypsin was added to each, and samples were thoroughly
vortexed and incubated for 18 hours at 37°C overnight, shaking at 600 rpm. Condensate was

collected with a pulse spin, and digestion was terminated by adding TFA to a final concentration
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of 0.5%. Samples were vacuum-dried for 45 minutes in a Speedvac at 60°C using the “V-AQ”
setting, visually checking at 20-minute intervals, then, frozen at -20°C. Prior to MS analyses, the
samples were then resuspended in 25 pL of 0.1% FA in 10% AcN and shaken for 15 minutes at
5°C followed by the addition of 25 pL of 0.1% FA and a further 15-minute shaking at 5°C.
Sediment particles were removed by a 13 G centrifugation prior to transferring the supernatant
from each sample to LC vials for LC/MSMS analysis. Triplicate biological replicates were
digested and analyzed in triplicate by micro LC/MSMS using a conventional ESI source on
either a SCIEX 5600 or 6600 Triple TOF instrument. The data were processed using Protein
Pilot v5.0.3 to identify proteins and evaluate the resulting sequence coverages and characteristic
peptide fragments. Data were extracted from the “Protein Summary” and “Peptide Summary”
pages in Protein Pilot. For identified proteins with a false discovery rate <1%, the % sequence
coverage and number of characteristic peptides resulting from the DOD and NTU digestion
methods were compared. For characteristic peptides, the peptide sequence coverages and peak

intensities (areas) were also compared.

4.5 Results

4.5.0 E. coli Whole Cell Lysate Digestion

The DOD method was first applied to a protein extract from an E. coli whole cell lysate to
evaluate optimum digestion time using a complex sample. Without alkylation, a total of 568
characteristic proteins were successfully identified using a 200-ng sample. Quadruplicate 200-ng
samples were digested for 5, 15, 30 and 60 minutes, and the mean data are listed in Table 1.
Across digestion times, the mean number of characteristic peptides and proteins identified, and
the proteome sequence coverages, were very consistent at ca. 475 proteins and 12% sequence
coverage, respectively. Protein identification was based on the identification of 22 characteristic

peptides.

\ Digestion time Smin 1Smin 30 min 60 min \
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Peptides 3007 3127 3161 2783
Protein identifications 484 496 505 466
Proteome coverage (%) 12.1 12.4 12.6 11.7

Table 1. The effect of digestion time on the mean number of characteristic tryptic proteins
identified with corresponding peptides, and the average proteomic sequence coverage obtained
from E. coli tryptic digests prepared using the DOD method. Using the calculated RSD for each
data set, differences observed across digestion times were insignificant.
4.5.1 Mouse Ileum Protein Extract Digestion

Subsequently, digestion efficiency of the DOD tryptic digestion method was compared to
the commonly used 24 h FASP method using a second highly complex sample — whole mouse
ileum protein extract. Initially, quadruplicate biological replicates were digested using the DOD
method employing 5-, 15-, 30- and 60-min digestion times; analyses were performed on a Q
Exactive Plus Hybrid Quadrupole-Orbitrap mass spectrometer. The total number of protein
groups and proteins identified (>2 characteristic peptides identified) was very consistent across
digestion times. In addition, the number of proteins tentatively identified through the
identification of only one characteristic peptide was also very consistent across digestion times
as was the average number of proteins identified with >2 characteristic peptides. Interestingly,
the average number of peptides identified per sample seemed to drop with a digestion time of 60
minutes. Quadruplicate biological replicates were then digested using the FASP 24 h method;
analyses were also performed on a Q Exactive Plus Hybrid Quadrupole-Orbitrap mass
spectrometer. Data from the experiments are listed in Table 2. When compared with the FASP
digestions, the DOD digestion produced somewhat fewer protein and peptide identifications
(Figure 1). The mean number of proteins (with >2 characteristic peptides identified) common to
all DOD method samples across the four digestion times was 585 with 737 proteins identified
across all samples as compared to 607 proteins common to all FASP samples and 801 proteins
across quadruplicate biological replicates using the FASP 24 h digestion method. In one study,

proteomic analyses of murine ileum determined that the proteome consists of >3500 individual
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proteins®. The major reason for the observed relatively low identification rates with both
methods is most likely because the copy number differences per sample across individual protein
species in complex native tissue samples can range widely with as much as 8-fold differences
occurring®®. This has been well characterized and is widely known by those conducting tissue
proteomics. Less likely possible reasons for the relatively low identification rates with both
methods could include trypsin saturation during the digestion process, and/or ion suppression for
species less easily ionized or in relative low abundance in the ion source of the mass
spectrometer. Using additional methods to physically separate the proteins into further subsets

prior to digestion and proteomic analysis could result in the identification of additional proteins.

Identification S min 15 min 30 min 60 min 24 h
DOD DOD DOD DOD FASP
Total Proteins 660 665 717 663 1008
Total proteins > 2 peptides 590 595 650 569 801
Total single hit proteins 70 70 67 74 207
Average # of proteins > 2 546 537 552 497 731
peptides
Average No. of Peptides 1956 1809 1842 1595 3077
Average sequence coverage (%) 6.3 5.6 5.9 4.8 9.6

Table 2: Comparison of the total number of proteins and peptides identified and their respective sequence
coverages from a tryptic digest of 400 ng of mouse ileum protein extract employing 5-, 15-, 30-, and 60-
min digestion times using the DOD digestion method and with quadruplicate biological replicates
employing the 24 h FASP tryptic digest with alkylation.
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60 min Sample 3

Figure 1: Venn diagrams of the number of mouse ileum proteins identified employing the 5-, 15-, 30-,
and 60-min DOD tryptic digestion methods (left panel) and four biological replicates using the 24 h
FASP method (right panel).

4.5.2 K562 Human Protein Digestion

The 5-minute DOD digestion method was then used to digest K562, a mass spectrometry-
compatible human protein extract and reference standard routinely used to evaluate digestion
method performance. Results were compared to those from an overnight aqueous-based tryptic
digestion method routinely employed in the Nottingham Trent University (NTU) - John van
Geest Cancer Research Centre proteomics laboratory for routine proteomic analysis. Sample
replicates of 30 pg protein were digested with each method and results compared. Protein
sequence coverages, number of characteristic peptides identified, and peptide LC-MSMS peak
areas were compared. Proteins and peptides were considered “identified” only if they were
found in all replicates. The resulting protein sequence coverages and numbers of characteristic
peptides were similar (Figure 2) for the two methods with the longer method providing a
somewhat greater number of characteristic peptide identifications but with less statistical

certainty, as determined by the precision of peptide LC-MSMS peak area measures. There was
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substantial overlap in common proteins identified (175), but also significant numbers of unique
proteins; with the 5-minute DOD method identifying 115 unique proteins and the NTU method
identifying 144 unique proteins. The number of proteins identified when results were combined
(434) provided a substantial increase when compared to use of either single method alone (290

and 315) for the DOD and NTU methods, respectively).

NTU DOD
18 h 5 min

Total:319 Total: 290
144 115

Figure 2. The DOD 5 min and NTU 18 h tryptic digestion method protein profiles for the human
protein reference standard K562 (the top number in each area is the total number of proteins
identified, and the lower number is the number of proteins identified unique to the digestion
method).

For 3 biological replicates, each analyzed three times, the overall results are shown in
Figure 3. In the data analysis, as described above, proteins and peptides were only classed as
detected if they were detected in all replicates for a particular protocol; peptides that were only
detected sporadically were ignored.

The results presented in Figure 3 are shown versus the protein or peptide rank because
sorting the data in this way makes the trends easier to visualize. Rankings of said proteins or
peptides are calculated with regards to the other metric being displayed in that graph (i.e. if the
metric is peptide intensity then the most intense peptide gets ranked 1, next most intense as 2
etc.; if the metric is %RSD, then the best %RSD gets ranked as 1). A greater number of proteins
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was identified using the 18-h NTU digestion method (315 vs 290), but for those proteins
identified, the DOD 5 min digestion generally provided slightly more sequence coverage (Figure
3-A); similarly, for proteins identified in common across the two methods, sequence coverages
for the DOD 5 min method are slightly superior for the majority of proteins, only losing out once
the sequence coverage drops below 20% (Figure 3-B). The number of peptides per protein
identified for the lower ranked proteins, however, was relatively low. Despite the 5-minute DOD
digestion method brevity, there were very similar numbers of characteristic peptides (Figure 3-
C). However, the replicate peptide LC-MSMS mean peak areas were lower for the 5-minute
DOD method (Figure 3-D).

Though the total numbers of proteins identified, and the sequence coverages were similar
for the two methods, LC/MSMS peak area precision (%RSD) was better using the NTU
digestion method. (Figure 4). The distribution of peptide lengths was similar but the 5-minute
DOD digestion method produced (~20%) longer tryptic peptides, on average. To evaluate and

compare the raw data, David Kilgour developed an in-house algorithm.
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Figure 3. K562 DOD 5-min and NTU 18-h digestion results comparisons for (A) sequence
coverages for all proteins identified by each method, (B) sequence coverages for proteins
commonly identified across methods, (C) number of characteristic peptides identified per
protein, and (D) mean peak intensities of unique characteristic peptides identified per protein.
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Figure 4. DOD 5-min and NTU 18-h LC/MSMS peak area precision (%RSD for peptide
products) for the most precise data sets for each digestion method.

The proteins identified with the two methods were further characterized according to
hydrophobicity based on their sequences and the method of Abraham and Leo, as is also used by
https://web.expasy.org/protscale/. The hydrophobicity profile for proteins identified by each
method (Figure 5) illustrated that, though there was considerable overlap in the specific proteins
digested, the two methods did not digest the same set of proteins. The proteins unique to the
DOD method tended to be slightly more hydrophilic proteins and those for the NTU method
more hydrophobic, with the distribution of proteins that were seen by both methods sitting in the
middle. In addition, tryptic peptide hydrophobicity profiles from each method were also
determined. The distribution of the peptides generated by the DOD method tryptic peptides was
also slightly more hydrophilic in character than peptides generated from the NTU method. We
therefore conclude that combining the DOD method in parallel with more conventional aqueous
digestions might provide even broader coverage of the proteins in complex samples than analysis
by either individual method, and while the underlying mechanism is not yet fully understood, the

extra information may still be valuable.
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Figure 5. Relative hydrophobicity of proteins digested by the DOD and NTU methods.

The experiments were repeated with K562 increasing the 5-minute DOD method
digestion time to 90 minutes - 18x longer than the original digestion time, but still >12x shorter
than 18-h conventional digestion methods (Figure 6). The 90-minute digestion time shows
similar performance to the DOD 5 min and conventional digestion in terms of the sequence
coverage of the detected proteins (Figure 6-A). But, the DOD 90-min digestion shows the best
overall performance when considering the combination of the number of proteins detected (NTU
18-h: 319 proteins, DOD 90-min: 330 proteins and DOD 5-min: 290 proteins), number of
peptides per protein (Figure 6-B) and quantification precision (%RSD — Figure 6-C).

Figure 7 illustrates select peptide peak area precision differences when comparing the
data for the most precisely measured peptides with the 5 and 90 min DOD, and NTU 18-h

digestion methods.
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Figure 6. K562 DOD 90 min, 5 min; and 18-h NTU digestion results comparisons for (A)
Sequence coverages for all proteins identified by the different methods, (B) number of peptides
per protein, (C) the %RSD reproducibility of peptides detected by each method, (D) mean peak
areas of unique characteristic peptides identified for each method.
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Figure 7. Comparison of the 10 most precise peptide LC-MSMS peak area data sets from
digestion of K562 for the 18-h NTU, 90-min DOD and 5-min DOD digestions.
4.5.3 Fibrinogen Component Protein Digestions

Finally, 3 biological replicates of fibrinogen were digested in triplicate and analyzed.
Fibrinogen is composed of 3 component proteins: the o,  and y chains. This protein was
selected because the fibrinogen a, p and y chains were previously studied by Proc et. al.**. In
part of that study, the authors were testing the utility of high solvent digestion methods for
improving bottom-up digestions; however, the temperatures used were physiological (37 °C) and
the trypsin to protein ratios were intermediate (1:20). Under those conditions, the authors
concluded that high solvent digestion was unlikely to be generally applicable as they identified
several proteins that were resistant to solvent-assisted digestion. They highlighted fibrinogen vy
chain as a particularly difficult case. In the same study, they also tested the a and B chains and
identified that these were proteins that did benefit from solvent assisted digestion. Therefore,

fibrinogen was a useful test sample for characterizing such digestions as it contains a key target
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of interest (the y chain) and two controls (the a & B chains). We aimed to test whether the
additional higher temperature and high trypsin concentrations of the DOD digestion protocol
might improve the digestion results for fibrinogen y chain.

The results of digesting fibrinogen are shown in Figure 8. As with the other analytes
reported previously”® or here, data precision for the longer DOD digestions (90-min in this case)
exceed the analytical precision of the conventional digestion, even for fibrinogen y chain. If the
aim was number of peptides, then the 90-min DOD digestion provided 45% more fragments for
fibrinogen a and similar values for B & y compared to the conventional, 18-hour digestion.
Sequence coverage using the DOD 90-min digestion was not quite as good as the sequence
coverage achieved by the conventional 18-hour protocol, but it still provided useful coverage,
coming at only 11%, 9% and 6% below the sequence coverage from 18-h digestion of fibrinogen
a, B, and vy, respectively. For the shorter digestions (5 min and 30 min) the DOD digestions
generally performed similar to the conventional 18-hour digestion in terms of the %RSD and
hence, for targeted methods, it would be possible to achieve similar levels of precision from the

5-min DOD digestion as for the conventional 18-hour digestion for fibrinogen a & f.
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Figure 8. Comparison of the number of peptides seen in every biological replicate produced
from digesting fibrinogen a, § and y-chains, using the 18-h NTU, and the 5-, 30-, and 90-minute
DOD tryptic digest methods for human fibrinogen component proteins.

4.6 Discussion and Conclusion

To date, we have performed bottom-up proteomic analyses using the new, very rapid,

simple, and inexpensive organic solvent-modified DOD tryptic digestion method, over a

relatively wide range of targeted proteins and with complex samples. Results were compared to

several aqueous-based solvent tryptic digestion methods currently in use. Experimental data

indicated that the new organic solvent-modified DOD tryptic digestion method offers key
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performance advantages over conventional aqueous-based protein digestion methods in terms of
much shorter digestion times and improved reproducibility, and the new approach generally
offers improved sequence coverages as well. As it only uses conventional consumables and
widely available hardware, and, in our tests, performs well with cost effective, reagent grade
trypsin, it could be easily and inexpensively adopted in laboratories performing targeted protein
and proteomic analyses. With its short digest times, capability for identifying relatively high
numbers of characteristic tryptic peptides and proteins, consistently relative high sequence
coverage capabilities, and good precision relative to the methods to which it was compared, the
DOD method could substantially affect not only the analysis of target proteins of interest but
could also be used to great advantage in general proteomics and in the rapid identification of
proteins in complex biomedical samples.

As described, we successfully optimized and validated the new rapid digestion method for
complex samples (E. coli lysate, murine ileum protein extracts, and K562) with proteolytic
digestion times as short as 5 minutes. The DOD method was much simpler and substantially
reduced digestion time as compared to traditional methods that require hours to more than a day
to sufficiently digest targeted proteins. Importantly, in most cases, the DOD method also
provided equivalent or better sequence coverages as compared to other methods using a single
protease, provided access to a somewhat different area of the proteome, and, importantly,
provided substantially better precision across results.

The data indicated that for applications, such as clinical and forensic diagnostics, in which
the goal is simply the rapid identification or quantification of specific targeted proteins, the DOD
5-minute digestion results would likely be sufficient, and the marked reduction in digestion time
could lead to much earlier etiological agent identification. This would be very advantageous
especially in cases where early diagnosis is essential for successful clinical outcomes or

force/general population protection response.
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For bottom-up proteomics, in which the goal is the full characterization of component
proteins in complex biomedical samples, use of longer digestion times up to 90 minutes or more
may be required to optimize method performance. Across the complex biomedical samples
subjected to proteomic analysis, especially using digestion times of up to 90-minutes, DOD
method performance was generally better in terms of number of proteins identified, the sequence
coverages for said proteins, and the number of characteristic peptides produced. In addition,
there was improved protein and peptide LC-MSMS peak area precision providing higher
confidence in the results as compared to that of the aqueous-based methods we investigated.

DOD digestion, using a relatively high organic solvent content, also tended to digest
slightly more hydrophilic proteins and produce slightly more hydrophilic peptides as compared
to aqueous-based tryptic digestion methods. This resulted in the identification of a different
subset of proteins than the aqueous-based digestion methods, when digesting complex samples,
though the effect is relatively minor. The production and identification of more hydrophilic
peptides could indicate that in an organic environment and/or a higher temperature environment,
different areas of the protein had been accessed.

For complex biomedical samples, if the goal is to identify and fully characterize each
individual protein and identify the maximum number of proteins within the proteome, use of the
DOD tryptic digestion method in parallel with an aqueous-based method would likely result in
the greatest number of proteins identified per sample along with better sequence coverages for
those proteins than using any single proteolytic digestion method.

Since we limited our experiments to using the previously published protease-to-sample
ratio, a future area to explore would be to increase the amount of trypsin used per sample with
complex samples to determine if digestion efficiency was limited due to protease saturation. In
addition, digestion pH could also be manipulated to determine whether resulting target protein

tertiary structure changes would change the access of the protease to different protein domains.
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This could result in changes to the protein profile and sequence coverage changes for the

proteins identified.
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Chapter 5

5.0 Thesis Discussion and Conclusion

The work described in this thesis illustrates the diverse analytical capabilities of LC-
MSMS for the analysis of biomedical samples across a variety of very diverse applications. In
chapter 2, the first series of experiments illustrated the utility of LC interfaced with a nominal
mass accuracy/resolution QqQ instrument for the very sensitive targeted quantitative analysis of
a highly potent/toxic drug, carfentanil, and an experimental biomarker, caffeine, in a simple
matrix collected from a live in vitro human epidermal model. The model was constructed as a
clinically derived alternative to animal pharmacokinetics testing models to evaluate percutaneous
absorption of drugs. The model was used in our studies to evaluate percutaneous absorption of
carfentanil and the effect of organic solvents on its in vitro human pharmacokinetics. The
second set of experiments was described in chapter 3 and described the successful validation of
the DOD tryptic digestion method, a very rapid and simple tryptic digestion method, used to
fragment proteins reproducibly for bottom-up nanoLC/high resolution (HR) MSMS analysis. A
list of protein toxins was successfully identified and characterized very specifically using
nanoLC-HRMSMS orbitrap analysis. The third results chapter, chapter 4 documented the
successful use of the rapid DOD digestion method to perform proteomic analyses of several
complex biomedical matrices to identify, with a high level of specificity and reproducibility, the
proteins in each biomatrix. Two nanoLC-HRMSMS methods, orbitrap and HR QqQ/TOF
methods were used to successfully perform bottom-up analysis with a high degree of specificity
and sensitivity. The 5-minute DOD bottom-up experimental protocol was compared to 18-24 h
protocols currently used in many laboratories.

Since the goal of the LC-QqQ experiments was the quantification of only two small
molecule drug targets, the rapid scanning speed of QqQ instruments when scanning over such a
limited m/z range provided a sensitivity advantage. Also, there was no need for the specificity of

HRMSMS instrumentation since the use of authentic standard homologs to construct calibration
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curves and the use of internal standards in the analyses provided additional specificity;
furthermore, greater specificity was not required because the sample matrix contained few
potential inteRFerents. The ability to compare the LC retention times and mass spectra of
authentic standards to that of experimental sample peaks provided the specificity to confirm not
only the presence or absence of carfentanil and caffeine in the experimental samples but also, to
quantify with great accuracy and precision the amount of the target analytes in the samples.
These data could then be used with high confidence to validate the live human epidermal model
using the caffeine data while also describing the effect of different solvents on the percutaneous
absorption kinetics of the highly potent opioid, carfentanil, in the model. Because of the great
concern in the medical and law enforcement communities concerning the clinical toxicity of
carfentanil and the risk of percutaneous exposure to these personnel, this information can be used
along with other information to inform policy on the use of organic solvent-containing hand
sanitizers by first responders in situations where there is high risk of percutaneous exposure to
carfentanil but where the use of the sanitizers for other medical reasons is warranted.

The quantitative method validated for the in vitro study, met recognized forensic
analytical requirements for specificity and sensitivity'*. The appropriate negative and positive
controls were employed to provide the required specificity and to provide the precision required
to ensure confidence in the quantitative results. Calibration curves for both target analytes were
constructed and met all forensic sensitivity, specificity, accuracy, and precision requirements.
Specifically, lower limits of detection (LOD) and quantification (LOQ) for the method were
established, the validity of the calibration curves over the concentration ranges required to
perform the study were established and met mathematical requirements, and calibrators and
quantitative controls over the calibration range met daily requirements for accuracy and
precision. Ultimately, the method was used to demonstrate that, counterintuitively, the use of
organic solvents did not accelerate percutaneous absorption of carfentanil through the epidermis

but, instead, slowed it. The results have been published as a peer reviewed manuscript in the

125



journal, Toxicology In Vitro’, and the model is currently being employed in additional
percutaneous pharmacokinetic and toxicologic studies.

In chapter 3, as part of a protocol originally designed to rapidly and with high confidence
screen clinical samples for a select list of protein toxins with a high potential for terrorist use, a
very rapid 5-minute tryptic digest method was developed to replace the lengthy 18-24 h methods
generally in use in many laboratories’. When used with MS-based protein identification
methods, the commonly used 18-24 h methods were the rate limiting analytical step, expensive,
required specialized equipment and supplies, and were also relatively irreproducible. The 5-
minute DOD tryptic digestion method proved to not only be extremely rapid and simple, but
coupled with nanoLC-orbitrap HRMSMS, proved to be very sensitive, specific, and
reproducible. The combination of the nanoL.C chromatographic resolution used to separate
complex mixtures into their components with the mass resolution and mass accuracy of orbitrap
HRMSMS provided the high specificity required for these analyses since the goal was to develop
a screening method that could be used without the need for authentic protein toxin standards.
The ability of HRMSMS to deconvolute the charge states of tryptic peptide fragments was
required so that the characteristic peptide fragments and, in turn, the parent proteins could be
identified with high confidence using easily accessed peptide libraries. The rapid, simple, high
organic solvent/high temperature digestion DOD method was subsequently used to, very
reproducibly, digest TG and RNAse A, two important clinical diagnostic proteins, for nanoLC-
HRMSMS analysis and identification; the 5-minute DOD method was again compared to
commonly used overnight, aqueous-based digestion methods which lacked sensitivity,
specificity, and reproducibility. After the method was published, a personal communication was
received from a colleague confirming that the 5-minute DOD method is currently being used
successfully by Merck Pharmaceuticals in their high throughput protein discovery pipeline to
identify and characterize target proteins’.

The method proved to not only provide the capability to confidently meet the forensic
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requirements for targeted protein identification using a limited number of characteristic peptide
fragments but the capability to identify protein amino acid sequences more fully. The combined
high resolution of nanoLC chromatography, and the high mass resolution and accuracy
capability of the HR orbitrap MSMS method were required to resolve the charge envelopes of
the proteins and peptide fragments. This was, in turn, essential for assigning their molecular
masses. The DOD digestion method was again compared to aqueous-based tryptic digestion
methods routinely used in proteomic analysis for its ability to determine protein sequence
coverage. Across the target proteins analyzed which included ricin holotoxin, ricin A-chain,
ricin B-chain, botulinum neurotoxin A, and staphylococcus enterotoxin B, and the clinical
biomarker proteins, thyroglobulin and ribonuclease A, the 5-minute, 60 % organic/60 °C DOD
tryptic digestion method consistently equaled or outperformed the overnight, aqueous-based
tryptic digestion methods with regards to number of characteristic peptides produced, sequence
coverages and within-day reproducibility.

These results indicated the 5-minute DOD method could not only be used in forensics,
medical diagnostics, and other applications where target protein identification is based on the
identification of a limited number of characteristic fragments, but in applications where
determining all or most of the protein sequence is important. Biomedically important proteins
like exotoxins and other enzymes always exist as a family of proteins where more consistent
amino acid sequence exists in the areas of the protein that confer activity, but where functionally
silent areas of the protein are often highly substituted. For enzymes, a group of related catalytic
enzymes that share a common function mediated by conserved elements dependent on amino
acid sequence and related tertiary structure, but which catalyze different overall reactions is
called a “mechanistically diverse supeRFamily”. A supeRFamily consisting of enzymes with
diverse functions can, in turn, be subdivided into families, where a “family” consists of a group
of related enzymes in which its members catalyze the same overall reaction dependent on

conserved catalytic elements’. For botulinum neurotoxins, exotoxins that are the most clinically
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toxic substances known to man with an LDsy of 1 ng/kg® (assuming an average body weight of
75 kg, 1 kg can kill the entire human race) produced by anaerobic clostridia bacteria, there are
eight confirmed serotypes, A-H®. Of the eight, five, A, B, E, F, and H, are clinically relevant
while the others primarily affect animals’. The serotypes differ structurally in their amino acid
sequences. They also differ in their endemic etiology and prevalence, so it can be important to
quickly identify the specific serotype when BotNT intoxication is suspected. To have a fully
validated, simple, and inexpensive digestion method coupled with the high specificity and
sensitivity of nanoLC-HRMSMS analysis would provide the ability to rapidly identify the
specific serotype without the need for the costly overnight mouse injection immunoassay
currently used to confirm serotype. The 5-minute DOD digestion method coupled with nanoLC-
HRMSMS has been used previously to characterize a triple amino acid point-mutated BotNT
specie which was subsequently used as a transport vehicle for drugs across the blood brain
barrier. Results were published in the journal Scientific Reports'®. The method provided
sequence coverages for the light and heavy chains of 96% and 98%, respectively which
confirmed the point mutations. ~The DOD method could be used with nanoLC-HRMSMS
analysis to characterize other clinically significant protein families. In addition, the method, due
to its high specificity, could be used to identify changes to proteins which do not alter their
amino acid sequences like post-translational amino acid modifications, but which often impact
functional activity.

Finally, the DOD tryptic digestion method along with nanoLC-HRMSMS was used in the
third project to perform targeted proteomic analyses on a variety of complex biomedical samples.
Proteomic analyses are protein assays designed to rapidly identify the constituent proteins in an
organism''. This is usually accomplished through the analysis of different biomedical samples
originating from biological subsystems. Protein expression can vary greatly according to time
and conditions''. The individual proteins and their relative and absolute amounts can vary based

on many factors. Stage of development, cellular differentiation, cell cycle, carcinogenesis, and
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environmental stressors are just a few of the factors that a cell or organism undergoes or is
subjected to that can greatly influence the expression of different individual proteins and the
relative amounts of those proteins. The goal of proteomic analysis can also be very specific as in
the search for a biomarker of disease'”.

Following protein expression, post-translational modifications (PTMs) can occur which
can markedly alter protein function. These include phosphorylation, ubiquitination (a type of
conjugation), methylation, acetylation, glycosylation (addition of a carbohydrate moiety),
oxidation, nitrosylation, and lipidation to name a few. Other PTMs include the cleaving of
peptide bonds to remove amino acids from a propeptide resulting in the formation of the mature
or functional form of the protein or the removal of an initiator methionine residue. Disulfide
bond formation between cysteine residues may also be referred to as a post-translational
modification. For instance, after disulfide bonds are formed, the peptide hormone, insulin, is
cut twice, and a peptide is removed from the middle of the chain. This produces the mature
insulin protein consisting of two polypeptide chains connected by disulfide bonds.
Phosphorylation is a common mechanism for controlling enzyme activity and is the most
common PTM'*. Entire laboratories can be devoted to determining the phosphorylation states of
proteins in relation to a disease or condition. Some PTMs result from oxidative stress.
Carbonylation is an example that labels the protein for degradation'>'®. Specific amino acid
modifications are also biomarkers indicating oxidative damage'”'®.

There are multiple ways to investigate the proteome. Generally, immunoassays using
antibodies can be used to identify proteins, proteins can be separated by electrophoresis and
detected, or mass spectrometry can be used. Of these, the most poweRFul current analytical tool
is HRMSMS coupled with LC-API or matrix assisted laser desorption ionization. Because the
resolution of HRMSMS provides the ability to resolve the charge state envelopes of proteins, and
HRMSMS can assign molecular weight with such high mass accuracy, all the possible PTMs can

be identified with great confidence. The use of LC and nanoLC using ESI provides another level
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of specificity that contributes to the ability to separate very complex mixtures of biomolecules.
The HRMSMS analysis of intact proteins, called top-down analysis, generally requires very
expensive Fourier transform-ion cyclotron resonance (FT-ICR) instruments that are very
expensive and costly to maintain. These instruments are generally not available to most
laboratories. An alternative and the most commonly used strategy, called bottom-up protein
analysis, is the analysis of proteolytic protein digests to identify characteristic peptide fragments.
Some limitations for this method include lengthy digestion times, irreproducibility, and poor
protein sequence coverage. Trypsin is the most commonly used proteolytic enzyme employed.
Most current tryptic digestion methods are aqueous solvent-based methods that require overnight
digestion times, specialized equipment, and costly reagents. The DOD tryptic digestion method,
a high organic solvent/high temperature tryptic digestion method was developed as a very rapid
alternative to current methods. In targeted protein analysis, it exceeded the performance of the
overnight digestion methods to which it was compared. In the proteomic analysis of complex
biomedical samples, it also provided equal or better performance than the overnight methods
especially when the digestion time was increased from 5 to 90 minutes for specific biomatrices.
Results showed that it did cleave some proteins at different sites likely due to the change in
protein tertiary structure that occurred under the more hydrophobic organic solvent conditions.
This resulted in a somewhat different set of characteristic peptide fragments. That said, for the
majority of the biomedical samples investigated, the DOD method provided better sequence
coverages and increased numbers of characteristic peptides identified. Since the DOD method is
very rapid, and requires relatively inexpensive equipment and reagents, it should be a boon to
protein discovery and proteomics laboratories as an added important tool in the analytical
arsenal.

In the future, the addition of Lys C to the DOD method in a similar fashion to what is
being routinely done with aqueous solvents. This should be investigated to see whether the

addition of Lys C would improve digestion sequence coverages as it does in aqueous samples
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while maintaining the method precisions that were observed with the DOD method.
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