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ABSTRACT

NOVEL APPLICATIONS OF MASS SPECTROMETRY FOR QUANTITATION
AND REACTION MECHANISM ELUCIDATION

by
Pengyi Zhao

Mass spectrometry (MS) has been growing as one of the most widely used tools in the field
of analytical chemistry. Various applications have been developed to harness the high
sensitivity and specificity of mass spectrometric analysis. In this dissertation, two major
challenges are addressed. By developing mass spectrometric-based methods, absolute
quantitation of proteins/peptides have been achieved. Elucidation of various reaction
mechanisms are also enabled. These are the focuses of this dissertation.

In Chapters 2 to 4, a novel quantitation method is developed, titled as coulometric
mass spectrometry (CMS). The strength of this method is that no reference standard or
isotope-labeled compound is required for absolute quantitation. The method relies on
electrochemical oxidation of an electrochemically active target compound to determine the
amount of the oxidized compound using Faraday’s Law. On the other hand, the oxidation
reaction yield can be determined based on the MS signal change following electrolysis.
Therefore, the absolute amount of the analyte can be calculated. In the project for
quantifying the mixture of dopamine and serotonin, this method is optimized and proved
to quantify the compounds in a mixture after the chromatographic separation. Gradient
elution is used for separation and each compound can be quantified using the
electrochemical mass spectrometry method. Furthermore, the tyrosine-containing peptides
are targeted and electrochemically oxidized to generate electric current for successful

quantitation by CMS method. In addition, the CMS method is further applied to absolute



quantitation of proteins, as proteins can be digested into peptides. The results for surrogate
peptide quantity measured by our method and by traditional isotope dilution method are in
excellent agreement, with the discrepancy of 0.3-3%, validating our CMS method for
absolute protein quantitation. Due to the high specificity and sensitivity of MS and no need
to use isotope-labeled peptide standards, the CMS method would be of high value for the
absolute proteomic quantification.

In Chapter 5, elucidation of ion dissociation patterns for structural analysis is
presented by using an atmospheric pressure thermal dissociation mass spectrometry
(APTD-MS) technique. By using this technique, neutral CO resulting from amino acid and
peptide ion dissociation is detected. In the future, more meaningful analytes can be
investigated by APTD-MS to study dissociation mechanisms at the ambient environment.

In Chapter 6, a gold-catalyzed oxidative coupling reaction is reported via
electrochemical approach. Oxidation of Au(l) to Au(lll) can be achieved through anode
oxidation, which facilitates facile access to conjugated diynes via homo-coupling or cross-
coupling. Besides, transient reaction intermediates are detected and confirmed by mass
spectrometry which provides evidence to mechanistic studies.

In Chapter 7, a novel and rapid method is developed for antibody characterization.
By which, multiple reactions (e.qg., reduction, digestion and deglycosylation) can take place
on antibodies in microseconds in the microdroplets. The resulting antibody fragments can
be either collected or online analyzed by mass spectrometry. It suggests that microdroplet
environment is a powerful reactor for both exploring large molecule reactions and speeding

their analysis.
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CHAPTER 1

INTRODUCTION

1.1 Mass Spectrometry
Mass spectrometry (MS) has been growing as one of the most sensitive and powerful
analytical techniques to identify chemicals by measuring the mass-to-charge ratio (m/z).t
Tremendous remarkable developments have been achieved in a variety of applications
during the past several decades. In addition, tandem mass spectrometry (MS/MS) has been
used to dissociate the ions of interest into fragment ions to facilitate the structure
elucidation of target analytes.? Various hyphenated techniques and applications have also
been established, which couples other analytical separation techniques such as liquid
chromatography (LC), gas chromatography (GC), capillary electrophoresis (CE), etc., to
assist the analysis of more complicated mixtures. These features and applications make MS
widely used to analyze various analytes covering from small organic molecules to large
biological samples.® Therefore, MS has now become an indispensable tool and has been
extensively applied in broad research areas including pharmaceutical, clinical, proteomics,

metabolomics, and environmental science.*

1.2 Mass Spectrometer
The mass spectrometer usually consists of a sample inlet, ion source, mass analyzer, ion
detector, and data analysis system (see Figure 1.1). The analyte for MS analysis can be
introduced to the inlet via a direct injection pump, LC, GC, etc. The ion source ionizes

analyte molecules into gas-phase ions and then accelerates them into the mass analyzer. In



the mass analyzer, the ions are selected and filtered according to their mass-to-charge ratios
(m/z). After ions are separated, the selected ions would be collected and detected in the ion
detector, where the signal is amplified and recorded as a mass spectrum showing the

relative abundance of ions as a function of m/z.
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Introduction

Figure 1.1 Basic configuration of a mass spectrometer.®
Source: Baghel, U. S.; Singh, A.; Singh, D.; Sinha, M. Application of Mass Spectroscopy in Pharmaceutical
and Biomedical Analysis. In Spectroscopic Analyses - Developments and Applications; InTech, 2017.

1.3 lonization Methods
Nowadays, numerous ionization methods have been developed by scientists in order to
serve further MS analysis. The selection of varying ionization methods depends on the
physical and chemical properties of target analytes.

Electron ionization (El, see Figure 1.2) is an ionization method in which energetic
electrons interact with solid or gas phase atoms or molecules to produce ions.® Though ElI
was one of the first ionization techniques developed for mass spectrometry,’ this method
is still widely used. El is considered a “hard” ionization method because high-energy
electrons have been used to produce ions, which leads to extensive fragmentation and can
be helpful for the structure determination of unknown compounds. EIl is one of the most

powerful tools for organic compounds which have a molecular weight below 600 Da. Also,



several other thermally stable and volatile compounds in solid, liquid and gas states can be

detected using this technique when coupled with various separation methods.®
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Figure 1.2 The diagram of El ion source.®
Source: Gluch, K.; Cytawa, J.; Michalak, L. Electron Impact lonization of Acrylonitrile. Int. J. Mass
Spectrom. 2008, 278 (1), 10-14.

The electrospray ionization (ESI) was first reported by John Fenn and Masamichi
Yamashita in 1984° and later awarded the Nobel Prize in 2002 for this discovery. In the
last two decades, ESI has become one of the most dominant ionization methods in the field
of MS analysis. The ESI serves as an essential tool to analyze large molecules such as
proteins, antibodies, etc., which could not be ionized with traditional methods like electron
ionization (EI) and chemical ionization (CI).1**? It works under atmospheric pressure and
is considered as a soft ionization technique.

In ESI (see Figure 1.3), a solution of analyte is introduced through a capillary. A

high voltage (2-5 kV) is applied to the capillary where the Taylor cone is formed at the



capillary tip under an electric field in ambient conditions to emit droplets. The resulting
ions are transferred into the MS for analysis. There are two proposed mechanisms to
explain ESI. One is the charge residue model (CRM), which developed by Dole et al. and
claimed that a droplet containing a single residual analyte ion remains caused by successive
cycles of solvent evaporation and Coulombic fissions at the Raleigh limit, followed by a
complete evaporation of the solvent comprising this droplet, finally to yield a naked and
charged analyte ion.*® The other mechanism is the ion evaporation model (IEM) proposed
by Iribarne and Thomson.'* It is based on transition-state, and it supposes that the
desolvation process of a droplet is in priority. Then the sufficient strong repulsion force
between the charged analyte ions and the other charges in the droplet overcomes solvation

forces. The analyte ion is ejected from the droplet surface into the gas phase.®
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Figure 1.3 Schematic of the electrospray ionization process.*®
Source: Cech, N. B.; Enke, C. G. Practical Implications of Some Recent Studies in Electrospray lonization
Fundamentals. Mass Spectrom. Rev. 2001, 20 (6), 362—-387.



Nano-electrospray ionization (nESI or Nano-ESI) is generally recognized as a
variant form of ESI with a low sample flow rate and improved ionization efficiency.!’ With
reduced sample flow rate (nL/min) or little sample loading amount (nL to uL), sample
spray and ions can be effectively generated by a high voltage (1-2 kV) without sheath gas
provided. Therefore, it is advantageous for limited amount of samples. Also, the sample
signal can last for a long time with nESI, during which more MS scans and data could be
collected for better sample characterization.

Cooks and coworkers first reported electrosonic spray ionization (ESSI, see Figure
1.4), another variant of ESI in 2004.%8 Compared to conventional ESI, the ESSI uses much
higher nebulization gas flow which could generate supersonic flow, affording ESSI more
flexibility including flow rate, high voltage and geometry.® It has been claimed that
narrower peaks could be received when using the ESSI for multiply charged protein ions.

Also, noncovalent complexes were reported to be observed by using the ESSI technique.'®

Figure 1.4 Schematic of ESSI source.®

Source: Takats, Z.; Wiseman, J. M.; Gologan, B.; Cooks, R. G. Electrosonic Spray lonization. A Gentle
Technique for Generating Folded Proteins and Protein Complexes in the Gas Phase and for Studying lon-
Molecule Reactions at Atmospheric Pressure. Anal. Chem. 2004, 76 (14), 4050—4058.



Unlike ESI, ambient mass spectrometry has established a recent advance which directly
ionizes analytes with little or no sample preparation. Two most widely used ambient
techniques are desorption electrospray ionization (DESI)?° developed by Cooks and paper
spray (PS)?! developed by Ouyang. As shown in Figure 1.5, the DESI setup consists of a
DESI sprayer, a sample deposition surface, and a mass spectrometer. The DESI sprayer is
used to generate charged solvent droplets by the high voltage and nebulization gas. The
charged solvent droplets spray directly onto the analyte deposited on the surface, to desorb
and ionize the analyte molecules. The desorbed ions travel through the atmospheric inlet
into the mass spectrometer.??> The advantages of DESI-MS include minimal sample
preparation, in-situ detection, applicable to both small and large molecules, high-

throughput analysis, and label-free imaging.2*2°
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Figure 1.5 Schematic of typical DESI setup.?
Source: Takats, Z.; Wiseman, J. M.; Gologan, B.; Cooks, R. G. Mass Spectrometry Sampling under Ambient
Conditions with Desorption Electrospray lonization. Science (80). 2004, 306 (5695), 471-473.



1.4 Mass Analyzers
A mass analyzer is the mass spectrometer component that takes ionized masses and
separates them based on charge to mass ratios and outputs them to the detector where they
are detected and later converted to a digital output. Different mass analyzers have their
specific characteristics.

Quadrupole mass analyzer (see Figurel.6) consists of four parallel cylindrical metal
rods inside a vacuum chamber and each opposing rod pair is connected electrically. Both
a direct current (DC) and high radio frequency (RF) are applied to the quadrupole to
manipulate ions with the target m/z successfully pass through and transmit to the detector.
By changing DC and RF in time, ions with different m/z can be delivered to the detector.
The quadrupole mass analyzer is simple to manufacture and use, affordable, and robust for
routine target compounds analysis, widely used in pharmaceutical and biological
analysis.?® The limitations include relatively low resolution (< 3000), poor mass accuracy
(> 100 ppm), and limited mass range (typically < 3000 Da).?” Quadrupoles can be
considered as the most frequently used analyzers are commonly coupled to GC-MS and

LC-MS instruments.
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Figure 1.6 Diagram showing a quadrupole MS.%
Source: Santoiemma, G. Recent Methodologies for Studying the Soil Organic Matter. Appl. Soil Ecol. 2018,
123, 546-550.

A time-of-flight (TOF, see Figure 1.7) analyzer consists of a pulsed ion source, an
accelerating grid, a field-free flight tube, and a detector. The ion travel time has been
measured by TOF MS to separate and detect ions of different m/z. First, ions generated in
an ionization source can be accumulated and introduced into a flight tube, where these ions
are accelerated by applying a high acceleration voltage between the electrodes. The
corresponding kinetic energy is described in Equation (1.1). With a constant acceleration
voltage as well as kinetic energy, each ion flies at its unique velocity inside the flight tube
to reach the ion detector. As shown in Equation (1.2), time of flight (T) is proportional to
the square root of m/z, in a fixed flight distance (L). lons with smaller m/z reach the detector

sooner than those with larger m/z. Therefore, the time of flight (T) can be converted directly



to m/z. Since there is no limit to the time of flight in TOF MS, it can theoretically measure

an unlimited mass range.

1
KEion = Emv2 = zeV (1.1)

_ distance m L

T=——= 1.2
velocity Z +/2eV (12)

Where T is time of flight, m is mass of the ion, v is velocity of the ion, z is charge of the

ion, e is elementary charge, V is accelerating voltage applied, L is flight distance.
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Figure 1.7 Schematic diagram of a TOF-MS.?°

Source: Tong, Q.; Yu, Q.; Jin, X.; He, J.; Hang, W.; Huang, B. Semi-Quantitative Analysis of Geological
Samples Using Laser Plasma Time-of-Flight Mass Spectrometry. J. Anal. At. Spectrom. 2009, 24 (2), 228—
231.



An ion trap mass analyzer uses an oscillating electric field to store ions. There are
several types of ion trap MS, linear ion trap (LIT) and Orbitrap will be discussed in this
dissertation. The linear ion trap (LIT) serves as a potential well for the ions. As shown in
Figure 1.8, a set of quadrupole rods is used to confine ions radially and axially by a two-
dimensional radio frequency (RF) field and a static electrical potential, respectively. lons
will maintain their positions within the center of the ion trap. The RF voltage is adjusted
and multi-frequency resonance ejection waveforms are applied to the trap to eliminate all

but the desired ions in preparation for subsequent fragmentation and mass analysis.*
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Figure 1.8 Schematic diagram of a two-dimensional linear ion trap.3!
Source: Schwartz, J. C.; Senko, M. W.; Syka, J. E. P. A Two-Dimensional Quadrupole lon Trap Mass
Spectrometer. J. Am. Soc. Mass Spectrom. 2002, 13 (6), 659-669.

Orbitrap (see Figure 1.9) is the newest addition to the family of high-resolution
mass analyzer. In orbitrap, moving ions are trapped in an electrostatic field. The
electrostatic attraction towards the central electrode is compensated by a centrifugal force
that arises from ions’ initial tangential velocity. The electrostatic field which ions

experience inside the orbitrap forces them to move in intricate spiral patterns. The axial

10



component of these oscillations is independent of initial energy, angles and positions. It
can be detected as an image current on the two halves of an electrode encapsulating the
orbitrap. A Fourier transform is employed to obtain oscillation frequencies for ions with

different masses, resulting in an accurate reading of their m/z.%?
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i

Figure 1.9 Schematic drawing of an Orbitrap mass analyzer.®®
Source: Savaryn, J. P.; Toby, T. K.; Kelleher, N. L. A Researcher’s Guide t0o Mass Spectrometry-Based
Proteomics. Proteomics 2016, 16 (18), 2435-2443.

1.5 Electrochemical Mass Spectrometry
Electrochemical mass spectrometry brings up the online combination of electrochemistry
(EC) and mass spectrometry (MS). EC is the study of chemical processes that cause
electrons to move. The electricity, which is the movement of electrons, can be generated
from one element to another in a reaction known as oxidation-reduction (“redox”)
reaction.>* By measuring the electric current and potential, analytes’ concentration or
chemical reactivity can be determined.®® However, only measuring electric signals for
analyte identification is limited and not direct in complex redox reactions generating

complicated products or intermediates. This triggers EC to couple with other analytical

11



techniques (e.g., electron microscopy®®, UV®’, FTIR®, etc.) to achieve better analyte
characterization performance. Notably, the coupling of EC and MS has received growing
attentions in the past years. The advantage of hyphenating MS with EC is that MS can offer
analyte molecular weight information with high sensitivity and low limit of detection.
Moreover, tandem MS (MS/MS) can further provide analyte structural information by
dissociation. Therefore, EC/MS serves as a powerful tool in identifying electrochemical
reaction products or intermediates to elucidate reaction mechanisms and play a valuable
role in quantitative analysis of electroactive analytes. Extensive applications have been
demonstrated in the field of bioanalysis and mechanic studies.3®#

ESI is one of the most commonly used ionization methods for MS analysis. In ESI-
MS, A high voltage is applied to ionize sample analytes, while a small potential is used in
the electrochemical cell. A grounding point is needed and often introduced between the
ESI source and the electrochemical cell to overcome the potential difference. Van Berkel,
Bond, and Dupont are the pioneers to apply EC/ESI-MS approach in various research
investigations.**>4 One of the advantages of coupling EC with ESI-MS is that ESI can
ionize polar, nonvolatile, and thermally labile compounds (e.g., biomolecules).!® Van
Berkel and Zhou also first demonstrated applications that using different types of
electrochemical flow cells (i.e., thin-layer electrode, tubular electrode, and porous
electrode flow cells) coupled with ESI-MS analysis.>®

The separation techniques such as high-performance liquid chromatography
(HPLC), ultra-high performance liquid chromatography (UPLC) and capillary
electrophoresis (CE) can be applied to support online EC-MS studies. By using the

combinational system of LC, EC and MS, additional retention behavior and polarity
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information of analyte can be obtained. The first attempt to conduct an online
electrochemical reaction after LC separation (see Figure 1.10) was carried out by Karst and
coworkers to detect different ferrocenecarboxylic acid esters.>® By using the hyphenation
of EC/ESI-MS with chromatographic separation methods, recent online studies  can

identify organic substance speciation and quantify inorganic constituents of oxidative
roxarsone®’; monitor main phase | metabolites of insecticide chlorpyrifos and fungicide
fluopyram®®%; electrochemically digest proteins®®; and absolute quantify various
biomolecules without addition of internal standards®*. A wide variety of rising complexity
applications are reported, in most of which redox behavior of analytes is often investigated
and optimized by EC. At the same time, LC-MS is applied to characterize retention

behavior and mass of products.

pump pump
A B
mixing :
chamber potentiostat l l
e | COMpUter
: . .
e —r
: UVNIS | g L MJ
column detector f ‘
injection valve coulometriccell interface

Figure 1.10 Scheme of an HPLC-EC-MS setup.5®
Source: Diehl, G.; Liesener, A.; Karst, U. Liquid Chromatography with Post-Column Electrochemical
Treatment and Mass Spectrometric Detection of Non-Polar Compounds. Analyst 2001, 126 (3), 288—-290.
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CHAPTER 2
IMPROVEMENTS FOR ABSOLUTE QUANTITATION USING
ELECTROCHEMICAL MASS SPECTROMETRY

Adapted from Zhao, P.; Guo, Y.; Dewald, H. D.; Chen, H. Int. J. Mass Spectrom. 2019,
443, 41-45. Copyright 2019, Elsevier.
2.1 Introduction
Mass Spectrometry (MS) has become a powerful tool commonly used for identification of
a variety of chemical species due to its high sensitivity and capability of providing
structural information 62-%6, Nevertheless, accurate quantitation by MS is still challenging
due to fluctuation of the MS signals; and the signal intensity in a MS spectrum does not
always correlate well with the amount of analytes 8. Therefore, accurate MS
quantitation often has to use reference standards for calibration or isotope-labeled
compounds as a reference ®’*. To date, many quantitative MS methods have been
developed with great successes, such as isotope-coded affinity tags (ICAT) 7278, stable
isotope labeling with amino acids in cell culture (SILAC) "87%-82 jsobaric tags for relative
and absolute quantification (iTRAQ) 88 metal element chelated tags (MECT) & and
isotope-coded protein labeling (ICPL) & etc.. However, the reference standards or isotope-
labeled compounds that are required for quantification might not be readily available, and
sometimes cost prohibitive and time-consuming 8%,
To overcome this issue, we recently developed an electrochemistry (EC)-assisted
absolute quantitation method using MS without the need for the reference standards or
isotope-labeled compounds L. In our method, a target analyte, if electrochemically

oxidizable, is first introduced to an electrochemical cell for oxidation and followed by MS
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detection. The integration of the resulting electrochemical current peak over time provides

information about the amount of the oxidized compound, based on the Faraday’s Law:

(2.1)

where n is the moles of the oxidized analyte, Q is the total charge involved in the oxidation
reaction, z is the number of electrons transferred per molecule during oxidation, F is the
Faraday constant (9.65x10% C/mol), and Ai is the redox conversion yield. Meanwhile, this
electrochemically active analyte shows a reduced intensity in the acquired MS spectra from
electrochemical oxidation. The relative MS intensity change can be used to determine the
redox conversion yield (Ai). Thus, the amount of the oxidized analyte can be calculated
using Eq. (2.1). Using this approach, various analytes such as dopamine, norepinephrine,
and rutin as well as peptide glutathione in low quantity were successfully quantified.
However, only pure compounds or a single species in a biological matrix (e.g., uric acid in
urine) was quantified in this prototype experiment 6%,

In this study, we further show that our method can be applied to absolute
quantitation of individual compounds in a mixture following chromatographic separation.
As a demonstration, dopamine and serotonin (5-HT) were separated using a hydrophilic
interaction liquid chromatography (HILIC) column with gradient elution, followed by
electrochemical oxidation and MS detection for quantitation.

On the other hand, for absolute quantitation of samples that are already purified,
LC column can be removed (i.e., flow-through analysis) so that analysis time for each

injected sample can be greatly reduced, from 10 min in our previous study * to 2 min. By
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using an auto-sampler, consecutive injections can be made sequentially, allowing fast
analysis of multiple samples. These improvements would help to expand the application

of our method for quantitative analysis.

2.2 Experiments

2.2.1 Chemicals

Dopamine (DA) hydrochloride, (-)-norepinephrine (NE), and serotonin (5-HT)
hydrochloride were purchased from Sigma Aldrich (St. Louis, MO). Formic acid and
acetonitrile were obtained from Fisher Chemical (Fair Lawn, NJ), and deionized water used
for sample preparation was obtained using a Millipore Direct-Q5 purification system

(Burlington, MA).

2.2.2 Instrumentation

For the experimental setup (illustrated in Scheme 2.1), a Waters Ultra-Performance Liquid
Chromatography (UPLC, Milford, MA) was coupled with a BASI electrochemical thin-
layer flow cell (West Lafayette, IN). The electrochemical cell was equipped with a glassy
carbon disc electrode (i.d., 6 mm) as the working electrode (WE). A Ag/AgCl (3M NaCl)
electrode was used as the reference electrode (RE) and stainless steel cell body served as a
counter electrode (CE). A positive potential of +1.05 V (vs. Ag/AgClI) was applied to the
WE electrode for analyte oxidation. The oxidation current response was monitored and
recorded by a ROXY™ potentiostat (Antec BV, Netherland). The electric current peak
area was integrated by importing the current data to OriginPro 2018b to calculate the total
electric charge (Q) involved in the oxidation reaction. The eluate flowing out of the cell
was subsequently analyzed using online electrospray ionization mass spectrometry (ESI-
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MS). MS data were collected using a high-resolution Q-Exactive Orbitrap mass

spectrometer (Thermo Scientific, San Jose, CA). The sheath gas flow rate was 10 L/h. The

spray voltage was +4 kV and the inlet capillary temperature was kept at 250 °C. Extracted

ion chromatograms (EIC) of the analytes were acquired by Thermo Xcalibur (3.0.63).

I | @

MS

Scheme 2.1 Schematic showing the LC/EC/MS apparatus used for absolute quantitation.

For flow-through analysis of the pure compounds, the LC column was removed.

The mobile phase flow rate was kept at 100 uL/min. An auto-sampler was used to inject
samples with the injection volume of 6 pL. As illustrated in Figure 2.1, an injection
sequence consisted of three steps: 1) a blank solvent (ACN/H20/FA, 50:50:0.1 by volume)
injection to check if there was any sample leftover, 2) an analyte solution injection when
the electrochemical cell was turned off (i.e., the “cell-off “mode), 3) an analyte solution
injection when the electrochemical cell was turned on (i.e., the “cell-on “mode). The
running time for each injected sample was 2 min, except that the electrochemical cell was

turned on 1.5 min step 3), so that the charging current could fade away and not interfere

with the analyte oxidation current. DA and NE were chosen as two test samples and their
injected concentrations were 50 uM.
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For the mixture analysis, A Waters XBridge™ Amide column (2.1 mm x 150 mm,
3.5 um) was selected for HILIC separation. A mixed solution containing DA and 5-HT
was tested as a demonstration. The mobile phase flow rate was 200 uL/min. The mobile
phase A was 10 mM of NHsOAc dissolved in ACN/H20 (90:10) solution, and mobile phase
B was 10 mM of NH4OAc in H20. The mobile phase B started from 5% and increased to
15% in 10 min, and then climbed to 35% from 10 min to 20 min. After that the mobile
phase B was kept at 35% for 5 min, and then went back to 5% in 1 min. The concentrations
of DA and 5-HT were both 50 uM in the mixture solution, and the injection volume was 3

pL.

2.3 Results and Discussion
To speed up the LC/EC/MS workflow, we reasoned that it is unnecessary to have LC
column used when pure compounds are aimed to be quantified in our approach. In this
case, the LC column was removed ad flow-through analysis was conducted. In our
quantitation experiment, the MS spectra of the analyte were collected to determine the
conversion yield before and after the electrode was turned on. Each compound was
measured in triplicates. As shown in the first step of the sample injection sequence (Figure
2.1), a solvent blank was injected for cleaning purpose to prevent carryover and cross-
contamination, followed by an injection of the analyte in the “cell-off” mode. After that,
the cell was turned on and a charging current showed up immediately. The charging current
faded away and went back to baseline in around 1.5 min. Then another injection of the
analyte was made in the “cell-on” mode and a faradaic current from the oxidation of the

target analyte was recorded. Each injection analysis was 2 min, which is only 1/5 of the
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time in our previous study where a LC column was installed in the LC/EC/MS system ©1.,
After the first cycle, a second injection sequence could be performed, as illustrated in
Figure 2.2. In this experiment, DA and NE were chosen as two analyte samples and each
of them was run in triplicates (Figure 2.2). In this way, 12 injections of both DA and NE
samples and 6 injections of blank solvent were done in a total 45 min sequence, whereas
120 min would be needed for 10 min per injection using the previous protocol that we
reported %, excluding extra time needed for LC column equilibration and cleaning. The

analysis results of DA and NE from the triplicate measurements are discussed below.

|<—— cell off ———>|<——Cellon——>|

1.5
Blank Analyte |Charging Analyte
injection injection current injection
DA
= 1.0
2
Fe)
c
[
=
=1 Charging
© 0.5 + current
0.0 T T T T T T T
(0] 2 il 6 8
Time (min)

Figure 2.1 A schematic showing of the first 7.5 min of the injection sequence, where 0-2
min was a blank solvent injection for cleaning purpose; 2-4 min was an analyte injection
in the “cell-off” mode. The electrochemical cell was turned on at 4 min, and a charging
current was generated as the potential was applied. Another injection for the analyte
solution was injected in the “cell-on” mode, 1.5 min after the cell was turned on. The time
period of 0-7.5 min could be considered as a cycle, and the second consecutive cycle started
at 7.5 min (see Figure 2.2).
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Figure 2.2 Electrochemical currents of DA and NE compounds in a no-column injection
sequence.

DA, a known neurotransmitter, undergoes electrochemical oxidation via a two-
electron transfer reaction to produce dopamine o-quinone (DQ, Scheme 2.2-a). Before
electrolysis (Figure 2.3), the protonated DA was detected at m/z 154. After electrolysis
(Figure 2.3-b), a peak at m/z 152 was observed, corresponding to +1 ion of the oxidized
DA product. The integrated area for the MS peak was reduced by 8.1% on average upon
electrolysis, indicating that the oxidation yield for DA was 8.1% (see data in Table 2.1). In
the cell-on mode, the DA oxidation current peak was detected, as shown in Figure 2.3-d
(Figure 2.3-c shows the background current diagram for blank solvent sample under the
same + 1.05 V potential as a contrast). Based on the integration of the current peak area,
the amount of the oxidized DA was calculated to be 25.5 pmol on average. Therefore, our
measured amount of DA was 314 pmol, which was close to the injected amount of 300

pmol with a measurement error of 4.8% (Table 2.1).
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Scheme 2.2 Equations showing the electrochemical oxidation of a) DA, b) NE, and
c) 5-HT.
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Figure 2.3 ESI-MS spectra of dopamine when the applied potential was a) 0 V and
b) +1.05 V. The peak of the oxidized product of dopamine (DQ) was seen at m/z 152 (+1
charged) in b). Electric current responses were shown c) from the blank solvent and d) the
oxidation of dopamine.
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Norepinephrine (NE), another neurotransmitter compound, is known to undergo
electrochemical oxidation via a two-electron transfer reaction to form norepinephrine o-
quinone (NQ, Scheme 2.2-b). The mean oxidation yield was measured to be 2.4% by MS
analysis of the NE compound before and after electrolysis (Table 2.1). Figure 2.4-d
displays the electric current diagram showing a sharp peak resulting from the NE oxidation.
Integration of the oxidation peak showed the amount of oxidized NE to be 6.8 pmol (Table
2.1). Therefore, the measured amount of NE was 288 pmol. In comparison to the injection
amount of 300 pmol (6 pL of 50 uM of NE was injected for analysis), our quantitation
measurement error was -4.0%. Good quantitation accuracy was obtained, using such an

automated analysis sequence with reduced analysis time.
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Figure 2.4 ESI-MS spectra of norepinephrine when the applied potential was a) 0 V and
b) +1.05 V. The peak of the oxidized product of norepinephrine (NQ) was seen at m/z 168
(+1 charged) in b). Electric current responses were shown c¢) from the blank solvent and
d) the oxidation of norepinephrine.
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Table 2.1 Electric Current and MS Data for DA and NE

Amount of the Averaged . .. Measured Theoretical
. g - Oxidation Measurement
Q(uA.min) Q(C) oxidized analyte oxidized amount . amount amount
yield error
(pmol) (pmol) (pmol) (pmol)
0.08223 4.93E-06 25.56
DA 0.08297 4.98E-06 25.79 25.52 8.12% 314.29 300 4.76%
0.08105 4.86E-06 25.20
0.02208 1.32E-06 6.86
NE 0.02259 1.35E-06 7.02 6.80 2.36% 288.14 300 -3.95%
0.02123 1.27E-06 6.60
EIC peak area of m/z  EIC peak area of m/z % Change Averaged % change
154 before electrolysis 154 after electrolysis 0 & upon electrolysis
510550789 469016876 8.14%
DA 458117903 414847377 9.45% 8.12%
445404888 415231857 6.77%

EIC peak area of m/z EIC peak area of m/z Averaged % change

170 before electrolysis 170 after electrolysis % Change upon electrolysis
25743844 25108446 2.47%
NE 25438928 24878913 2.20% 2.36%
25873838 25246286 2.43%

This quantitation approach can also be applied to chromatographic separation. As
a simple demonstration, we tested a mixture of DA and 5-HT by first separating them on a
LC column and then electrochemically oxidized each eluting compound. Due to the high
polarity of both DA and 5-HT, a HILIC column was adopted for separation %. The mobile
phase used was ACN/H20 with additives of NH4OAc, which was found to be compatible
with the subsequent electrolysis and ESI-MS detection. By using a HILIC column, 5-HT
and DA were separated with the retention time at 6.6 min and 9.4 min, respectively. Before
electrolysis (Figure 2.5-a), the +1 charged 5-HT ion was detected at m/z 177. After
electrolysis (Figure 2.5-b), a peak at m/z 190 was observed, corresponding to +1 ion of the
oxidized 5-HT product [P+H]" (see the proposed reaction mechanism in Scheme 2.2-c).
Note that the appearance of peaks at m/z 177 and 190 seen in Figure 2.5-a was probably

due to in-source oxidation. During the electrochemical oxidation, 5-HT could first lose two
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electrons and two protons to become an intermediate structure I (MW 174.2 Da). Then
addition of ammonia (probably from the mobile phase NHsOAc) occurred, followed by
further oxidation via losses of two electrons and two protons to produce the final product
ion [P+H]" (theoretical mass 190.09749, observed mass 190.09757, mass error: 0.42 ppm).
A similar mechanism for electrochemical oxidation of 5-HT was proposed in literature %.
A fragment F ([P+H-NH3]") was observed at 173 (theoretical mass 173.07094, observed
mass 173.07111, mass error: 0.98 ppm), presumably from the precursor ion of 190 by loss
of NH3 due to in-source ion dissociation. The integrated area for the 5-HT peak at m/z 177
was reduced by 15.7% upon electrolysis (see data in Table 2.2). In the cell-on mode, the 5-
HT oxidation current peak was detected as shown in Figure 2.5-f (Figure 2.5-e shows the
background current diagram for blank solvent sample under the same + 1.05 V potential as
a contrast). Based on the integration of the current peak area, the amount of the oxidized
5-HT was calculated to be 24.3 pmol on average (z=4 in this case). Therefore, our measured
amount of 5-HT was 155 pmol, which was close to the injection amount of 150 pmol with
the measurement error of 3.2%.

In addition, like the flow-through analysis of pure DA mentioned above, the +1 ion
of DA in the mixture was detected at m/z 154 following HILIC separation (Figure 2.5-a).
After electrolysis (Figure 2.5-b), a peak at m/z 152 was observed, corresponding to +1 ion
of the oxidized DA product. The integrated area for the DA peak was reduced by 17.8%
upon electrolysis (Table 2.2). The higher oxidation yield in this case than that in the flow-
through analysis (8.1%) is probably due to that fact that it is easier to oxidize DA in a
neutral media than in an acidic mobile phase. The DA oxidation current peak was also

detected, as shown in Figure 2.5-f. Based on the integration of the current peak area, the
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amount of the oxidized DA on average was calculated to be 25.6 pmol. Therefore, our
measured amount of DA was 144 pmol, which was close to the injection amount of 150

pmol with the measurement error being -3.9%.
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Figure 2.5 ESI-MS spectra of 5-HT when the applied potential was a) 0 V and b) +1.05 V.
The peak of the oxidized product of 5-HT was seen at m/z 190 (+1 ion) in b). ESI-MS
spectra of DA when the applied potential was ¢) 0 V and b) +1.05 V. The peak of the
oxidized product of DA was seen at m/z 152 (+1 ion) in d). Electric current responses were
shown e) from the blank solvent and f) the oxidation of 5-HT and DA.
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Table 2.2 Electric Current and MS Data for 5-HT and DA

Q AT“?””t of the Average oxidized Oxidation Measured Theoretical Measurement
. Q(C) oxidized analyte . amount amount
(HA.min) (pmol) amount (pmol) yield (pmol) (pmol) error
0.19231 1.15E-05 29.89
5-HT 0.15142 9.09E-06 23.54 24.30 15.70% 154.78 150 3.19%
0.12524 7.51E-06 19.47
0.10390 6.23E-06 32.30
DA 0.08015 4.81E-06 24.92 25.63 17.77% 144.23 150 -3.85%
0.06332 3.80E-06 19.68
EIC peak area of m/z EICpeakareaof m/z | Averaged % change
177 before electrolysis 177 after electrolysis 0 upon electrolysis
357271906 291097753 18.52%
5-HT 368535793 310394981 15.78% 15.70%
345836867 301546456 12.81%

EIC peak area of m/z EIC peak area of m/z Averaged % change

154 before electrolysis 154 after electrolysis % Change upon electrolysis
132308839 109243311 17.43%
DA 135153342 110955734 17.90% 17.77%
131939105 108228742 17.97%

2.4 Conclusions
In this study, absolute quantitation of electrochemically oxidizable compounds using
electrochemical mass spectrometry without using reference standards or calibration curves
were demonstrated again with improvements in two aspects. For pure compounds, a flow-
through analysis sequence was developed using a LC auto-sampler and resulted in a
significant decrease in the sample analysis time. This would be of value for high throughput
quantitation analysis. This approach could be applied to fast screen and quantify
electroactive compounds in the pharmaceutical ingredients. Furthermore, we also
demonstrated the feasibility of applying the EC/MS detection to quantitate individual
components in a mixture of 5-HT and DA following HILIC separation. It could be extended

and applied to quantify electro-oxidizable compounds or peptides in more complicated

26



biological samples. These improvements would facilitate the implementation of the

electrochemical mass spectrometry method for real-world applications.
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CHAPTER 3
ABSOLUTE QUANTITATION OF OXIDIZABLE PEPTIDES BY
COULOMETRIC MASS SPECTROMETRY

Adapted from Zhao, P.; Zare, R. N.; Chen, H. J. Am. Soc. Mass Spectrom. 2019, 30 (11),
2398-2407. Copyright 2019, American Chemistry Society.
3.1 Introduction

With rapid advances in instrumentation and technologies, quantitation methods based on
mass spectrometry (MS) have gained increasing popularity in proteomics research.-1%
Relative and absolute quantitation strategies are two categories that all the approaches fall
into and protein quantitation is performed, based on the quantification of peptides resulting
from protein digestion.1%

Relative quantitation strategies compare the levels of each peptide in a sample to
the same peptide in an identical but modified sample. One label-free approach is to analyze
samples and compare their MS spectra by determining peptide abundance in one sample
relative to another.°"1% More commonly, relative quantitation methods use isotopes to
label peptides from two samples with heavy and light isotopic atoms. The peak intensities
of heavy- and light-labeled peptides are then compared to determine the change in
abundance of one sample relative to the other. Methods using this approach include
isotope-coded affinity tags (ICAT),’>75109110 staple isotope labeling by amino acids in cell
culture (SILAC),7980111-113 jsobaric tags for relative and absolute quantitation
(iTRAQ),8:114-116 metal element chelated tags (MECT),®” isotope-coded protein labeling
(ICPL)'Y, and N, N-dimethyl leucine (DiLeu) isobaric tag methods.!®*?! In absolute

proteomic quantitation approaches, a known amount of isotope-labeled target peptides is
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spiked into an experimental sample and then LC-MS or LC-MS/MS analysis is
performed.*?? Unlike relative quantitation, the abundance of the target peptide in the
experimental sample is compared to the corresponding labeled peptide and then selected
reaction monitoring (SRM) method can be used to construct a standard curve to yield

absolute quantitation of the target peptide.?

It appears that absolute quantitation should
be a more advantageous method compared to relative quantitation because absolute
amounts of target peptides from different samples can be determined. However, standard
or isotope-labeled peptides that are needed for absolute quantitation might not be available
at hand and their synthesis can be costly and time-consuming.®2?* It would be ideal to

have a label-free, standards-free absolute quantitation method available to quantify

peptides and proteins for proteomics research.

Peptide quantitation strategy (this work)

\f MS measurement of
°x'dat'°“ the conversion yield
Peptide with a Electrochemical current

tyrosine residue
¥ tyrosine residue

Scheme 3.1 Our approach for quantitation of tyrosine-containing peptides. Note that, if
other oxidizable residues co-exists, the oxidation could be more complicated.

Herein, we present an electrochemistry (EC)-assisted absolute quantitation method
for peptides by MS without the use of standards or isotope-labeled peptides. In our method
(illustrated in Scheme 3.1), a target peptide, if it contains a tyrosine (an electrochemically
oxidizable amino acid with an oxidation potential of 0.93 V vs. NHE),*?* is first introduced

to an electrochemical cell for electrochemical oxidation and followed by MS detection.
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Electrochemical oxidation reaction results in an electric current response. The integration
of the current peak over time provides information about the amount of the oxidized
compound, using the Faraday’s Law. According to the Faraday’s Law, the total electric
charge (Q) involved in the oxidation reaction, which can be measured from the integration
of Faradaic current over time, is proportional to quantity of the oxidized peptide: Q = nzF,
where n is the moles of the oxidized peptide, z is the number of electrons transferred per
molecule during the redox reaction, and F is the Faraday constant (9.65x10* C/mol).
Therefore, the moles of the oxidized peptide can be calculated as n = Q/zF. Meanwhile, the
electrochemically active peptide shows a reduced intensity in the acquired MS spectra from
electrochemical oxidation, and the relative MS intensity change upon oxidation, Ai, reflects
the redox conversion yield. In a case where the peptide is introduced to the electrochemical
cell by liquid chromatography (LC), Ai can be calculated by comparing the integrated peak
area of the target peptide ion in the extracted ion chromatogram (EIC) before and after
electrolysis. Indeed, in a separate experiment, we confirmed that the EIC peak area is

proportional to the peptide quantity (see Figure 3.1 and Table 3.1).
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Figure 3.1 EIC peaks of ion m/z 452 for a) 60 pmol of GGYR and b) 30 pmol of GGYR.
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Table 3.1 Relationship Between the Peptide Quantity and the Peptide EIC Peak Area

30 pmol GGYR 60 pmol GGYR Ratio
6073443032 12289332040
EIC Peak Area  £994790305 11892106849
Average 6034116669 12090719445  2.003726495

Thus, the moles of the oxidized peptide, in combination with the conversion yield,

can be used to calculate the total amount of the peptide analyte. In other words,

Total amount of the peptide
= (amount of the oxidized peptide)/(the oxidation yield) (3.1)

= (Q/zF)/Ai

=Q/(zFAI)
Previously we have shown that this strategy can be used for accurately quantifying organic
molecules such as neurotransmitters (e.g., dopamine and norepinephrine), flavonoid (e.g.,
rutin), and urea.®! Peptide glutathione can be also measured by this method, based on the
cysteine oxidation to form a disulfide bond. In this work, the method is extended to the
quantitation of peptides containing tyrosine, which is more abundant in proteins than the

cysteine residue.'?® It was reported that the occurrence frequencies per residue in proteins

for tyrosine and cysteine are 2.86% and 1.16%, respectively (Table 1).1%

3.2 Experiments

3.2.1 Chemicals
Gly-Gly-Tyr-Arg (GGYR, HPLC grade), Met-Gly (MG, HPLC grade), Lys-Arg-Thr-Leu-
Arg-Arg (KRTLRR, HPLC grade), Arg-Gly-Asp (RGD, HPLC grade), Ser-Leu-lle-Gly-

Lys-Val-amide (SLIGKV-amide, HPLC grade), Arg-Lys-Arg-Ser-Arg-Ala-Glu
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(RKRSRAE, HPLC grade), Ser-Phe-Leu-Leu-Arg-Asn-amide (SFLLRN-amide, HPLC
grade), Phe-Leu-Phe-GIn-Pro-GIn-Arg-Phe-amide (FLFQPQRF-amide, HPLC grade),
oxytocin (CYIQNCPLG, disulfide bridge 1-6, HPLC grade), alkaline phosphatase and
bradykinin acetate salt (RPPGFSPFR, HPLC grade) were purchased from Sigma Aldrich
(St. Louis, MO). Asp-Arg-Val-Tyr (DRVY, HPLC grade) and [Arg8]-vasotocin
(CYIQNCPRG, disulfide bridge 1-6) were purchased from American Peptide (Sunnyvale,
CA). Gly-His-Gly (GHG) was obtained from MP Biomedicals (Santa Ana, CA). Tyrosine
phosphopeptide (RRLIEDAEpYAARG, HPLC grade) was purchased from EMD
Millipore (Temecula, CA). Phosphorylated UOM9 (KRPpSQRHGSKY, HPLC grade) was

purchased from AnaSpec (Fremont, CA).

2.2.2 Instrumentation

For the setup (illustrated in Scheme 3.2), a Waters ultra-performance liquid
chromatography setup (UPLC, Milford, MA) was coupled with an Antec electrochemical
thin-layer flow cell (Antec BV, The Netherlands) or a BASi electrochemical flow cell
(West Lafayette, IN). The Antec electrochemical cell was equipped with a Magic Diamond
(boron-doped diamond) disc electrode (i.d., 8 mm) as the working electrode (WE) used for
peptide oxidation. A HYyREF™ electrode was used as the reference electrode (RF) and
carbon-loaded PTFE was used as a counter electrode (CE). The BASI electrochemical cell
was equipped with a 6-mm i.d. glassy carbon WE and a Ag/AgCI RE. A BEH C18 reversed
phase column (2.1 mm x 50 mm, 1.7 um) was installed for the UPLC separation. A positive
potential of +1.0-1.1 V was applied to the WE electrode for oxidation of LC-separated
peptides. The oxidation current response was monitored and recorded by using a ROXY™

potentiostat (Antec BV, The Netherlands). The electric current peak area was integrated by
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importing the current data point to software OriginPro 2018b to calculate the total electric
charge Q involved in the oxidation reaction. The eluate flowing out of the cell was
subsequently analyzed using online electrospray ionization mass spectrometry (ESI-MS).
MS data were collected using a high-resolution Q-Exactive Orbitrap mass spectrometer
(Thermo Scientific, San Jose, CA). The sheath gas flow rate was 10 L/h. The spray voltage
was +4 kV and the capillary temperature was kept at 250 °C. Extracted ion chromatograms

(EIC) of peptides were acquired by Thermo Xcalibur (3.0.63).

iHa b

MS

Scheme 3.2 Schematic showing our LC/EC/MS apparatus for peptide quantitation.

Peptides that contain one tyrosine residue, including GGYR, DRVY, oxytocin,
[Arg®]-vasotocin, and phosphorylated UOM9 were analyzed using the online LC/EC/MS
apparatus, and the mobile phase flow rate was set as 0.1 mL/min. An isocratic elution
program using 80% A (mobile phase A: water with 0.1% acetic acid and mobile phase B:
acetonitrile with 0.1% acetic acid) for 5 min was used for all of compounds. The peptide

concentration used was 50 uM and the injection volume was 3-6 uL.
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Peptides containing no tyrosine residue such as GHG, MG, KRTLRR, RGD,
SLIGKV-amide, RKRSRAE-amide, SFLLRN-amide, FLFQPQRF-amide, and bradykinin
were also analyzed using LC/EC/MS apparatus as controls. An isocratic elution program
was used with 80% A for 10 min with the mobile phase flow rate of 0.1 mL/min. The
peptide injection concentration and volume were 50 uM and 6 uL, respectively. The
potential applied for oxidation was + 1.1 V.

Angiotensinogen 1-14 (also called tetradecapeptide TDP), containing two tyrosine
residues, was also tested. The mobile phase flow rate was set as 0.3 mL/min. An isocratic
elution program using 80% A (mobile phase A: water with 0.1% acetic acid and mobile
phase B: acetonitrile with 0.1% acetic acid) for 5 min was used. The concentration used
was 50 uM and the injection volume was 6 pL.

Electrodes after use can be cleaned using alternating positive and negative potentials.

2.3 Results and Discussion
Among the 20 naturally occurring amino acids, four are oxidizable: cysteine (C), tyrosine
(YY), tryptophan (W), and methionine (M), given in the order of increasing oxidation
potential. Table 3.1 lists values for their respective oxidation potentials and occurrence
frequencies per residue in proteins. Tyrosine has a relatively low oxidation potential and
relatively high abundance in proteins.

Table 3.2 Amino Acids Known to be Oxidizable

Tryptophan  Cysteine  Methionine

Electroactive Amino Acids Tyrosine (Y

yrosine (¥)__w) ©
Oxidation potential (vs. NHE) 093V 1.01Vv ¥ 023V 151Vv1#
Occurrence frequency per residue 2 86% 1.50% 1.16% 2 86%

in proteins!?
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The combination of MS and EC*?*1% has been our research interest, and previously
we have shown that the combined EC/MS technique can be used to detect transient
electrochemical reaction intermediates'3®142 and to assist protein sequencing and protein
conformational structure elucidation by using fast electrochemical reduction of
disulfides.*>149 In consideration of the fact that tyrosine is electroactive, our goal in this
study was to develop a direct quantitation method for peptides based on tyrosine residue
oxidation, without using any standards or isotope-labeled peptides. Under an appropriate
oxidation potential, the phenol side chain of a peptide tyrosine residue can be oxidized into
a semi-quinone by loss of two electrons and two protons (Scheme 3.3), in which a mass
shift of 2 Da occurs, which can be readily monitored by MS analysis. It has been reported
that peptides and proteins carrying tyrosine (or tryptophan) can be electrochemically
oxidized and analyzed by MS.%0-152 However, peptide quantitation based on tyrosine
oxidation appears not to have been explored. Several peptides were tested and quantified
in this work, based on the electrochemical oxidation of their tyrosine residues (See

summarized results in Table 3.2).

On -2e 2
—2H*

Y-containing peptide

Scheme 3.3 Equation showing electrochemical oxidation of a peptide tyrosine residue.
Note that, if other oxidizable residues co-exists, the oxidation could be more complicated.
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Table 3.3 List of Peptides Quantified by CMS

Electric 40of Y
. Molecular | Current . Quantitation
Peptide . Residues
# | Name Weight from L Measurement
Sequence L (Oxidative
(Da) Oxidation Residues) Error
(YIN)
Gly-His-Gly | GHG 269.3 N 0 -
2 Met-Gly MG 206.3 N 0 -
Lys-Arg-Thr-
3 | Leu-arg-arg | KRTLRR [820.0 N 0 -
4 Arg-Gly-Asp | RGD 346.3 N 0 -
Ser-Leu-lle-
5 | Gly-Lys-Val- SLIGKV- [ 6148 N 0 -
" NH,
amide
Arg-Lys-Arg-
6 Ser-Arg-Glu- RKRSRA 901.0 N 0 -
i E-NH,
amide
Ser-Phe-Leu-
7 | Leu-Arg-Asn- SFLLRN- 1747 9 N 0 -
. NH;
amide
Phe-Leu-Phe-
GIn-Pro-GlIn- | FLFQPQ
8 Arg-Phe- RF-NH; 10813 N 0 i
amide
9 bradykinin E;PGFSP 1060.2 N 0 -
Tyrosine RRLIED
10 | phosphopepti | AEpYAA | 1598.7 N 0 -
de RG
1 |GGV 1 aovr | 4515 Y 1 -5.0%
Arg
12 ?jf'Arg'Va" DRVY  |5516 Y 1 -7.5%
CYIQNC
. PLG
! 0,
13 | oxytocin disulfide 1007.2 Y 1 2.4%
bond 1-6
CYIQNC
8]-
1 |AOT- PRG, 1050.2 Y 1 0.8%
vasotocin disulfide
bond 1-6
Angiotensino DRVYIH
15 g PFHLLV | 1760.1 Y 2 -5.5%
gen (1-14)
YS
Phosphorylate | KRPpSQ £ Qo
16 d UOMO RHGSKY 14225 Y 1 5.8%
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Figure 3.2. Electric current responses of a) blank solvent, b) GHG, c¢) bradykinin
(RPPGFSPFR), d) MG, e) KRTLRR, f) RGD, g) SLIGKV-amide, h) RKRSRAE-amide,
i) SFLLRN-amide, and j) FLFQPQRF-amide, and k) RRLIEDAEpYAARG. No electric
current peak was detected, even under the oxidation potential of +1.1 V.

GGYR was first chosen as a test example. GGYR is a Tyr-containing peptide and

it can be oxidized by losing two electrons. Indeed, before electrolysis (Figure 3.3-a), the
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protonated GGYR was detected at m/z 452. After electrolysis (Figure 3.3-b), a peak at m/z
450 was observed, corresponding to +1 ion of the oxidized GGYR product, GGY’R (Y’
represents the oxidized tyrosine residue). Figure 3.3-c and 1d showed the EIC (m/z 452,
the protonated GGYR) of 50 uM GGYR with an injection volume of 6 pL (injected
amount: 300 pmol) with the applied potential of 0 V and +1.0 V, respectively. The
integrated area for the peak shown in Figure 3.3-d was smaller by 5.2%, in comparison
with that of the peak shown in Figure 3.3-c, indicating that the oxidation yield for GGYR
was 5.2% (averaged value from a triplicate measurement). On the other hand, a sharp
GGYR oxidation current peak was detected, as shown in Figure 3.3-f. Figure 3.3-e shows
the background current diagram from a blank solvent injection under the same oxidation
condition as a control. In contrast, no electric current peak was observed for the solvent,
suggesting that the electric current detected in Figure 3.3-f is caused by the oxidation of
GGRY. In addition, a series of peptides containing no tyrosine residues such as GHG, MG,
bradykinin (RPPGFSPFR), KRTLRR, RGD, SLIGKV-amide, RKRSRAE-amide,
SFLLRN-amide, and FLFQPQRF-amide were tested as control experiments and no
oxidation electric current was recorded (Figure 3.2), indicating that the oxidation might
occur to the tyrosine residue in the case of GGRY. Based on the integration of the current
peak area (Figure 3.3-f), the amount of the oxidized GGYR on average was calculated to
be 14.9 pmol. Therefore, our measured amount of GGYR was 285 pmol, which was close
to the injection amount of 300 pmol with the measurement error of -5.0% (see data in Table
3.3). In this study, we call our method coulometric mass spectrometry (CMS) due to the

use of Faraday’s Law, although the oxidation yield is not 100%.
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Figure 3.3 ESI-MS spectra of GGYR when the applied potential was a) 0 V and b) +1.0
V. The peak of the oxidized product GGY’R was clearly seen at m/z 450 in b). EIC of
GGYR was recorded when the applied potential was ¢) 0 V and d) +1.0 V. Electric current
responses were shown due to the oxidation of €) a blank solvent and f) GGYR peptide.

Table 3.4 Electric Current and MS Data for GGYR

Amount of the Average ... Measured Theoretical
. - . Oxidation Measurement
Q (1A.min) Q(C) oxidized oxidized ) amount amount
yield error
analyte (pmol) amount (pmol) (pmol) (pmol)
0.05071  3.04E-06 15.76
GGYR 0.06216  3.73E-06 19.32 14.92 5.23% 285.09 300.00 -4.97%
0.03109  1.87E-06 9.67
EIC peak area of m/z 452 EIC peak area of m/z 452 Averaged % change
. . % Change .
before electrolysis after electrolysis upon electrolysis
6801706173 6430677412 5.45%
GGYR 6199039201 5785961899 6.66% 5.23%
7004425591 6753685704 3.58%

To confirm that the oxidized product (m/z 450) was truly produced from
electrochemical oxidation of tyrosine in the GGYR, MS/MS analysis of m/z 450 was
performed. In this experiment, the GGYR sample was injected into the electrochemical
cell by a syringe pump for oxidation at +1.0 V potential. The resulted product was collected

and re-ionized by nano-electrospray ionization (nESI), in which the oxidation product
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GGY’R (Y’ represents the oxidized tyrosine) was observed at m/z 450. Collision-induced
dissociation (CID) data of m/z 450 was recorded, to compare with that of the intact peptide
GGYR ion of m/z 452. As shown in Figure 3.4, upon CID, the oxidized peptide ion (m/z
450) gave rise to fragment ions y1 (m/z 175) and y>" (m/z 336) while the intact peptide (m/z
450) produced y1 (m/z 175) and y2 (m/z 338), confirming that the oxidation occurrence to
the 3" tyrosine residue of GGYR, in which two hydrogen losses took place, resulting in 2
Da mass shift for the y> ion. Furthermore, we observed the fragment ion of m/z 344
resulting from dissociation of m/z 450 by loss of the oxidized tyrosine side chain
0O=CesH4=CHy> as shown in Figure 3.4-a, providing evidence that oxidation indeed occurs

to the side chain of tyrosine of this peptide.
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Figure 3.4 CID MS/MS spectra of a) the oxidized peptide ion [GGY 'R+H]* (m/z 450) and
b) the intact peptide ion [GGYR+H]" (m/z 452). Fragment ion of m/z 344 in a) resulted
from the loss of the oxidized tyrosine side chain from m/z 450.
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In this experiment, it is critical to control both oxidation potential and oxidation
time. To ensure that the recorded current is Faradic current from the oxidation of peptide
resides, not from solvent, it is important to control the applied oxidation potential to avoid
solvent oxidation (e.g., water oxidation). In our study, we found that a low potential like
+1.0 V allows for selective oxidation of peptide (see Figure 3.3-e and f). It is also known
that peptides with tyrosine (and also tryptophan) could undergo secondary electrochemical
oxidation and eventually lead to peptide cleavage upon electrolysis **°%2, This would
cause it to be difficult to apply the Faraday’s Law for quantitation, as the value of n in eq.
1 is not clear. Our strategy to achieve selective primary oxidation (as shown in Scheme 3)
and to avoid these side reactions is to control the electro-oxidation time. When the peptide
is introduced by LC into a thin-layer electrochemical cell, the small dead volume of the
cell (0.7 yL) and a relatively high mobile phase flow rate (100 pL/min) led to the oxidation
of the peptide in less than 0.5 ms. Indeed, we observed no side oxidation reactions including
peptide cleavage and secondary oxidation of tyrosine for GGYR under these conditions.

DRVY, another tetrapeptide that contains Tyr, was also analyzed by the same
approach. Before electrolysis (Figure 3.5-a), the protonated DRVY was detected at m/z
552. After electrolysis (Figure 3.5-b), a peak at m/z 550 was observed, corresponding to +1
ion of oxidized DRVY product, DRVY’. Figure 3.5-c and d showed the EIC (m/z 552, the
protonated DRVY) of 50 uM DRVY with an injection volume of 6 pL (injected amount:
300 pmol) with the applied potential of 0 V and +1.0 V, respectively. The integrated area
for the peak shown in Figure 3.5-d was smaller by 3.1%, in comparison with that of the
peak shown in Figure 3.5-c, indicating that the oxidation yield for DRVY was 3.1% (see

data in Table 3.4). On the other hand, the DRVY oxidation current peak was detected, as
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shown in Figure 3.5-f (Figure 3.5-e shows the background current diagram for blank
solvent sample under the same + 1.0 V potential as a contrast). Based on the integration of
the current peak area, the amount of the oxidized DRVY on average was calculated to be
8.5 pmol. Therefore, our measured amount of DRVY was 277 pmol, which was close to

the injection amount of 300 pmol with a measurement error of -7.5% (Table 3.4).
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Figure 3.5 ESI-MS spectra of DRVY when the applied potential was a) 0 V and b) +1.0
V. The peak of the oxidation product of DRVY was seen at m/z 550. EIC of DRVY was
recorded when the applied potential was ¢) 0 V and d) +1.0 V. Electric current responses
were e) due to the blank solvent and f) the oxidation of DRVY sample. Note that there is a
small peak of m/z 550 in a, which might be caused by in-source oxidation of DRVY.

Table 3.5 Electric Current and MS Data for DRVY

Amount of the Average Oxidation Measured Theoretical Measurement
Q (1A.min) Q(C) oxidized oxidized . amount amount
analyte (pmol) amount (pmol) yield (pmol) (pmol) error
0.04225  2.54E-06 13.13
DRVY 0.02156  1.29E-06 6.70 8.46 3.05% 277.38 300.00 -7.54%
0.01781  1.07E-06 5.54
EIC peak area of m/z 552 EIC peak area of m/z 552 o Averaged % change
. . % Change .
before electrolysis after electrolysis upon electrolysis
3630388465 3461650795 4.65%
DRVY 3980301187 3887135911 2.34% 3.05%
3752901206 3672338415 2.15%
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We also tested oxytocin (CYIQNCPLG, disulfide bridge 1-6), a larger Tyr-
containing peptide than GGYR and DRVY. Before electrolysis (Figure 3.6-a), the +2
charged oxytocin ion was detected at m/z 504. After electrolysis (Figure 3.6-b), a peak at
m/z 503 was observed, corresponding to +2 ion of the oxidized oxytocin product (2 Da
mass shift corresponding to losses of two hydrogens). Figure 3.6-c and 3.6-d showed the
EIC (m/z 504, the +2 charged oxytocin ion) of 50 uM oxytocin with an injection volume
of 6 puL (injected amount: 300 pmol) with the applied potential of 0 V and +1.0 V,
respectively. The integrated area for the peak shown in Figure 3.6-d was smaller by 4.7%,
in comparison with that of the peak shown in Figure 3.6-c, indicating that the oxidation
yield for oxytocin was 4.7% (see data in Table 3.5). On the other hand, the oxytocin
oxidation current peak was detected, as shown in Figure 3.6-f (Figure 3.6-e shows the
background current diagram for blank solvent sample under the same + 1.0 V potential as
a contrast). Based on the integration of the current peak area, the amount of the oxidized
oxytocin on average was calculated to be 14.4 pmol. Therefore, our measured amount of
oxytocin was 307 pmol, which was close to the injection amount of 300 pmol with the
measurement error being 2.4%. We also successfully quantified another neurohypophyseal
peptide, [Arg®]-Vasotocin, which shared structural similarity with oxytocin. Using the
same approach, the measurement error was found to be 0.8% (see Figure 3.7 and Table

3.6).
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Figure 3.6 ESI-MS spectra of oxytocin when the applied potential was a) 0 V and b) +1.0
V. The peak of the oxidized product of oxytocin was seen at m/z 503 (+2 charged) in b.
EIC of the +2 charged oxytocin ion was recorded when the applied potential was ¢) 0 V
and d) +1.0 V. Electric current responses were shown e) from the blank solvent and f) the
oxidation of oxytocin peptide.

Table 3.6 Electric Current and MS Data for Oxytocin

Amount of the Average Measured Theoretical

Q(uA.min)  Q(C) oxidized oxidized Ox@atlon amount amount Measurement
analyte (pmol) amount (pmol) yield (pmol) (pmol) error
0.06867 4.12E-06 21.35
Oxytocin  0.03519  2.11E-06 10.94 14.37 4.68% 307.27 300.00 2.43%
0.03480  2.09E-06 10.82
EIC peak area of m/z 504 EIC peak area of m/z 504 0 Averaged % change
. . % Change .
before electrolysis after electrolysis upon electrolysis
16969674394 15623386694 7.93%
Oxytocin 16900400688 16259136897 3.79% 4.68%
16440089145 16061818587 2.30%
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Figure 3.7 ESI-MS spectra of [Arg®]-vasotocin when the applied potential was a) 0 V and
b) +1.0 V. The peak of the oxidized product of [Arg®]-vasotocin was seen at m/z 524 (+2
charged) in b. EIC of the +2 ion of [Arg®]-vasotocin was recorded when the applied
potential was ¢) 0 V and d) +1.0 V. Electric current responses were shown e) due to the
blank solvent and f) the oxidation of [Arg®]-vasotocin peptide.

Table 3.7 Electric Current and MS Data for [Arg8]-vasotocin

Amount of Averge amount N Measured Theoretical
. . Oxidation Measureme
Q(C)  the oxidized of oxidized . amount amount
yield nt error
analyte (pmol) analyte (pmol) (pmol) (pmol)
[Arg8]-vasotocin 0.04262 2.56E-06 13.25
0.04916 2.95E-06 15.28 14.66 9.69% 151.19 150.00 0.79%
0.04967 2.98E-06 15.44

EIC peak area of m/z EIC peak area of m/z

Q
(HA.min)

Averaged % change

525 before electrolysis 525 after electrolysis % Change upon electrolysis
[Arg8]-vasotocin 28203536860 25564046285 0.093587219
27903634599 25153790153 0.098547895 9.69%
28560399871 25741167956 0.098711220

So far, we have only considered peptides having one tyrosine residue. But, CMS
can also be applied to peptides containing more than one tyrosine residue. One successful

strategy is to choose conditions so that we oxidize only one of the tyrosine residues. As an
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example, we examined angiotensinogen (1-14), a known tetradecapeptide (TDP) having
the sequence DRVYIHPFHLLVYS. This is a peptide precursor of angiotensin I, which is
a peptide hormone leading to vasoconstriction and blood pressure increase.’®® To avoid
simultaneous oxidation of two tyrosine residues of TDP, we reasoned that a high sample
flow rate (in other words, a short residence time in the electrochemical cell) could help. To
confirm this hypothesis, we introduced TDP into the electrochemical cell by LC at different
mobile phase flow rates (0.1-0.3 mL/min) for oxidation. Indeed, upon oxidation, two +4
ions of products appeared at m/z 439.98 and 439.48, corresponding to the oxidation
products resulting from one tyrosine oxidation and from two tyrosine oxidations,
respectively. When the sample introduction flow rate was increased from 0.1 to 0.3
mL/min, the intensity ratio of m/z 439.48 to m/z 439.98 decreased from 39.9 to 4.2% (Table
3.7), supporting our hypothesis that less oxidation time allows oxidation to occur

predominantly at only one of the tyrosine residues of the peptide.

Table 3.8 MS Data for TDP at Different Sample Injection Flow Rates (0.1-0.3 mL/min)

EIC Peak Area for

Fnl]oll’\/'nz?:g oxidized peptide ions* % of m/z 439.48 to m/z 439.98
m/z 439.98 m/z 439.48
0.1 256644901 81407344 39.99%
TDP 0.2 293503987 46687873 13.58%

(DRVYIHPFHLLVYS)
306309288 29546924 4.15%

* background subtracted EIC peak area

To better tolerate a relatively high flow rate of 0.3 mL/min and the pumping
pressure, again, we used a BASiI stainless electrochemical flow cell (West Lafayette, IN)

equipped with a 6-mm i.d. glassy carbon WE and a Ag/AgCl RE. Before electrolysis
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(Figure 3.8-a), the +4 charged TDP ion was detected at m/z 440.49. After electrolysis
(Figure 3.8-b), a peak at m/z 439.98 was observed, corresponding to the +4 ion of oxidized
TDP product resulting from oxidation of one of the tyrosines. Another smaller peak at m/z
439.98 resulting from the oxidation of both tyrosines was also seen (Figure 3.8-b) with the
intensity ratio of m/z 439.48 to m/z 439.98 being 0.12:1 Figure 3.8-c and 4d showed the
EIC of m/z 440.49, the +4 charged TDP ion, from the injection of 6 uL of 50 uM TDP
(total amount: 300.0 pmol) with the applied potential of 0 V and +1.05 V (vs. Ag/AgCl),
respectively. The integrated area for the peak shown in Figure 3.8-d was smaller by 2.6%
than that of the peak shown in Figure 3.8-c, indicating that the oxidation yield for TDP was
2.6% (see data in Table 3.8). On the other hand, the TDP oxidation current peak was
detected, as shown in Figure 3.8-f (Figure 3.8-e shows the background current diagram for
blank solvent sample under the same + 1.05 V potential as a contrast). By integration of
the current peak area, the total electric charge Q involved in the TDP oxidation, leading to
the formation of m/z 439.98 via one tyrosine oxidation (2 e per mole peptide) and the
formation of m/z 439.48 via two tyrosine oxidation (4 e per mole peptide), could be
calculated. In consideration of the intensity ratio of m/z 439.48 to m/z 439.98 of 0.12:1 and
the similarity of the two structures of the oxidation products, the molar ratio of the two
oxidation products would be approximately 0.12:1. Thus, we calculate the total amount of
the oxidized peptide to be 7.2 pmol (an averaged value from triplicate measurements).
Considering the oxidation yield of 2.6%, our measured amount of TDP was therefore 283
pmol. In comparison to the injection amount of 300 pmol, we find the quantitation error to
be -5.5% (see Table 3.2 and Table 3.8). This result illustrates one approach that is able to

successfully quantitate peptides containing more than one tyrosine residue.
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Figure 3.8 ESI-MS spectra of TDP when the applied potential was a) 0 V and b) +1.05 V.
The major peak of the oxidized product of TDP was seen at m/z 439.98 (+4 charged) in b.
EIC of the +4 charged TDP ion was recorded when the applied potential was ¢) 0 V and
d) +1.05 V. Electric current responses were shown e) due to the blank solvent and f) the

oxidation of TDP peptide.
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Table 3.9 Electric Current and MS Data for TDP

EIC Peak Area for

Flow rate - s % of m/z 439.48 to m/z 439.98 (on
" oxidized peptide ions* ”° /. % (
(mL/min) average)
m/z439.98 m/z439.48
TDP 181659931 36733840
0.3 184146966 35681381 12.20%
(DRVYIHPFHLLVYS)
180264335 30369961
* background subtracted EIC peak area
EIC peak area of m/z EIC peak area of m/z % Change Averaged % change
440.49 before electrolysis 440.49 after electrolysis ? g upon electrolysis
TDP 5493230265 5348975475 0.026260467
(DRVYIHPFHLLVYS) 5531495790 5387129612 0.026098940 2.55%
5500755787 5368119852 0.024112311
Amount of the Averagedamount of _ . . Measured Theoretical
Q - Lo Oxidation Measurement
B Q(C) oxidized analyte  oxidized analyte . amount  amount
(HA.min) yield error
(pmol) (pmol) (pmol) (pmol)
0P 0.02670 1.60E-06 7.40
- 0, - 0,
(DRVYIHPFHLLVYS) 0.02583 1.55E-06 7.16 7.22 2.55%  283.41 300.00 5.53%
0.02569 1.54E-06 7.12

It may not be possible, however, to find suitable conditions in which only one of
the tyrosine residues is oxidized. In such cases, we might need to invoke the assumption,
based on the similarity of structures, that the intensities of the different mass peaks of the
oxidized products represent to good approximation the concentrations of the different
oxidized forms, allowing us nevertheless to determine the amount of the original peptide
from CMS.

We also tested the phosphopeptide RRLIEDAEpY AARG, whose tyrosine reside is
phosphorylated. Interestingly, such a peptide does not display an oxidation current upon
oxidation (Figure 3.2-k). This result is in agreement with previously reported
electrochemical studies of phosphopeptides®*>® and provides another way to judge

whether or not a peptide tyrosine residue is phosphorylated.t%:1%7

49



Furthermore, our method can be used to directly quantify phosphopeptides
containing a free oxidiziable residue such as tyrosine. Absolute quantitation of
phosphopetides typically needs multiple-step synthesis of isotope-labeled phosphopeptide
standards.*®® In our approach, phosphorylated UOMS9 (sequence: KRPpSQRHGSKY), a
kinase substrate peptide originating from myelin basic protein (MBP),**® was chosen as a
test sample. The peptide is phosphorylated in its serine residue and contains one free
tyrosine residue. Before electrolysis (Figure 3.9-a), the +5 ion of the peptide was detected
at m/z 285.35. After electrolysis (Figure 3.9-b), a peak at m/z 284.94 was observed,
corresponding to +5 ion of the oxidized product. Figures 3.9c and d showed the EIC (m/z
285.35) of 50 uM phosphorylated UOM9 with an injection volume of 6 pL (injected
amount: 300 pmol) with the applied potential of 0 V and +1.05 V (vs. Ag/AgCl),
respectively. The integrated area for the peak shown in Figure 3.9-d was smaller by 2.9%,
in comparison with that of the peak shown in Figure 3.9-c, indicating that the oxidation
yield for this peptide was 2.9% (see data in Table 3.9). On the other hand, the peptide
oxidation current peak was detected, as shown in Figure 3.9-f (Figure 3.9-e shows the
background current diagram for blank solvent sample under the same + 1.05 V potential as
a contrast). Based on the integration of the current peak area, the amount of the oxidized
peptide on average was calculated to be 8.1 pmol. Therefore, our measured amount of
phosphorylated UOM9 was 283 pmol, which was close to the injection amount of 300 pmol
with a measurement error of -5.8% (Table 3.9). To the best of our knowledge, this data
represents absolute quantitation of phosphopeptide without using any standards, for the

first time.
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Figure 3.9 ESI-MS spectra of phosphorylated UOM9 when the applied potential was
a) 0 V and b) +1.05 V (vs. Ag/AgCl). The peak of the oxidized peptide product was seen
at m/z 284.94 (+5 ion) in b). EIC of the +5 ion of phosphorylated UOM9 was recorded
when the applied potential was ¢) 0 V and d) +1.05 V. Electric current responses were
shown e) from the blank solvent and f) the oxidation of the phosphorylated UOM9 peptide.

Table 3.10 Electric Current and MS Data for Phosphopeptide UOM9

Amount of the Average Measured Theoretical

(pA.Cr):nin) Q(C) oxidized analyte oxidized OX\'/?:lgon amount  amount Measetrjrrs;nent
(pmol) amount (pmol) (pmol) (pmol)
0.02483 1.49E-06 7.72
UOM9 0.02600 1.56E-06 8.08 8.12 2.88%  282.51 300.00 -5.83%
0.02757 1.65E-06 8.57

EIC peak area of EIC peak area of
m/z 285.35 before m/z 285.35 after % Change Averaged % change

electrolysis electrolysis upon electrolysis
15594819650 15165221085 2.75%
UOM9 15773357129 15316634821 2.89% 2.88%

15352655959 14895616290 2.98%

The sensitivity of the method was also evaluated, using a low quantity of peptide
DRVY. In our experiment, a BASi stainless electrochemical flow cell (West Lafayette, IN)

equipped with a 6-mm i.d. glassy carbon WE and a Ag/AgCI RE was used. 3 uL of 0.1 uM
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DRVY (injection amount: 300 fmol) was injected into LC/EC/MS for quantitation and the
measured peptide quantity was 319 fmol (6.2% quantitation error, see detailed results in
Table 3.10), indicating the reasonably good sensitivity and accuracy of our method. Further
improvements in sensitivity are possible if background noise in electric current
measurement could be reduced, for example, using a newer potentiostat with a Faraday

cage.

Table 3.11 Electric Current and MS Data for Sensitivity Evaluation of CMS Using DRVY

Amount of the Average Oxidation Measured Theoretical Measurement
Q (nA.min) Q(C) oxidized oxidized . amount amount
analyte (fmol) amount (fmol) yield (fmol) (fmol) error
3.70E-01  2.22E-08 115.03
DRVY  3.10E-01 1.86E-08 96.37 106.74 33.50% 318.62 300.00 6.21%
3.50E-01  2.10E-08 108.81
EIC peak area of m/z 552 EIC peak area of m/z 552 % Ch Averaged % change
before electrolysis after electrolysis ohange upon electrolysis
37654132 24745981 34.28%
DRVY 37093511 25335433 31.70% 33.50%
37345161 24453493 34.52%

3.4 Conclusions
In this study, several tyrosine-containing peptides including phosphopeptides were
successfully quantified using coulometric mass spectrometry. The striking strength of this
method is that it requires no standard/isotope-labeled peptides for absolute quantification.
In addition, the use of MS provides a means to identify the electrochemical reaction
products, which is difficult to achieve by using electrochemical technologies alone. The
results demonstrate the validity of this method in which we achieve absolute quantitation
of peptides by electrochemical oxidation of tyrosine. It is most likely that this approach can

be applicable to quantify peptides containing other oxidizable residues such as tryptophan,
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methionine and cysteine. Future work will be focused on the method sensitivity
improvement and the application of this method to quantitation of peptides from protein
digestion, which may provide a new way to quantify proteins. In addition, this CMS
method is also expected to be potentially useful in proteomics including quantitation of

hormone, antibacterial, and neurotransmitter peptides,160-162
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CHAPTER 4
ABSOLUTE QUANTITATION OF PROTEINS BY COULOMETRIC MASS
SPECTROMETRY

Adapted from Zhao, P.; Wang, Q.; Kaur, M.; Kim, Y. I.; Dewald, H. D.; Mozziconacci,
O.; Liu, Y.; Chen, H. Anal. Chem. 2020, 92 (11), 7877—7883. Copyright 2020, American
Chemistry Society.
4.1 Introduction

Accurate protein quantitation is a fundamental requirement in a multitude of biological
research areas.’897-100.102163.164 A gccurate measurement of absolute protein amount in the
sample can be performed by quantitative proteomics approaches such as selected reaction
monitoring (SRM) or high-resolution mass spectrometry (HRMS) in combination with
isotope-labelled standards.'® The method requires a known concentration of internal
standard, typically doped in the tryptic digest of the target protein, which is labeled with
isotopically heavy atoms to mimic native surrogate peptide formed by proteolysis. The
sample mixture containing the isotope-labelled peptide standard and the surrogate peptide
is then analyzed by LC-MS. Similar to the relative quantitation using isotope-labelled
standards, peptides of equal chemistry co-elute and are analyzed by MS simultaneously.
Using a pre-determined calibration curve, the ion abundances of the surrogate peptide and
the isotope-labeled standard are compared to calculate the absolute quantity of the target
surrogate peptide, which represents the target protein content. Thus, absolute quantitation
is a targeted quantitative proteomics technique that exhibits robust efficacy and has been
increasingly utilized for a wide variety of quantitative proteomics studies.1°8166-169

Nevertheless, it has some associated drawbacks. First, isotope-labeled standard

peptides are synthesized de novo, which takes time and their syntheses are very costly. The
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synthesized peptide standards contain more or less some impurities (typically up to 5%
impurity). Second, the ionization efficiencies for the heavy and light isotope-labeled
peptides, although very close, are not exactly the same, which may contribute to
quantitation error.t’%1"* Third, the heavy isotope-labeled and the light isotope-labeled
peptides sometimes cannot have exactly the same chromatographic elution time (e.g., for
deuterium labeled peptides), making their precise comparison difficult.}’? Fourth, there is
an upper limit for multiplexing analysis using isotope-labeling approach, as simultaneous
comparison of too many peptides with different isotope-labelling in one MS spectrum can
be difficult.t’>1* More importantly, any existing background peak that overlaps with the
isotope-labeled peptide standard peak would prevent the use of this method. Therefore,
new strategies for improved MS-based protein quantitation are still in need.

In this study, we present the development of a conceptually new approach of using
electrochemistry (EC)-assisted mass spectrometry for absolute quantitation of proteins.
The striking feature of our method is that our method does not need the use of any standard

or isotope-labeled peptides or any standard curves, for absolute quantitation.

EC
i LC s
:pzym.atlc P separation oxidation MS measurements
igestion c \\\ \,k/ : ) \l/ —— before and after
* /L oxidation
Protein Peptide mixture Surrogate peptide  Electrochemical current

¥ an oxidizable amino acid residue such as Y

Scheme 4.1 Schematic showing our approach for absolute quantitation of protein.

As illustrated in Scheme 4.1, in our approach, a target protein is first digested into

peptides. By using chromatographic separation, a peptide containing electrochemically
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active residue (e.g., tyrosine), can be separated out and chosen as a surrogate signature
peptide and then introduced for oxidation in an electrochemical flow cell, followed with
MS detection. Electric current is generated and recorded during electrochemical oxidation.
Based on the Faraday’s Law, Q, the total electricity can be calculated by integrating the
Faradaic current over time. Q is related to the moles of the peptide that has been oxidized,
as shown in the equation of Q = nzF (n, z and F denote the moles of the oxidized peptide,
the number of electrons lost from oxidizing every peptide molecule, the Faraday constant
of 9.65x10* C/mol, respectively). Thus, n is equal to Q/zF. Upon oxidation, ion intensity
of the surrogate peptide decreases. The relative reduction of the peptide ion peak area in
the recorded MS data before and after the electrochemical oxidation reflects the oxidation
yield (denoted as Ai). Thus, the total amount of the surrogate peptide can be calculated as
the quotient of the amount of the oxidized peptide n and the oxidation yield Ai (i.e.,
Q/(zFAj)).

Recently we have shown that this CMS method can be used for accurately
quantifying small molecules®®">17® and tyrosine- or cysteine-containing peptides
including phosphopeptides.t”” In this study, the method is applied to absolute protein
quantitation, for the first time, as protein can be digested into peptides and
stoichiometrically one protein molecule typically produces one peptide molecule in theory
(antibody can be an exception). By using our approach, we successfully quantified the
absolute amounts of B-casein, apomyoglobin, and KaiB proteins expressed from E. Coli.
The peptide amount measured by CMS is in excellent agreement with traditional isotope
dilution method (<3% difference) and also can reflect the amount of the corresponding

protein. Our measurement error for quantitation of these proteins, defined as the difference
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between the moles of surrogate peptides and the moles of the corresponding proteins
(determined from either the known weight or the Bradford Assay), ranges from -11.1~-
12.8%. The negative error indicates there is likely a slight sample loss during the tryptic
digestion of proteins to peptides. 1gG2 antibody can also be quantified by CMS method.
The relatively large quantitation error of -26.4% is likely due to the difficulty in the

digesting this large protein.

4.2 Experiments

4.2.1 Chemicals

Apomyoglobin from horse skeletal muscle (protein sequencing grade) and B-casein from
bovine milk (bioultra grade) were bought from Sigma Aldrich (St. Louis, MO). The
monoclonal antibody drug Vectibix™ (panitumumab, 1gG2) was purchased from Amgen
(Thousand Oaks, CA). Peptides GGYR, DRVY and Arg8-vasotocin (sequence:
CYIQNCPRG, two cysteines are connected with one disulfide bridge) were obtained from
Genscript Biotech (Piscataway, NJ). Stable isotope-labelled peptide standards AVPYPQR”"
(labeled at arginine, *C6, N4, 95% purity) and VL"IGLDLLYGELQDSDDF (labeled at
leucine, *C6, 1°N, 95% purity) were both purchased from New England Peptide (Gardner,
MA). Trypsin (sequencing grade) was purchased from Promega (Madison, WI).
Acetonitrile (ACN, HPLC grade) and acetone (ACS grade) were bought from Fisher
Scientific (Fair Lawn, NJ). Formic acid (HPLC grade), urea (electrophoresis grade),
ammonium bicarbonate (bioultra grade), dithiothreitol (DTT, bioultra grade), Tris(2-
carboxyethyl)phosphine hydrochloride (TCEP, bioultra grade) and iodoacetamide (I1AA,

bioultra grade) were all bought from Sigma Aldrich (St. Louis, MO). A Millipore Direct-
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Q5 purification system (Burlington, MA) was used to obtain purified water for sample

preparation.

4.2.2 Protein Expression and Purification

The cloning and purification of KaiB were performed as described previously with minor
modifications.}’®1® Basically, the open reading frame of KaiB from Synechococcus
elongatus was amplified using polymerase chain reaction (PCR) and cloned into the pET-
28b expression vector with a small ubiquitin-related modifier (SUMO) using Ndel and
Hindlll cloning sites. Escherichia coli BL21(DE3) was used for the overexpression of
KaiB. Transformed E. coli culture was grown in 1 L LB at 37°C until Asoo reaches 0.7. The
culture was induced with 1 mM isopropyl B-D-thiogalactopyranoside (Calbiochem, San
Diego, CA) to overexpress recombinant KaiB. After 6 hours, the cells were harvested and
stored at -80°C overnight. The cell pellets were resuspended in the buffer (500 mM NacCl,
20 mM Tris-HCI, 5 mM imidazole, and pH = 7.0). The cell lysate was clarified by
centrifugation at 20,000 g for 60 min at 4°C. The supernatant was filtered with 0.45 pum
vacuum filter to remove small particles. The His-tagged KaiB was purified with Ni column
and the anion-exchange chromatography was applied for further purification. Ulpl
protease was added to the eluent to cut the tag out. The His-tag was cleaved from KaiB
after incubation at 4 °C overnight. To separate KaiB from His-tag, Ni column was used
again, and another anion-exchange column was applied to complete the purification. The
purity was checked by SDS/PAGE and dialyzed with the buffer (150 mM NaCl, 20 mM
Tris-HCI, pH 8.0). The expressed KaiB protein was concentrated and determined at a
concentration of 206 UM by the Bradford protein assay. The protein sample was then stored

at —80 °C, prior to CMS quantitation.
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4.2.3 Proteolytic Digestion

200 pg of B-casein from bovine milk was dissolved in 50 mM ammonium bicarbonate
(NH4HCOs, pH 7.4), followed by adding 50 pL of 0.2 pg/uL trypsin solution. The protein
sample was incubated at 37°C for overnight. The digested f-casein sample was diluted to
the final concentration of 30 UM by adding mobile phase A (water with 0.1% formic acid).
100 ug of apomyoglobin from horse skeletal muscle was dissolved in 50 mM ammonium
bicarbonate (NH4HCO3, pH 7.4), followed by adding 50 pL of 0.2 pg/pL trypsin solution.
The protein sample was incubated at 37°C for overnight. The digested apomyoglobin
sample was slightly diluted to the final concentration of 25 uM by adding mobile phase A
(water with 0.1% formic acid).

The Vectibix 1gG2 antibody was efficiently acetone precipitated and on-pellet
digested by a reported procedure'®!8! with minor modifications. Briefly, the total
concentration of the 1gG2 was adjusted to 4 mg/mL and 25 pL was precipitated by addition
of three aliquots of cold acetone (50 pL each) while vortexing. The sample was incubated
overnight at -20°C and then centrifuged at 12000 g for 20 min. The supernatant was
carefully removed, and the pellet was air-dried at room temperature. Then a 50 pL of 0.08
pg/uL trypsin (in 50 mM Tris buffer, pH 8) was added to dissolve the pellet. After a brief
vortexing, the sample solution was incubated in a water bath at 37°C for 4 h. After that the
sample was reduced with 5 mM TCEP at 95°C for 5 min, and then alkylated with 10 mM
IAA at 37°C for 30 min in the dark. A second aliquot of trypsin (0.1 pg/uL, 40 pL) was
added to the sample solution. The sample was incubated at 37°C overnight to achieve
complete digestion. The final volume of the digested solution was 100 pL, and the final

concentration of digested antibody was 3.4 pM.
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100 g of KaiB protein was precipitated from the expressed protein sample solution
using cold acetone at -20°C overnight to remove salts and buffers. The protein pellet was
obtained by centrifugation at 13,000 g for 10 min. Then protein pellet was washed by cold
acetone once and air-dried at room temperature. After that, the protein pellet was re-
dissolved in 100 pL of 8 M urea. The protein was reduced by DTT at 37°C for 30 min and
alkylated by IAA at room temperature in the dark for 30 min. DTT was added again to
guench extra amount of 1AA. The sample was diluted by adding 100 mM NH4HCO3 to
reduce urea concentration lower than 2 M. 4 ug of trypsin (protease: protein = 1:25, w/w)
was added into the protein sample solution and incubated at 37°C for overnight. The
digestion process was terminated by adding 1% formic acid (v/v). Peptides were then
desalted by using C18 spin columns from G-Biosciences (St. Louis, MO). The desalted
peptides were collected and diluted to the final concentration of 28 uM by adding mobile

phase A (water with 0.1% formic acid) before LC/EC/MS analysis.

4.2.4 Instrumentation

As shown in Scheme 4.2, the experimental setup consisted of a ultra-performance liquid
chromatography (UPLC, Waters, Milford, MA) coupled with an electrochemical thin-layer
flow cell (BASI, West Lafayette, IN; cell dead volume: ca. 1 yL) and a high-resolution
Orbitrap Q Exactive mass spectrometer (Thermo Scientific, San Jose, CA). The
electrochemical cell used a glassy carbon disc (i.d., 6 mm, catalog# MF-1015) as the
working electrode (WE). An Ag/AgClI (3M NaCl) working electrode electrode was adopted
as the reference electrode (RE, catalog# RE-6) and the cell stainless steel body served as a
counter electrode (CE, catalog# MF-1092). A reversed phase column (BEH C18, 2.1 mm

x 50 mm, 1.7 pum) was used for separation. A potential of +0.95 V or +1.05 V (vs.
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Ag/AgCl) was applied to WE to trigger the oxidation of LC-separated peptides (the
potential used in this study was chosen and optimized for achieving selective oxidation of
tyrosine-containing peptides due to the relatively low oxidation potential of tyrosine
residue compared to other residues®). A ROXY™ potentiostat (Antec BV, The
Netherlands) was used to monitor and record the oxidation current. OriginPro 2018b was
used to import and integrate the electric current peak to calculate the total electric charge
of Q. The peptide flowing out of electrochemical cell was online analyzed using the
Orbitrap mass spectrometer equipped with a heated electrospray ionization (HESI) source.
The flow rate of sheath gas and the applied ionization voltage were 10 L/h and the +4 kV,
respectively. The ion transfer inlet capillary temperature was kept at 250 °C. Mass spectra

were acquired by Thermo Xcalibur (3.0.63). The working electrode were cleaned by
polishing with alumina slurry after use.

I | B

EC

Scheme 4.2 Schematic drawing of the LC/EC/MS setup for absolute quantitation of
proteins.

For LC/MS analysis of peptide mixtures, the mobile phase flow rate was 200

pML/min. In a gradient elution, the mobile phase B (acetonitrile with 0.1% formic acid)

increased from 5% to 8% in 3 min, and reached to 15% in 1 min. Then, mobile phase B
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was reduced back to 10% in 1 min and kept at 10% for 4 min before returned to 5%. The
concentrations of GGYR, DRVY, and Arg8-vasotocin in the peptide mixture were 20 UM,
20 uM, and 25 pM, respectively. The injection volume was 3 pL per analysis.

For LC/MS setup of digested B-casein, apomyoglobin, and KaiB, the mobile phase
flow rate was 200 pL/min. The mobile phase B (acetonitrile with 0.1% formic acid)
increased from 5% to 40% in 10 min, and climbed to 70% from 10 min to 15 min. Then,
the mobile phase B went back to 5% in 1 min, and then kept at 5% for 4 min. The
concentrations of digested B-casein, apomyoglobin, and KaiB were 30 uM, 25 uM, and 28
uM, respectively. The injection volume was 3 pL per analysis.

For LC/MS setup of digested antibody, the mobile phase flow rate was 200 pL/min.
The mobile phase B (acetonitrile with 0.1% formic acid) increased from 5% to 20% in 5
min, and reached to 30% from 5 min to 25 min. Then, the mobile phase B climbed to 95%
in 1 min and kept at 95% for 5 min. After that the mobile phase B returned to 5% in 1 min
and finally isocratic at 5% for 5 min. The concentration of digested 1gG2 antibody was 3.4

uM. The injection volume was 3 pL per analysis.

4.3 Results and Discussion
The most commonly used approach for MS quantitation of proteins is surrogate peptide
analysis in which a protein analyte is digested into peptides and a peptide is selected and
guantified by MS. The measured quantity of the surrogate peptide reflects the amount of
its precursor protein analyte. Our CMS method for protein absolute quantitation also adopts
the protein digestion step but quantifies the surrogate peptide using MS combined with

electrochemistry (EC). To test if CMS is applicable to quantify peptides from a protein
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digest, we first examined the feasibility of measuring peptides from a mixture. In our
experiment, three tyrosine-containing peptides, GGYR, DRVY, and Arg®-vasotocin
(sequence: CYIQNCPRG-NH2, 1-6 disulfide bond) were mixed together to serve as a
mixture sample which underwent reversed-phase LC separation under gradient elution
conditions, online electrochemical oxidation and subsequent MS detection. Extracted-ion
chromatograms (EIC) of +2 ions of the three peptides after UPLC separation are shown in
Figures 4.1-a, b, and c, respectively. The injection volume of mixture was 3 pL (injected
amount: 60 pmol GGYR, 60 pmol DRV, and 75 pmol Arg8-vasotocin). At the same time,
oxidation current peaks corresponding to different peptides were recorded (Figure 4.1-¢).
In contrast, no oxidation current peaks were observed in Figure 4.1-d from a blank solvent
sample under the same oxidation potential of + 0.95 V, indicating that those peaks observed
in Figure 4.1-e are results of electrochemical oxidation of the three peptides. Indeed, the
online MS detection following the electrochemical oxidation confirmed that those peaks
are from the peptide as labeled in Figure 4.1-e. For instance, before electrolysis (Figure
4.1-f, no potential was applied to the cell), the +2 ion of GGYR was observed at m/z 226.6.
When +0.95 V was applied to the cell for oxidation (Figure 4.1-g), a peak at m/z 225.61
arose, corresponding to +2 ion of the oxidized peptide product (one tyrosine residue loses
two hydrogens and two electrons (z=2) to form semi-quinone upon oxidation; as a result,
2 Da mass shift occurs to the peptide ion*’"). The electrochemical oxidation consumed
peptide and therefore its intensity dropped after electrolysis. Due to the dependence of ion
intensity on concentration, the relative peptide ion intensity change would suggest the
relative concentration change (i.e., the oxidation yield of the peptide). As shown in Figure

4.2, the integrated EIC peak area for the GGYR ion (m/z 226.6, the +2 ion) at +0.95 V was
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smaller than that at 0 V by 15.6%. This result indicates that the GGYR oxidation yield was
15.6% (Table 4.1). Meanwhile, by applying the Faraday’s Law with the integrated current
peak area, the amount of GGYR that was oxidized was shown to be 9.9 pmol. Therefore,
the total amount of GGYR was measured to 63.5 pmol by CMS. A triplicate measurement
gave the average amount of GGYR to be 63.8+0.6 pmol, which turned out to be close to
the injection amount (60 pmol) with the measurement error of 6.3%. Following the same
procedure, the quantitation errors for the other two peptides, DRVY and Arg8-vasotocin,

were 2.7% and 1.9% (Table 4.1), respectively.
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Figure 4.1 Extracted ion chromatograms of a) GGYR, b) DRVY, and c) Arg®-vasotocin.
Electric oxidation current diagrams are shown due to the oxidation of d) a solvent blank
and e) the peptide mixture. ESI-MS spectra of GGYR was recorded f) when the cell was
turned off and g) when the cell was turned on (applied potential: +0.95 V). The +2 ion of
the oxidized GGYR product was observed at m/z 225.6 in g).
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Figure 4.2 EIC spectra of GGYR, DRVY, and Arg8-vasotocin were recorded when the
applied potential was 0 V in a), ), €), and +0.95 V in b), d), f).
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Table 4.1 Electric Current and MS Data for a Peptide Mixture (GGYR, DRVY, and Arg8-

vasocotin)
Amountof the N Measured Theoretical
Q(pA.min) Q(C) oxidizedanalyte OX|c'iat|on amount Averaged amount Measurement
(pmol) yield (pmol) amount (pmol) (pmol) error
3.28E-02 1.97E-06 10.18756477 0.16067802 63.40359914
GGYR 3.19E-02 1.91E-06 9.904663212 0.15587608 63.54190593 63.8+0.6 60 6.3%
3.20E-02 1.92E-06  9.932642487 0.15403844 64.48158321
6.67E-02  4.00E-06 20.72953368 0.32998131 62.82032664
DRVY 6.54E-02  3.92E-06 20.32849741 0.32804153 61.96927996 61.6+1.4 60 2.7%
6.08E-02 3.65E-06 18.91088083 0.31504823 60.02535177
Args- 2.72E-02  1.63E-06 8.440414508 0.113258599  74.52338792
vasotocin 2.74E-02  1.65E-06 8.521243523 0.109328705  77.94150240 76.4+1.8 75 1.9%
2.66E-02  1.60E-06  8.281865285 0.107745151  76.86531791
EIC peakarea of EIC peakarea of
m/z226.62 before m/z226.62 after Oxidationyield
electrolysis electrolysis
2729641626 2291048213 0.16067802
GGYR 2604523292 2198540412 0.15587608
2626944251 2222293856 0.15403844
EIC peakarea of EIC peakarea of
m/z276.64 before m/z276.64 after Oxidationyield
electrolysis electrolysis
3262116841 2185679243 0.32998131
DRVY 3070881323 2063504722 0.32804153
3038422284 2081172731 0.31504823
EIC peakarea of EIC peakarea of
m/z525.72 before m/z525.72 after Oxidationyield
electrolysis electrolysis
13772412086 12212567994 0.113258599
va?(;if-cin 13573551414 12089572611 0.109328705
13476967282 12024889401 0.107745151

With the success in using CMS to quantify peptides in mixture, we started absolute
protein quantitation, using the surrogate peptide approach. B-casein, a commonly found
phosphoprotein in mammalian milk (224 amino acids, sequence shown in Table 4.2), was
tested by CMS. The protein was first tryptic digested and a tyrosine-containing peptide
AVPYPQR was separated out by chromatography for electrochemical oxidation and
quantified by our method. Without oxidation (Figure 4.3-a), the protonated AVPYPQR

was observed at m/z 415.7. As shown in Figure 4.3-b, after electrolysis, a peak
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corresponding to +2 ion of the oxidized AVPYPQR product was observed at m/z 414.7.
EICs of the +2 ion of AVPYPQR (m/z 415.7) from 3 pL of the 30 uM B-casein digest
(injected amount: 90 pmol) without and with oxidation are shown in Figures 4.3-c and 4.3-
d, respectively. The integrated peak area of m/z 414.7 shown in Figure 4.3-d was smaller
by 5.9% compared to the same peak in Figure 4.3-c, suggesting that the oxidation yield for
AVPYPQR was 5.9% (see detailed data in Table 4.3). Figure 4.3-f shows the electric
current peak from oxidation of AVPYPQR (as a control, no oxidation current peak was
observed in Figure 4.3-e from solvent blank under the same oxidation potential).. The
amount of oxidized AVPYPQR was calculated to be 4.8 pmol, based on the integration of
the current peak area. Therefore, the measured amount of AVPYPQR was 80.1 pmol
(Table 4.3). In a triplicate measurement, the averaged quantity of this peptide measured by
CMS was 79.1 pmol (Table 4.3). For confirmation, an isotope-labelled peptide
AVPYPQR" (labeled at arginine, 3C6, °N4) was purchased and used as an internal
standard to quantify AVPYPQR in the same B-casein digest. By this traditional isotope
dilution method, AVPYPQR in -casein digest was measured to be 78.9 pmol (Figure 4.3).
This value is in excellent agreement with the quantity of 79.1 pmol from our CMS method
(only differed by 0.3%), confirming the possibility of CMS for quantitation. In comparison,
traditional absolution quantitation based on the use of isotope labeled peptide standards
would need 3-5 data points (i.e., 3-5 sample injections) to construct the calibration curve
for quantitation. In comparison, our CMS method is faster, as it actually just needs 2
injections for quantifying one sample. Furthermore, the quantity of 79.1 pmol from our
CMS measurement is also close to the initial amount of B-casein (90 pmol) that was used

to generate the digest. The measurement error of -12.1%, defined as the difference between
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the moles of AVPYPQR peptide and the moles of B-casein (determined by weight),

indicates that there is likely a slight sample loss during the process for tryptic digestion of

proteins to peptides.'8?

Table 4.2 Sequence Information of the Proteins Tested in the Experiments (the Chosen
Surrogate Peptides for Quantitation are Highlighted in Bold)

Protein Name Uniprot # Sequence

MKVLILACLVALALARELEELNVPGEIVESLSSSEESITRINKKIE
KFQSEEQQQTEDELQDKIHPFAQTQSLVYPFPGPIPNSLPQNIPPL
TQTPVVVPPFLQPEVMGVSKVKEAMAPKHKEMPFPKYPVEPFT
ESQSLTLTDVENLHLPLPLLQSWMHQPHQPLPPTVMFPPQSVLS
LSQSKVLPVPQKAVPYPQRDMPIQAFLLYQEPVLGPVRGPFPIIV

B-casein P02666

MGLSDGEWQQVLNVWGKVEADIAGHGQEVLIRLFTGHPETLE

KFDKFKHLKTEAEMKASEDLKKHGTVVLTALGGILKKKGHHE
Apomyoglobin P68082 AELKPLAQSHATKHKIPIKYLEFISDAIIHVLHSKHPGDFGADAQ

GAMTKALELFRNDIAAKYKELGFQG

MSPRKTYILKLYVAGNTPNSVRALKTLKNILEVEFQGVYALKVI
KaiB Q79PF5 DVLKNPQLAEEDKILATPTLAKVLPLPVRRIIGDLSDREKVLIGL
DLLYGELQDSDDF

>1gG2 heavy chain
QVQLQESGPGLVKPSETLSLTCTVSGGSVSSGDYYWTWIRQSPG
KGLEWIGHIYYSGNTNYNPSLKSRLTISIDTSKTQFSLKLSSVTA
ADTAIYYCVRDRVTGAFDIWGQGTMVTVSSASTKGPSVFPLAP
CSRSTSESTAALGCLVKDYFPEPVTVSWNSGALTSGVHTFPAVL
QSSGLYSLSSVVTVPSSNFGTQTYTCNVDHKPSNTKVDKTVER
KCCVECPPCPAPPVAGPSVFLFPPKPKDTLMISRTPEVTCVVVD
VSHEDPEVOQNWYVDGVEVHNAKTKPREEQFNSTFRVVSVLT
VVHQDWLNGKEYCKVSNKGLPAPIEKTISKTKGQPREPQVYTL
PPSREEMTKNQVSLTCLVKGFYPSDIAVEWESNGQPENNYKTTP
PMLDSDGSFFLY SKLTVDKSRWQQGNVFSCSVMHEALHNHYT
QKSLSLSPGK

> 1gG2 light chain
DIQMTQSPSSLSASVGDRVTITCQASQDISNYLNWY QQKPGKAP
KLLIYDASNLETGVPSRFSGSGSGTDFTFTISSLQPEDIATYFCQ
HFDHLPLAFGGGTKVEIKRTVAAPSVFIFPPSDEQLKSGTASVVC
LLNNFYPREAKVQWKVDNALQSGNSQESVTEQDSKDSTYSLSS
TLTLSKADYEKHKVYACEVTHOGLSSPVTKSENRGEC

IgG2
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Figure 4.3 MS spectra of AVPYPQR from the -casein tryptic digest a) when the cell was
off and b) when the cell was turned on (applied potential: +0.95 V). The oxidation product
of AVPYPQR was detected at m/z 414.7. EICs of AVPYPQR were acquired c) when the
cell was off and d) when the cell was turned on (applied potential: +0.95 V). Electric current
diagrams were collected from e) blank solvent and f) the oxidation of AVPYPQR.

Table 4.3 Electric Current and MS Data for Digested -casein (the Selected Surrogate
Peptide: AVPYPQR)

Amountof the o Measured Theoretical
. - Oxidation Averaged Measurement
Q(pA.min)  Q(C) oxidizedanalyte - amount amount
yield amount (pmol) error
(pmol) (pmol) (pmol)
1.50E-02  8.99E-07 4.660103627 0.058658538  79.44459214
AVPYPQR 1.55E-02 9.31E-07 4.821761658 0.059472399  81.07562061 79.1+2.1 90 -12.1%

1.62E-02 9.69E-07 _ 5.020725389  0.065316679  76.86743211
EIC peakareaof EIC peakarea of
m/z415.73 before m/z415.73 after Oxidationyield

electrolysis electrolysis

7169424228 6748876285 0.058658538
AVPYPQR 7233464233 6803272760 0.059472399

6981750243 6525725502 0.065316679
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The isotope-labelled peptide AVPYPQR” (labelled at arginine) was spiked into the
digested B-casein sample at the final concentrations of 4.8, 7.1, 14.3, 28.5, and 57.0 uM
(the 95% purity of isotope-labelled standard was taken into consideration for the sample
concentration calculation), respectively. The LC/MS was set at the mobile phase flow rate
of 200 uL/min. The mobile phase B started from 5% and increased to 40% in 10 min, and
then climbed to 70% from 10 min to 15 min. After that the mobile phase B went back to
5% in 1 min, and then kept at 5% for 4 min. The injection volume was 3 pL per analysis.
The ion intensity ratio of [AVPYPQR”]/[AVPYPQR] plotted against the concentration of

the spiked heavy peptide AVPYPQR” is shown below.
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Figure 4.4 Calibration curve using isotope-labelled peptide AVPYPQR” as an internal
standard.

From the plot above, one can see that: when y=1, x=26.3 UM (Criight] = Clneavy]). SO,

the measured concentration of the light peptide AVPYPQR from the p-casein digest was

70



26.3 UM. Considering that the injection volume of 3 pL, the measured quantity for
AVPYPQR by this isotope dilution method was 78.9 pmol.

Another protein, apomyoglobin (153 amino acids, sequence is shown Table 4.2),
was also analyzed by CMS. After proteolytic digestion, YKELGFQG, a Tyr-containing
and electro-oxidizable peptide, was identified and separated by LC/MS analysis, which can
be used for quantitation with our method. Without oxidation (Figure 4.5-a), the protonated
YKELGFQG was observed at m/z 471.2. As shown in Figure 4.5-b, after electrolysis, a
peak corresponding to +2 ion of the oxidized YKELGFQG product was observed at m/z
470.2, due to two hydrogen losses from tyrosine oxidation. EICs the +2 ion of YKELGFQG
(m/z 471.2) from 3 pL of 25 uM apomyoglobin digest (injected amount: 75 pmol) without
and with oxidation are shown in Figures 4.5-c and 4.5-d, respectively. The peak area of
m/z 471.2 decreased by 0.98% upon oxidation (comparing Figures 4.5-c and 4.5-d),
showing that the yield of peptide YKELGFQG oxidation was 0.98% (Table 4.4). In
addition, the current peak as a result of oxidation of YKELGFQG was detected (Figure
4.5-f). The amount of oxidized YKELGFQG was calculated to be 0.68 pmol, based on the
current peak integration. Therefore, the measured amount of YKELGFQG was 68.9 pmol
and a triplicate measurement gave an averaged quantity of 66.6 pmol (Table 4.4).
Assuming that one molecule of protein apomyogloin produces one molecule of peptide
YKELFQG (note that further cleavage between K and E residues in YKELFQG by trypsin
was negligible, probably due to the influence of adjacent acidic residue E which forms a
salt bridge with K residue®®®), the measured protein amount is therefore 66.6 pmol. This

value is quite close to the amount of protein of 75.0 pmol (11.1% error, Table 4.4) for
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generating the 3 L of the protein digest that was analyzed. This result further confirms the

viability of using CMS for protein quantitation.
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Figure 4.5 ESI-MS spectra of YKELGFQG from the apomyoglobin tryptic digest when
the applied potential was a) 0 V and b) +1.05 V. The peak of the oxidation product of
YKELGFQG was seen at m/z 470.2 in b). EIC of YKELGFQG was recorded when the
applied potential was c¢) 0 V and d) +1.05 V. Electric current responses were due to the
oxidation of e) blank solvent and f) YKELGFQG. Note that there is a small peak of m/z
470.2 in a), which might be caused by in-source oxidation of YKELGFQG.

Table 4.4 Electric Current and MS Data for Digested Apomyoglobin (the Selected
Surrogate Peptide: YKELGFQG)

Amount of the — Measured Theoretical
. . Oxidation Averaged Measurement
Q(pA.min) Q(C) oxidizedanalyte - amount amount
yield amount (pmol) error
(pmol) (pmol) (pmol)
2.47E-03  1.48E-07 0.767875648 0.011311603  67.88389303
YKELGFQG 2.18E-03 1.31E-07  0.677720207  0.009829221  68.94953395  66.6%3.2 75 -11.1%
1.77E-03  1.06E-07 0.550259067 0.008729073  63.03751464
EIC peakareaof EIC peakarea of
m/z471.24 before m/z471.24 after Oxidationyield
electrolysis electrolysis
2596956965 2567581219 0.011311603
YKELGFQG 3266148058 3234044367 0.009829221
3071323798 3044513987 0.008729073
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With the success in quantifying standard model proteins, we took a step further to
use our CMS method for the quantitation of a biological sample of KaiB protein isolated
from E. Coli (sequence shown in Table 4.2). KaiB protein is a circadian clock protein in
cyanobacteria. The circadian clock is an endogenous timekeeping mechanism that provides
many advantages for life in a rhythmically changing environment.'8 The gene expression,
metabolism, physiology, and behavior of almost all light-perceiving organisms living on
earth are governed by a circadian (~24-hour) clock, which anticipates the daily rhythm of
the sunlight and the ambient temperature.'858 Djsruption of the circadian clock in humans
is correlated with many health issues, such as cancer, heart attacks, obesity, diabetes,
fatigue, mood disorders, and most notably jet lag.8"~*%! The cyanobacterial circadian clock
is a simple model system of the human circadian clock. The cyanobacterial circadian clock
regulates more than 30% of its gene expression which affects the physiology of the cell.*8°
In cyanobacteria, the amounts of the gene expression products oscillate with a 24-hour
period. Till now, there is no commercially available protein standard for the KaiB protein
quantitation. The quantitation of the transcription products (RNA) has been reported®21%
but the quantitation of the translation products of protein KaiB has not been reported yet.
Because the proteins are the major determinant of the cell physiology, the timely
measurement of the protein amount is significantly important to understand the circadian
regulation of the gene expression and its physiology of cyanobacteria.

In our experiment, the cloning and purification of KaiB were performed as
described previously with minor modifications!’®'"® and details are shown in the

Experimental Section. After digestion of KaiB protein isolated from E. coli, a Tyr-
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containing peptide VLIGLDLLYGELQDSDDF could be separated out and quantified by
CMS. Without oxidation (Figure 4.6-a), the +2 ion of VLIGLDLLYGELQDSDDF was
observed at m/z 1013.0. When the electrochemical cell was turned on for oxidation (Figure
4.6-b), +2 ion of the oxidized peptide product aroseat m/z 1012.0. The integrated area for
the m/z 1013.0 peak after electrochemical oxidation was smaller by 6.5% (note that there
is a little contribution to the peak of m/z 1013.0 from the third isotopic peak of m/z 1012.0,
which was corrected for the oxidation yield calculation; see details in Table 4.5), compared
to the same peak before oxidation, which indicated the oxidation yield was 6.5%.
Meanwhile, the electric current as a result of oxidation of VLIGLDLLYGELQDSDDF was
observed (shown in Figure 4.6-d). The amount of VLIGLDLLYGELQDSDDF that
underwent oxidation was calculated to be 4.6 pmol, based on the integration of the current
peak area. Therefore, the amount of peptide measured by CMS was 71.3 pmol (the
averaged value from a triplicate measurement: 73.3 pmol, Table 4.5). For comparison, an
isotope-labelled peptide VL IGLDLLYGELQDSDDF (labeled at leucine, *3C6, °N) was
purchased and used as an internal standard to quantify the same KaiB protein digest. The
measured quantity for VLIGLDLLYGELQDSDDF by this isotope dilution method was
71.1 pmol (see data Figure 4.7). Again, the peptide quantity measured by two different
methods are in excellent agreement (differed by 3.0%), providing validation of this CMS
quantitative analysis approach. Based on our Bradford assay of the initial KaiB protein
sample, the total amount that was used to produce the KaiB digest was estimated to be 84
pmol (28 uM, 3 pL). The moles of the surrogate peptide VLIGLDLLYGELQDSDDF
measured by our CMS is close to the moles of KaiB protein, with the measurement error

of -12.8% (likely due to sample loss during the digestion/desalting processes).
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Figure 4.6 MS spectra of VLIGLDLLYGELQDSDDF from the KaiB tryptic digest
a) when the cell was off and b) when the cell was turned on (applied potential: +0.95 V).
The oxidized product peak was detected at m/z 1012.0 (+2 ion) in b). Electric current
response curves are shown, due to oxidation of c) solvent blank and d)
VLIGLDLLYGELQDSDDF.

Table 4.5 Electric Current and MS Data for Digested KaiB (the Selected Surrogate
Peptide: VLIGLDLLYGELQDSDDF)

Amountof the e Measured Theoretical
. . Oxidation Averaged Measurement
Q(pA.min) Q(C) oxidizedanalyte . amount amount
yield amount (pmol) error
(pmol) (pmol) (pmol)
VLIGLDLLYG 9.29E-03 5.57E-07 2.888082902 0.036395796  79.35210160
ELQDSDDF 1.48E-02 8.89E-07 4.604145078 0.064535700  71.34260693 73.315.4 84 -12.8%

1.61E-02  9.64E-07  4.995854922 0.072336493  69.06410188
EIC peakarea of EIC peakarea of CorrectedEIC

m/z1013.00  m/z1013.00 peakareaof CXidation
before electrolysis afterelectrolysis m/z1013.00 yield
3963974050 3960770050 3819702058 0.036395796
Vt'gé?ggFGE 5072494677 4883731893 4745137681 0.064535700
4018493894 3794767970 3727810140 0.072336493
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The isotope-labelled peptide VLANGLDLLYGELQDSDDF (labelled at leucine,
13C6, 15N) was spiked into the digested KaiB sample at the final concentrations of 4.8,
14.3, 28.5, and 52.3 uM (the 95% purity of VLANIGLDLLYGELQDSDDF was taken into
account for its concentration calculation), respectively. The LC/MS was set at the mobile
phase flow rate of 200 uL/min. The mobile phase B started from 5% and increased to 40%
in 10 min, and then climbed to 70% from 10 min to 15 min. After that the mobile phase B
went back to 5% in 1 min, and then kept at 5% for 4 min. The injection volume was 3 puL
per analysis. The ion intensity ratio of [VLMNGLDLLYGELQDSDDF]/
[VLIGLDLLYGELQDSDDF] plotted against the concentration of the spike heavy peptide

VLMNGLDLLYGELQDSDDF is shown below.
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Figure 4.7 Calibration curve using isotope-labelled peptide VL"IGLDLLYGELQDSDDF
as an internal standard.

From the plot above, one can see that: when y=1, x=23.7 uM (c[light] = c[heavy]).

So, the measured concentration of the light peptide VLIGLDLLYGELQDSDDF from
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KaiB digest was 23.7 uM. Considering that the injection volume of 3 uL, the measured
quantity for VLIGLDLLYGELQDSDDF by this isotope dilution method was 71.1 pmol.

Besides that, an alternative comparison by quantifying two tryptic digested peptide
fragments from the same KaiB digestion sample was conducted to further validate this
method. Two peptide fragments NILEVEFQGVYALK and VLIGLDLLYGELQDSDDF
were selected and quantified from the same injection run in a separate trial (Table 4.6).
While VLIGLDLLYGELQDSDDF was determined by CMS to be 17.6 pmol, another
peptide NILEVEFQGVYALK was measured to be 18.5 pmol, and their quantities were in
good agreement (4.9% difference). Such a redundancy experiment could help to confirm

the robustness and reproducibility of the CMS method.

Table 4.6 Electric Current and MS Data for Digested KaiB (the Selected Surrogate
Peptides are NILEVEFQGVYALK and VLIGLDLLYGELQDSDDF)

Amount of the Measured

Q(uA.min) Q(C) oxidizedanalyte Oxu_jatlon amount Averaged
yield amount (pmol)
(pmol) (pmol)
3.16E-3  1.90E-07 0.98238342 0.050724133  19.36717999
N a . 34563 2076-07 10725388  0.059629154 17.98681991  18.540.7
3.51E-3  2.11E-07 1.09119171 0.059798044 18.24794979
3.54E-3 2.12E-07  1.100518135 0.059042871 18.63930587
VELL'CGIEZLDL;(FS 3.67E-3  2.20E-07 1140932642  0.067123959 16.99739784  17.6£0.9
3.62E-3  2.17E-07 _ 1.125388601 0.065343615  17.22262542
EIC peakarea of EIC peakarea of CorrectedEIC Oxidation
m/z811.9 before m/z811.9 after peakarea of .
electrolysis electrolysis m/z811.9 yield
642667065 627095864 610068335 0.050724133
NILEVEFQGVYALK 702442081 684881095 660556054 0.059629154
711346295 693134219 668809178 0.059798044
EIC peakarea of EIC peakarea of Corrected EIC Oxidation
m/z1013.0 before m/z1013.0 after peakarea of .
electrolysis electrolysis  m/z1013.00 lklle
222622460 217010542 207029344  0.059042871
VLIGLDLLYGELQDSDDF 232397926 226217064 214474478 0.067123959
233467511 227619811 215877225  0.065343615
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To further test the capability of the CMS method, Vectibix (panitumumab,
approximate molecular weight 147 kDa, sequence shown in Table 4.2), a recombinant
human IgG2 kappa monoclonal antibody binding specifically to the human epidermal
growth factor receptor (EGFR) was also tested and quantified in the experiment. After
antibody was acetone precipitated and on-pellet digested, LLIYDASNLETGVPSR, a Tyr-
containing peptide from light chain was identified and separated by LC/MS analysis, which
can be used for quantitation by our method. Without oxidation (Figure 4.8-a), peptide
LLIYDASNLETGVPSR was observed at m/z 874.5 (+2 ion) and chosen as the surrogate
peptide. As shown in Figure 4.8-b, after electrolysis, the oxidized product of
LLIYDASNLETGVPSR (+2 ion) was detected at m/z 873.5, due to two hydrogen losses
from tyrosine oxidation. Figures 4.8-c and 4.8-d show the EIC the +2 ion of
LLIYDASNLETGVPSR (m/z 874.5) from 3 pL of 3.4 uM IgG2 antibody digest (10.2
pmol) without and with oxidation, respectively. Note that one IgG2 molecule contains two
identical light chains in which the surrogate peptide fragment is located. Therefore the
theoretical amount of surrogate peptide was 20.4 pmol per injection by calculation. The
oxidation yield for LLIYDASNLETGVPSR was suggested to be 8.2% (Table 4.7), by
comparing the peak area of m/z 874.5 before and after oxidation (Figures 4.8-c and 4.8-d).
Meanwhile, the amount of the oxidized LLIYDASNLETGVPSR was calculated to be 1.28
pmol, based on the area integration of electric current peak observed from peptide
oxidation (Figure 4.8-f). Therefore, the measured amount of LLIYDASNLETGVPSR was
15.7 pmol (triplicate average: 15.0 pmol). Compared to the theoretical amount (20.4 pmol)
of this surrogate peptide, the measurement error was -26.4%. The error is relatively bigger

as those shown above for other proteins, probably due to the large size of this antibody
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which may lead to difficulty in its digestion. Indeed, sample loss up to 32% during antibody
digestion was reported before.*° Other possible contributing factors affecting the digestion
efficiency are the low antibody concentration, multiple preparation and digestion steps,
artificial degradations, and rich disulfide bonds structure, etc..!821%4-197 A possible solution
to alleviate the sample losses could be the use of combined enzymes such as Lys-C and
trypsin to increase digestion efficiency. Nevertheless, the CMS method has demonstrated
its capability to absolute quantitation of large biomolecules and potential practical utility
in drug development. Although quantitation of mainly pure protein samples were
demonstrated in this study, our CMS method is expected to be applicable for quantifying
proteins in mixture as it allows selective electrochemical oxidation of tyrosine-containing

surrogate peptides.?® Such an experiment is under way.
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Figure 4.8 ESI-MS spectra of LLIYDASNLETGVPSR from the IgG2 tryptic digest when
the applied potential was a) 0 V and b) +1.05 V. The peak of the oxidation product was
seen at m/z 873.46 in b). EIC of LLIYDASNLETGVPSR was recorded when the applied
potential was c¢) 0 V and d) +1.05 V. Electric current responses were due to the oxidation
of e) the blank solvent and f) LLIYDASNLETGVPSR.
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Table 4.7 Electric Current and MS Data for Digested IgG2 (the Selected Surrogate Peptide:
LLIYDASNLETGVPSR)

Amountofthe e Measured Theoretical
. . Oxidation Averaged Measurement
Q(pA.min)  Q(C) oxidizedanalyte . amount amount
yield amount (pmol) error
(pmol) (pmol) (pmol)
4.36E-03  2.62E-07 1.355440415 0.092871476 14.59479776
LLYDASNLE 4 12E-03  2.47E-07  1.280829016  0.081836381 15.65109544  15.0:0.6 20.4 -26.4%

TGVPSR
3.99E-03  2.39E-07 _ 1.240414508 0.084028980  14.76174665

EIC peakarea of EIC peakarea of Corrected EIC

m/z 874.46 before m/z874.46 after peakarea of Ox@atlon
electrolysis electrolysis m/z874.46 yield
1006918882 920117747 913404839 0.092871476
t YGDVfS"F‘{LET 1036441991 958336237 951623329 0.081836381
1048967089 967536363 960823455  0.084028980

4.4 Conclusions
In this study, we demonstrated the proof-of-concept of using coulometric mass
spectrometry approach to quantify proteolytic surrogate peptides with the aim of
quantifying proteins. Several proteins were successfully quantified by using this CMS
method, after digestion. The results measured by CMS were very comparable to the results
by isotope-labeling method. The advantage of this method is that neither standard peptide
nor isotope-labeled peptide is in need for absolute protein quantitation. Our CMS
experiment is virtually a typical bottom-up LC/MS proteomics experiment. With only
addition of an EC component, quantitative information of proteins can be obtained,
showing the power of our CMS method. It is also fast as no standard curve needs to be
obtained for quantitation. Redundancy experiment for simultaneous quantifying two
peptides from one protein digest is possible. Future work will be focused on applying CMS

method for real-world applications in absolute protein quantitation of biological samples.
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CHAPTER 5
STRUCTURAL ELUCIDATION USING ATMOSPHERIC PRESSURE
THERMAL DISSOCIATION MASS SPECTROMETRY

Adapted from Zhao, P.; White, T.; Graham Cooks, R.; Chen, Q.; Liu, Y.; Chen, H. J. Am.
Soc. Mass Spectrom. 2018, 29 (12), 2317-2326. Copyright 2018, American Chemistry
Society.
5.1 Introduction

lonic dissociation is the usual basis for structural analysis by MS.1%-205 However, a
significant limitation is that only charged fragments from ion dissociation events are
detected while neutral fragments are simply lost. Researchers began to pay attention to the
‘lost’ neutral fragments several decades ago. Analysis of neutral species by mass
spectrometric techniques became possible when neutralization-reionization mass
spectrometry (NRMS)?%-2%8 and neutral fragment reionization (NfR)2%° were introduced,
based on reionization of the resulting neutrals by collision with another target (e.g., O2)
via electron transfer or charge stripping. However, although this type of technique is very
powerful, it requires specialized instrumentation and it is implemented in vacuum, which
limits its utility. Recently we reported our efforts to solve this problem by developing
atmospheric pressure neutral reionization mass spectrometry (APNR).?1%214 In APNR,
analyte ions are thermally dissociated using atmospheric pressure thermal dissociation
(APTD) followed by online ambient reionization using electrosonic spray ionization
(ESSI) or corona discharge. In this study, we report that neutral CO species lost during
fragmentation can be characterized by several techniques including online CO sensor and
reionization MS monitoring, and offline UV-Vis or MS detection following complexation

with a binuclear rhodium complex. Detection of CO is significant as CO was proposed to
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be produced from two important ion dissociation pathways: the dissociation of protonated
amino acids to form iminium ions (loss of 46 Da) and the conversion from peptide b ions

to a ions (loss of 28 Da).

a)

Scheme 5.1 Three proposed amino acid fragmentation pathways toward the formation of
iminium ion (illustrated using phenylalanine as an example): a) losses of CO and H.O
molecules, b) loss of dihydroxycarbene C(OH)2, and c) loss of formic acid HCOOH.
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Scheme 5.2 Schematic drawing of the APTD apparatus and processes: 1) direct detection
of ionic fragments from the APTD coiled tube by MS, 2) use of CO sensor to directly detect
carbon monoxide emerging from the APTD coiled tube and 3) use a binuclear rhodium
complex solution to trap CO molecules followed with offline characterization by MS
and/or UV/Vis.

Although gas-phase ion dissociation of protonated amino acids has been
extensively studied under a variety of ionization conditions and methods,?>2%* the
mechanism for the formation of iminium ion during amino acid or peptide ion dissociation
225-221 nas been the subject of debate. Three main mechanisms have been previously
proposed in different studies (see Scheme 5.1): a) losses of H.O and CO; b) loss of
dihydroxycarbene, :C(OH); and c) loss of formic acid, HCOOH.??® However, none of these
studies have given unambiguous experimental evidence regarding the structure of the lost
neutrals. In the report by Harrison et al., which proposed pathway a (Scheme 5.1), the
authors demonstrated that the reaction was analogous to the retro-Koch reaction and
required a translocation of the proton from nitrogen to the OH group with a subsequent

loss of CO and H20.2?* Pathway b (Scheme 5.1), proposed to produce C(OH)z, was
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supported by Kulik and coworkers via metastable ion and collisional activation fast atom
bombardment (FAB) technique.??® Unfortunately, the result showed no evidence for an
intact C(OH)2 neutral product. Pathway ¢ (Scheme 5.1) was proposed by Meot-Ner and
Field, and formic acid was suggested to be produced. However, this mechanism requiring
a four-centered transition state was expected to be thermodynamically unfavorable.?*
Later, O’Hair and coworkers explored this ion dissociation mechanism through a
computational study. Based on ab initio and density functional theory calculations, the
losses of CO and H20 neutrals were shown to be both thermodynamically and kinetically
favored over the alternative HCOOH or :C(OH). fragmentation process.??® Furthermore,
the unimolecular chemistry of protonated amino acids was also explored in detail by
Wesdemiotis et al..*®® However, direct characterization of CO neutral resulting from amino
acid ion dissociation has not previously been achieved and that is the focus of the current
study.

In this paper, we applied the APTD technique to dissociate protonated amino acids
such as +1 ion of phenylalanine, generated by electrosonic spray ionization (ESSI, a soft
ionization method similar to electrospray ionization®?), to generate both ionic and neutral
fragments at atmospheric pressure. As APTD operates outside the mass spectrometer rather
than in vacuum, it should be possible to access the neutrals and characterize them. As
shown in Scheme 5.2, an amino acid (e.g., phenylalanine) was sprayed by ESSI into a
coiled and heated tube outside the mass spectrometer where it underwent thermal
dissociation to produce fragment ions and neutrals. The coiled shape increases gas
turbulence, facilitating ion dissociation. Our results showed that neither formic acid

(HCOOH) nor dihydroxycarbene C(OH)2 was detected during APTD of phenylalanine. On
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the other hand, CO was successfully detected in the process. This study provides direct
evidence to support the production of carbon monoxide in the process for the formation of
iminium ion from amino acid ion dissociation. In addition, upon ion activation such as
collision-induced dissociation (CID), b ions are often produced as a result of peptide amide
backbone cleavage. It is also well accepted that a ions are generated from b ions via further
dissociation by loss of CO (Scheme 5.3).2%22% However, CO was not characterized
previously in this ion dissociation process. This experiment also was attempted to provide

evidence for this widely accepted assumption.

O R O R. O Ry O R O R
n n
H,N clz—ky: N C)—g N—¢ |c|;® —— H,N clz—ﬁg N (lz)—é N—CH + co
— —N— —N—C— — —N— —N—CH +
27 H A/ n-2 H 2T H A/ n-2 ®
bn an

Scheme 5.3 Scheme showing dissociation from peptide b ion to a ion by the loss of neutral
CO. Note that a and b ions are drawn in the way shown in their original definitions; their
true structures may well be cyclic.236-2%

5.2 Experiments

5.2.1 Chemicals

Phenylalanine,  leucine, histidine,  tryptophan,  !3C-labelled  phenylalanine,
phenylethylamine, and rhodium acetate dimer were purchased from Sigma-Aldrich (St.
Louis, MO). Gly-His-Gly and Gly-Trp-Gly peptides were bought from MP Biomedicals,
LLC (Solon, OH) and Chem-Impex Int’l Inc., (Wood Dale, IL), respectively. HPLC-grade
acetonitrile was purchased from Fisher Scientific (Hampton, NH). Acetic anhydride was
purchased from Spectrum Chemical (New Brunswick, NJ). Ammonium hydroxide was

purchased from GFS Chemicals (Powell, OH). Deionized water for sample preparation was
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obtained from a Nanopure Diamond Barnstead purification system (Barnstead

International, Dubuque, 1A).

5.2.2 Instrumentation

The APTD device was home-made, as a one-loop stainless steel tube (3.2 mm o.d., 1.6 mm
i.d., 20 cm length, and 2.5 cm loop diameter) wrapped by heating tape.?'* Either a LCQ
DECA XP MAX (Thermo Finnigan, San Jose, CA) or a Thermo Fisher Orbitrap QE Plus
mass spectrometer (San Jose, CA) was used to analyze the APTD-produced ions. A 90 V
voltage was applied to the heating tape and the stainless-steel tube was heated to 300 °C.
The temperature of the APTD tube was measured using an infrared thermometer (Tenma,
Taiwan). The sample solution (typically, 0.25 mM) was sprayed from an ESSI source
operated at the flow rate of 10 uL/min with the assistance of + 5 kV voltage and 170 psi

nebulizing N2 gas.

523 Synthesis of Binuclear Rhodium Complex cis-
[Rh2(CsH4PPH2)2(02CCHs)2](HOAC):2

The synthesis followed a reported procedure.?> A 100 mg quantity of rhodium acetate
dimer Rh2(O2CCHz3)s, and 150 mg of triphenylphosphine were added into 10 mL of acetic
acid in a flask under a nitrogen gas atmosphere. The mixture solution was refluxed for 2 h
during which the blue coloration was replaced by red-brown, and then a dark purple color.
The solution was concentrated to half of its initial volume and the purple solid deposit was
filtered off and washed by ACN. The *H-NMR for this compound was § 1.17 (s, [02CCHg],
6H), 2.15 (S, CH3COOH, 6H), 6.4-7.7 (m, [(CeHs)2P(CeHa)], 28H) (Signal of CH3COOH

was not observed due to proximity to Rh).
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5.2.4 MS Analysis of Carbon Monoxide Trapped by Binuclear Rhodium Complex
Solution

A 25 mM phenylalanine in ACN/H2O/HOAC solution was sprayed by an ESSI source and
dissociated in the APTD tube and the species flowing out of the tube was then directed into
a trap containing 5 mL of 3 mM dinuclear rhodium complex solution in chloroform for 3
min. The amino acid sample injection flow rate was 10 pL/min and the nebulizing gas
pressure used was 100 psi. After trapping, the solution was diluted by ACN with 0.1%
HOAc (1:1 dilution), and then subject to ESI-MS analysis. The ESI-MS spectra were
collected by using a Thermo Fisher Orbitrap QE Plus mass spectrometer (San Jose, CA) in

the positive ion mode.

5.2.5 UV-Vis Analysis of Carbon Monoxide Trapped by Binuclear Rhodium Complex
Solution

The dinuclear rhodium complex solution (3 mL, 1 mM) was used to capture the carbon
monoxide from the phenylalanine APTD dissociation. The trapping period was 3 min for
each sample. The amino acid sample injection flow rate for APTD was 10 puL/min and the
nebulizing gas pressure used was 100 psi. The UV spectra were collected by using an

Agilent 8453 UV-visible spectrophotometer (Santa Clara, CA).

5.3 Results and Discussion
The dissociation of the amino acid phenylalanine (Phe) by APTD was first investigated at
several different temperatures (Figure 5.1). At relatively low temperature (45 °C, APTD
coiled tube temperature), the [Phe+H]" peak (m/z 166) was dominant, which meant that
most of [Phe+H]" had not dissociated at this temperature. Only a small peak at m/z 120

was seen, corresponding to the iminium ion [Phe+H-CO2H]" from dissociation of
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[Phe+H]* via loss of a neutral(s) with chemical formula CO2H> (total mass 46 Da). When

the temperature was increased, the intensity of [Phe+H-CO;H2]* peak (m/z 120) increased

as well. At 300 °C, the [Phe+H-CO2H]" peak (m/z 120) was abundant and the [Phe+H]*

peak (m/z 166) had disappeared from the spectrum. As expected, when phenylalanine was

replaced by 3C-labled phenylalanine sample, a major fragment ion [*3C-Phe+H-3CO,H.]*

(m/z 120) was also observed, resulting from dissociation of [**C-Phe+H]* via loss of a

neutral(s) with chemical formula *CO,H; (total mass 47 Da, Figure 5.2). Indeed, in this

ion dissociation experiment, although the fragment ion of m/z 120 was observed, the

corresponding neutrals were not detected, and they could be either CO+H,0, HCOOH or

carbene :C(OH)a.
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Figure 5.1 APTD-MS spectra for phenylalanine at a) 45 °C, b) 180 °C, and c) 300 °C.
Phenylalanine solution in ACN/H2O/HOACc (0.25 mM; 50:50:0.1 by volume) was sprayed
by ESSI (spray voltage: +5 kV) into a hot coiled tube at a flow rate of 10 puL/min.
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A 3C-labeled phenylalanine sample was dissociated and monitored via the APTD-
MS process. With the increased temperature of the APTD tube, the intensity of m/z 120,

corresponding to the fragment ion [**C-Phe-3COOH]*, increased significantly.
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Figure 5.2 APTD-MS spectra for *C-phenylalanine at a) 45 °C, b) 180 °C, c) 300 °C.
0.25 mM 23C-phenylalanine solution in ACN/H2O/HOAc (50:50:0.1) was sprayed into the
APTD tube by ESSI (spray voltage +5 kV) at a flow rate of 10 uL/min.

Loss of a neutral fragment(s) with mass 46 Da from [Phe+H]" (m/z 166) yielded
the fragment ion [Phe+H-CO2H2]" (m/z 120) upon APTD of phenylalanine at 300 °C.
O’Hair et al.??8 proposed that protonated aliphatic amino acids could lose neutral H2O and
CO (the combined mass is 46 Da) upon fragmentation in the gas phase, based on

computation. Previously established methods for carbon monoxide detection include gas

chromatography,®*!  carboxy-myoglobin ~ (Mb-CO)  assay,?**?*  electrochemical
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assays,?*4?% colorimetric CO sensing,?*®?4" and laser infrared absorption methods.?*® In
this study, a Sensorcon carbon monoxide detector, a household product for monitoring the
presence of CO due to safety concerns, was used to detect CO generated in the amino acid
APTD process. The detection mechanism of the CO sensor is that CO is oxidized on a
platinum working electrode. The current generated from the electrochemical reaction gives
a measure of the concentration of CO in the atmosphere.?*?%! In this experiment, the CO
detector was held about 1 cm from the outlet of APTD tube. All the blank solvents and
samples were measured in triplicates (Figure 5.3). While CO was not detected by the sensor
from APTD of the blank solvent (Figure 5.3-1), phenylalanine sample did show a positive
reading from CO detector (15 ppm on average, Figure 5.3-3). In addition, phenethylamine,
structurally similar to phenylalanine except for the absence of a carboxylic acid group, was
also sprayed by ESSI and underwent dissociation in APTD tube. As expected, no CO was
detected by the sensor reading (Figure 5.3-2). As phenethylamine and phenylalanine only
differ in a terminal carboxylic group, the CO sensor detection result strongly suggested that

CO was produced from the loss of the carboxylic group of phenylalanine.
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Figure 5.3 Measurements of carbon monoxide produced from APTD of
1) ACN/H2O/HOAc (50:50:0.1) blank solvent, 2) 25 mM phenethylamine in
ACN/H20/HOACc (50:50:0.1), 3) 25 mM phenylalanine in ACN/H,O/HOAc¢ (50:50:0.1).
All of measurements were made in triplicate as shown.

In order to more thoroughly examine our hypothesis, a binuclear rhodium complex
cis-[Rh2(CsH4PPh2)2(02CCH3)2](HOAC)2, 1.(HOAC)2, was chosen to trap the APTD-
generated carbon monoxide gas, and the resulting complex 1.(CO, HOAc) was then
analyzed by UV-Vis spectroscopy. This binuclear rhodium complex was first synthesized
by Cotton et al.,*® and further developed into a colorimetric sensing method by Esteban et
al..?**24" The molecule contains two cyclometalated phosphine ligands and two acetic acid
molecules attached to the two rhodium atoms. When this binuclear rhodium complex is
exposed to carbon monoxide gas, one acetic acid molecule can be replaced by a CO
molecule (Scheme 5.4). Upon CO binding, a characteristic UV-Vis absorption peak at 480

nm can be seen. This complex is highly selective to CO, and does not bind other gases like

CO>, N2, Oy, or Ar.?46
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Scheme 5.4 Selective binding of CO by the binuclear rhodium complex 1-(HOACc).. The
complex product 1-(CO, HOACc) forms after CO binding.

In this experiment, the UV-Vis spectrum of the pure dinuclear rhodium complex
1-(HOAC). in chloroform (1 mM) was measured first and the absorption at 480 nm was low
(line a, Figure 5.4). When 25 mM phenylalanine in ACN/H.O/HOAc (50:50:0.1) was
sprayed into the coiled tube at 300 °C for APTD and the gaseous species flowing out of
the APTD tube was bubbled through the trapping solution of dinuclear rhodium complex
1-(HOAC). in chloroform (1 mM), the UV-Vis spectrum of the resulting solution showed a
pronounced increase in absorption at 480 nm (line d, Figure 5.4). The duration for the CO
collection was 3 min. The result indicates the formation of CO during APTD of
phenylalanine. Several control experiments were also conducted. When no phenylalanine
was in the spray solvent for APTD, no increase in 480 nm absorption was noted (line b,
Figure 5.4). Furthermore, when phenylethylamine solution was sprayed for APTD, no
change in 480 nm absorption was detected (line ¢, Figure 5.4). Similar to the CO sensor
measurement result mentioned above, these UV-Vis controls showed that CO is formed
from APTD of phenylalanine and originates from the carboxylic acid group of the amino

acid.
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Figure 5.4 UV-Vis spectra of a) 1 mM dinuclear rhodium complex 1-(HOAC). in
chloroform (black line a), b) 1 mM dinuclear rhodium complex 1-(HOAC)2 in chloroform
after trapping gaseous species flowing out of the APTD when a blank solvent
ACN/H20/HOACc (50:50:0.1) was sprayed into the APTD tube at 300 °C (red line b),
¢) 1 mM dinuclear rhodium complex 1-(HOAc). in chloroform after trapping species
flowing out of the APTD when 25 mM phenethylamine in ACN/H,O/HOAc (50:50:0.1)
was sprayed into the APTD tube at 300 °C (blue line ¢), and d) 1 mM dinuclear rhodium
complex 1-(HOAC):2 in chloroform after trapping species flowing out of the APTD when
25 mM phenylalanine in ACN/H20/HOAc¢ (50:50:0.1) was sprayed into the APTD tube at
300 °C (orange line d).

MS should be an accurate, sensitive and reliable tool to detect small molecules like
carbon monoxide. However, the mass of CO is smaller than the cutoff mass of our mass

spectrometers. Therefore, direct online analysis of CO from APTD was not an option in
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this case. We reasoned that CO could be detectable after selective trapping with the
binuclear rhodium complex. Figure 5.5-a displays the ESI-MS spectrum of 3 mM dinuclear
rhodium complex 1-(HOAC): in chloroform. The peak of m/z 786.99 corresponding to the
binuclear rhodium complex cation [1-OAc]* (theoretical mass 786.9909, observed mass
786.9882, mass error 3.43 ppm), was detected. Notably, when the gaseous species flowing
out of the heated tube after APTD of phenylalanine was trapped by the dinuclear rhodium
complex 1-(HOAC),, analysis of the rhodium complex revealed a new peak at m/z 814.99
(Figure 5.5-d), corresponding to [1-OAc+CQ]* (theoretical mass 814.9859, observed mass
814.9852, mass error 0.86 ppm). CID of m/z 814.99 gave rise to fragment ions at m/z 786.99
and 726.97 (Figure 5.6-a), by consecutive losses of CO and HOAc, consistent with its
structural assignment. Furthermore, when standard carbon monoxide gas was bubbled into
the dinuclear rhodium complex 1-(HOAC)2, the adduct ion [1-OAc+CQO]* (m/z 814.99) was
also observed (Figure 5.5-e). These results show that APTD of phenylalanine does produce
CO. Meanwhile, when only solvent or the structurally similar compound phenethylamine
was sprayed for APTD and subsequent trapping by the rhodium complex, no peak at m/z
814.99 was detected (Figure 5.5-b and c).

In addition, a *3C-labled phenylalanine sample (the carboxylic carbon is labeled
with 3C) was subjected to APTD and the rhodium complex trapping, a peak of m/z 815.99,
corresponding to [1-OAc+'3CO]* (theoretical mass 815.9879, observed mass 815.9883,
mass error 0.49 ppm) was detected, as expected (Figure 5.7). CID of m/z 815.99 produced
fragment ions at m/z 786.99 and 726.97 (Figure 5.6-b), by consecutive losses of **CO and
HOAC, consistent with its structural assignment. This result supported the hypothesis that

APTD of phenylalanine produces CO and the CO stems from the carboxylic group of the
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Figure 5.5 ESI-MS spectra of a) 3 mM dinuclear rhodium complex 1-(HOAC): in
chloroform, b) 3 mM dinuclear rhodium complex 1-(HOAC)2 in chloroform after trapping
gaseous species flowing out of the APTD tube when a blank solvent of ACN/H>O/HOACc
(50:50:0.1) was sprayed into the APTD tube at 300 °C , ¢) 3 mM dinuclear rhodium
complex 1-(HOAC). in chloroform after trapping gaseous species flowing out of the APTD
tube when 25 mM phenethylamine in ACN/H20/HOAc (50:50:0.1) was sprayed into the
APTD tube at 300 °C, d) 3 mM dinuclear rhodium complex 1-(HOAC)2 in chloroform after
trapping gaseous species flowing out of the APTD tube when 25 mM phenylalanine in
ACN/H20/HOACc (50:50:0.1) was sprayed into the APTD tube at 300 °C , ) 3 mM
dinuclear rhodium complex 1-(HOACc). in chloroform after trapping standard carbon
monoxide gas (purity 99.99%) for 3 min.
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Figure 5.6 CID MS/MS spectra of a) [1-OAc+CO]* (m/z 814.99 ) and b) [1-OAc+3CO]*
(m/z 815.99). The HCD energy used for dissociation was 20 eV.

A 3C-labeled phenylalanine sample was investigated in this experiment. The peak

of [1-OAc+3CO]* (theoretical mass 815.98790, observed mass 815.98828, mass error 0.46

ppm) was detected, showing loss of CO was from the carboxylic acid group of

phenylalanine during the APTD process. Note that there was a small peak of [1-

OAc+2CQO]* (m/z 814.98) in the spectrum. This might be due to the impurity of the

isotopic-labeled phenylalanine.
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Figure 5.7 ESI-MS spectrum of 3 mM dinuclear rhodium complex 1-(HOAC): in
chloroform after trapping gaseous species from the APTD tube when 25 mM *C-
phenylalanine in ACN/H>O/HOAc (50:50:0.1) was sprayed into the tube for APTD at
300 °C.

At the same time, the possibility of producing dihydroxycarbene :C(OH)2 (pathway
b, Scheme 5.1) was also investigated. Due to the high reactivity of carbene, the
dihydroxycarbene would react with water from the spray solvent via insertion into the O-
H bond of H,0,%2 and a product peak at m/z 65, corresponding to [HC(OH)s+H]*, should
be detected by the APTD-MS in the positive ion mode. However, there was no such peak

in the acquired MS spectrum, which suggested that dihydroxycarbene was not formed from

APTD of phenylalanine (Figure 5.8).
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Figure 5.8 APTD-MS spectrum of 0.25 mM phenylalanine in ACN/H.O/HOAc
(50:50:0.1) solution. The sample injection flow rate for ESSI was 10 pL/min, and + 5 kV
voltage was used for ESSI. The temperature of APTD tube was 300 °C.

Furthermore, the possibility of producing formic acid (HCOOH) following APTD
of the amino acid (pathway ¢, Scheme 5.1) was also examined. To detect neutral species
HCOOH, we reasoned that HCOOH could be re-ionized into formate ion HCOO™ (m/z 45)
in the negative ion mode, by using the atmospheric pressure neutral re-ionization (APNR)
technique.?** Thus, in our APTD experiment of phenylalanine, a second ESSI sprayer was
added downstream so as to spray solvent ACN/H.O/ammonia (50:50:0.1).The generated
microdroplet could capture neutral species flowing out of the ATPD tube and get them
ionized. The re-ionized neutrals could be detected by the nearby mass spectrometer
(Scheme 5.5). When only solvent ACN/H2O/HOAc (50:50:0.1) was sprayed into the
APTD tube at 300 °C, APNR-MS spectrum (Figure 5.9-a) shows a background peak at
m/z 45 with intensity of 5.09x10° (manufacturer’s arbitrary unit of counts). When
phenylalanine was added into the solvent for APTD, the peak of m/z 45 did not show a
significant increase (peak intensity 5.29x10°, Figure 5.9-b). This result suggests that no

HCOOH was formed from APTD of phenylalanine.
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Figure 5.9 APNR-MS spectra for detecting HCOOH from APTD of phenylalanine in the
negative ion mode, when a) only solvent ACN/H.O/HOAc (50:50:0.1) was sprayed into
the APTD tube at 300 °C and b) 0.25 mM phenylalanine solution was sprayed into the
APTD tube at 300 °C. ACN/H2O/NH3-H20 (50:50:0.1) was sprayed to ionize neutral
species flowing out of the APTD tube. The absolute abundances of m/z 45 (referred to
formate ion) in a) and in b) were 5.09x10°% and 5.29x103, respectively. No obvious increase
in the m/z 45 signal was observed after phenylalanine was added into the spray sample.
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As formic acid HCOOH could decompose into CO and H.0?% at elevated
temperature, we also performed an experiment to exclude the possibility that the detected
CO from APTD of phenylalanine was a HCOOH decomposition product. In a separate
experiment, HCOOH was directly sprayed into APTD tube at 300 °C and the gaseous
species coming out of the tube was trapped by the dinuclear rhodium complex solution.
After trapping and subsequent ESI-MS analysis, no peak was detected at m/z 814.99

(Figure 5.10).
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Figure 5.10 ESI-MS spectrum of 3 mM dinuclear rhodium complex 1-(HOAC). in
chloroform after trapping neutral species flowing out of the APTD tube when 25 mM
HCOOH in ACN/H20/HOACc (50:50:0.1) was sprayed into the tube for APTD at 300 °C.
Other amino acids (leucine, histidine, and tryptophan) were also tested for APTD
in our study. The amino acids were dissociated first by APTD and the loss of 46 Da from

the protonated amino acid was seen in all cases (Figure 5.11). Then the released neutral

CO molecules were trapped by rhodium complex solution and successfully detected by MS
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(Figure 5.12). This information further revealed that CO released from the dissociation of

protonated amino acid into iminium ion is a quite general pathway.
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Figure 5.11 APTD-MS spectra of a) leucine, b) histidine, and c) tryptophan. Loss of 46

Da from the protonated amino acid was observed in all cases.
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Figure 5.12 ESI-MS spectra of into 3 mM dinuclear rhodium complex 1-(HOACc): in
chloroform after trapping neutral species flowing out of the APTD tube when a) 25 mM
leucine, b) 25 mM histidine, and ¢) 25 mM tryptophan in ACN/H.O/HOAc (50:50:0.1)
was sprayed into the tube for APTD at 300 °C.

The APTD method can also be used to dissociate peptides. Two peptides, Gly-His-
Gly (GHG) and Gly-Trp-Gly (GWG), were chosen as test samples in this experiment.
Compared to APTD dissociation of amino acids, loss of 46 Da from the two peptide ions
was not observed (Figure 5.13). However, both a and b ions are seen in the two cases. It
has been long regarded that a ions originate from b ion, by facile loss of CO. However, no
direct experimental evidence is reported in the literature, to our knowledge. Thus, by
simply carrying out trapping of gaseous species from APTD of these two peptides using
the dinuclear rhodium complex we were able to detect the characteristic adduct ion [1-
OAc+CQ]* (m/z 814.99, Figure 5.14). This data provides evidence to corroborate the
formation of CO during the dissociation of these peptide ions, which is most likely ascribed

to the conversion of b into a ions. Therefore, a ions should arise from further dissociation

of b ions, rather than from direct dissociation of precursor peptide ions, as no CO would
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be formed in the latter case. (Note that under some circumstances, direct formation of CO

during a ion and y ion formation is possible,?>*?%° however, this appears not to be the case

for the peptides that were examined in this study, as neither [peptide-CO]* or yi1 ions was

detected during the APTD process (Figure 5.13)).
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Figure 5.13 APTD-MS spectra of a) 5 mM GHG in ACN/H.O/HOAc (50:50:0.1);
b) 5 mM GWG in ACN/H20/HOACc (50:50:0.1). The temperature of the APTD tube was

300 °C.
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Figure 5.14 ESI-MS spectra of 3 mM dinuclear rhodium complex 1-(HOAC)2 solution after
trapping neutral species flowing out of the APTD tube when a) ACN/H,O/HOAc
(50:50:0.1), b) 5 mM GHG in ACN/H20/HOAc (50:50:0.1) and ¢) 5 mM GWG in
ACN/H20/HOAC (50:50:0.1) was sprayed into the tube for APTD at 300 °C.

Furthermore, the approach of CO neutral characterization of this study can be used
in a more guantitative manner. A guantitative comparison experiment was run to compare
the amount of CO produced from APTD of peptides GHG and GWG. As measured by the
CO sensor, the averaged values from APTD of GHG and GWG were 7 ppm and 8.3 ppm,
respectively (Table 5.1). The result showed that the dissociation of GWG generated more
CO than GHG under the same experimental conditions. Likewise, as shown in the Figures
5.14-b and c, the relative intensity of the adduct ion [1-OAc+CO]*at m/z 814.99 (relative

to the binuclear rhodium complex cation [1-OAc]" at m/z 786.99) was higher in the case
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of GWG than that for GHG, which is in line with the CO sensor measurement result. As
shown in Figure 5.13, the a ion appears to be dominant in the case of GWG upon APTD,
therefore, this result also supports the assumption that CO was produced along with

generation of the a ion for the peptides studied.

Table 5.1 Measurements of Carbon Monoxide Produced from APTD of
1) ACN/H2O/HOAc (50:50:0.1) Blank Solvent, 2) 5 mM Peptide GHG in
ACN/H20/HOACc (50:50:0.1), 3) 5 mM Peptide GWG in ACN/H,O/HOAc (50:50:0.1).
The Peptide Sample Solution was Sprayed for APTD from an ESSI Source at the Flow
Rate of 10 pL/min with the Assistance of + 5 kV Voltage and 170 psi Nebulizing N2 gas.
A Potential of 90 V was Applied to the Heating Tape and the APTD Tube was Heated up
to 300 °C. All of Measurements were Made in Triplicate as Shown

# Stucture Triplicated Trials Avg. Readings
(ppm)

1 blank solvent 0

2 GHG 70

3 GWG 33

5.4 Conclusions
This study demonstrates a new application of APTD in investigating the amino acid and
peptide ion dissociation mechanisms, specifically identification of the neutral loss species
CO involved in dissociation of protonated amino acid into iminium ion and peptide ion

b—>a conversion. Due to the fact that ion dissociation in APTD occurs at atmospheric
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pressure, characterization of neutral species becomes possible, as demonstrated using
either online CO sensor or offline spectroscopic/mass spectrometric tools. Our results
demonstrate that the fragmentation of protonated amino acids into iminium ions involves
losses of CO and H2O rather than loss of HCOOH or :C(OH).. Detection of CO from the
tested peptide ions demonstrates that a ion is most likely to come from b ion dissociation
by loss of CO. Our study once again suggests that APTD has utility for structure analysis
and elucidation of ion dissociation mechanism. Due to the neutral fragment
characterization could provide increased structural information, this method could be used
to elucidate complicated ion dissociation mechanisms, such as the investigation of cyclic
peptide or glycan ion dissociation behaviors, which could be helpful to cyclic peptide

sequencing and glycan structural analysis.
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CHAPTER 6
ELECTROSYNETHSIS AND DETECTION OF TRANSIENT INTERMEDIATES
IN GOLD-CATALYZED REACTIONS BY MASS SPECTROMETRY

Adapted from Ye, X.; Zhao, P.; Zhang, S.; Zhang, Y.; Wang, Q.; Shan, C.; Wojtas, L.;
Guo, H.; Chen, H.; Shi, X. Facilitating Gold Redox Catalysis with Electrochemistry: An
Efficient Chemical-Oxidant-Free Approach. Angew. Chemie Int. Ed. 2019, 58 (48), 17226
17230. Copyright 2019 John Wiley & Sons, Inc.
6.1 Introduction

Homogeneous gold catalysis has been flourished during the past two decades.?®® As a
superior n-acid for C-C multiple bonds activation, Au(l) catalysts have been applied as a
powerful tool towards various transformations to build up molecular complexity.?®” Gold
redox chemistry is also attractive, because it presents an alternative coupling approach.?®
However, gold redox chemistry was significantly underexplored, largely due to the high
oxidation potential of Au(l)/Au(l1l) redox couple (+1.40 V).2® More recently, a series of
breakthrough discoveries have been reported in this new direction of gold catalysis by
applying external oxidants for Au(l)/Au(l11) oxidation. Currently, two major strategies in
promoting gold redox catalysis are A) strong chemical oxidant, such as hypervalent iodide
or Selectfluor, and B) photo/thermo activation of diazonium salts (Scheme 6.1A).26%.261
Despite these great progresses, there are still severe limitations. First, the involvement of
stoichiometric amounts of strong oxidants, which usually are expensive and exhibit poor
functional group compatibility, greatly restricts scope of substrates. Second, the
photoactivation approach requires the usage of reactive aromatic diazonium salts under

strict oxygen-free environment, which presents clear drawbacks to the overall process.

Thus, a new efficient strategy to achieve Au(l)/Au(lll) redox catalysis is not only highly
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desirable but also crucial for this chemistry to be considered practical for industrial process.
Herein, we re-port the first example of electrochemical-promoted gold redox catalysis
(Scheme 6.1B). The challenging gold oxidation was facilitated through electrochemical
process without requiring any external oxidant, which allowed the overall transformation

to occur under mild conditions with high yields and broad scope.

A) Literautre reported strategies in pormoting gold redox catalysis

Method 1 ’ R-R'
| [O] W, RM R R.E.
LoAu'—R LyAul =R ——= a0~ +
LoAu'
Strong oxidants required:
—cl AcO\I/OAc
l\i+7 BF MW: 354.26 MW: 322.10
0 _
N 4 $7/gram $4/gram
F $1239/ mol electrons $644/ mol electrons
Selectfluor PIDA
Method 2
hv or thermo R2 R2—Ar
LAU + Ar—N,* __@ctivation _ L AU —Ar — +

L,Au'
Oxidant as part of reaction substrates; Limited reaction scope.

B) This work: Electrochemistry as a new stratage in gold redox chemistry

i = I_q_ cathod: H, formation
Battery as the only by-product

if $1 each € Aul RI—= * =—R?
1300 mAh anode oxidation X
ca. $20/mol electrons Aull Rl——=R2

Confirmed by ESI-MS

Scheme 6.1 Electrochemical approach for gold-redox catalysis.

Synthetic organic electrochemistry has received tremendous attention over the past
several years.?®2 Compared to traditional redox chemistry, facile oxidation (anode) and/or
reduction (cathode) can be achieved under mild conditions without requiring external
oxidants/reductants. In particular, electrochemical anodic oxidation is more attractive to

the community, since it serves as an environmentally friendly and sustainable alternative
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oxidation strategy.?®® Recent works have demonstrated its capability to promote the
challenging oxidation of transition metal cations to their higher oxidative states, such as
PA(11)/(1V), Co(11)/(111) oxidation.?®* Another advantage of electrochemical oxidation is the
feasibility in accessing controllable cell potential (Ecen), which allows fine-tuning of
transition metal re-dox process for optimal reactivity. Considering these advantages, we
set out to explore the possibility of achieving gold redox catalysis under electrochemical
conditions in order to overcome the high oxidation potential between Au(l) and Au(lll).
Notably, until now no success example has been reported using electro-chemical strategy
in homogenous gold catalysis. This is likely due to several challenges associated with the
process including: 1) reduction of Au(l) catalyst on the cathode as a decomposition
pathway; 2) potential side reactions when HOX type solvent (water or alcohol) is involved,

such as O-alkenylation and Telly hydration.

6.2 Experiments

6.2.1 Chemicals

Lithium perchlorate (LiClIO4), phenylacetylene, tetrabutylammonium acetate were
purchased from Sigma (St. Louis, MO). The reticulated vitreous carbon (RVC) material
was obtained from ERG Materials and Aerospace Corp (Oakland, CA). Acetonitrile,
methanol, formic acid, and acetic acid were purchased from Fisher Scientific (HPLC grade,

Fair Lawn, NJ).

6.2.2 General Procedure for Homo-diyne Coupling
To a 10 mL ElectraSyn screwed vial with 0.5 M nBu4NOAc (2.5 mmol, purchased from
TCI, catalog# T2694) in MeCN : HOAc =4:1 (5mL), alkyne (0.5 mmol, 1.0 equiv.), TAAuU
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(0.019 mmol, 7.5 mol%), and Phen (0.1 mmol, 40 mol %) was added (see Scheme 6.2).
The vial was placed on IKA Carousel and run under constant current at 5mA. The reaction
is monitor by TLC for the completion. After the reaction was completed, the solvent was
removed under reduced pressure and the residue was purified by flash chromatography on

silica gel to give desired diyne product.

6.2.3 General Procedure for Hetero-diyne Coupling

To a 10 mL ElectraSyn screwed vial with 0.5 M nBu4NOAc (2.5 mmol) in MeCN : HOAc
= 1:1 (5mL), aromatic alkyne (0.25 mmol, 1.0 equiv.), aliphatic alkyne (0.75 mmol, 3.0
equiv.), PPh3AuClI (0.025 mmol, 10 mol%), and Phen (0.125 mmol, 50 mol %) was added.
The vial was placed on IKA Carousel and run under constant current at 5mA. The reaction
is monitor by TLC for the completion. After the reaction was completed, the solvent was
removed under reduced pressure and the residue was purified by flash chromatography on

silica gel to give desired diyne product.
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Handmade cell connection with IKA ElectraSyn

2. Wind a thin
wire and attach
to the screw on
cathode(-)

3. Assemble both graphite 4. Complete the 5. Connection
electrode and Pt electrode. vial set up the vials to IKA
Carousel

Scheme 6.2 General procedures for the ElectraSyn Setup.

6.2.4 General Procedure for Phenylacetylene Oxidative Coupling

A mixture of 2 mM Au(l) compound and 2 mM phenylacetylene in acetonitrile solution
containing 0.1 mM of lithium perchlorate (LiClO4) as the electrolyte was added into a glass
vial (Scheme 6.3). A magnetic stirrer was added and stirred vigorously during the reaction.
A piece of reticulated vitreous carbon (RVC) material (dimension 1.0 x 0.5 x 0.6 cm?, 100
psi , ERG Materials and Aerospace Corp) was used as the anode and was connected with
the DC power supply via a platinum wire (0.3 mm diameter, 99.99% purity, Goodfellow
Corporation). A platinum metal piece (dimension 1.0 x 0.5 x 0.02 cm®) was used as the
cathode in the reaction. The applied potential was +5 V for the reaction, employing a

Tekpower TP3005T DC power supply (Montclair, CA). The reaction solution was
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collected and monitored with time using mass spectrometry (MS). The same setups and
materials were adopted when different substrates such as phenylacetylene-d and 4-
ethynyltoluene, and 1-ethynyl-4-fluorobenzene were used for electrolysis.

The nESI-MS spectra were collected by using a Thermo Fisher Orbitrap Q-Exactive
Plus (Waltham, MA) in the positive ion mode. A borosilicate glass capillary (Sutter
Instrument Co., Novato, CA) was used to make a spray emitter. The emitter tip opening
size was pulled to 2 um by a laser puller (Sutter Instrument Co., Model P-2000). After
electrolysis reaction was finished, the solution was loaded into the pulled spray emitter. A
platinum wire (0.025 mm diameter, 99.99% purity) was inserted into the emitter for
conductivity and ionization, and the applied potential was + 2.5 kV. High resolution MS
data was obtained and collision-induced dissociation (CID) was carried out by using

nitrogen gas as the collision gas.

6.3 Results and Discussion
We initiated our investigation with oxidative coupling of terminal alkynes for the synthesis
of conjugated 1,4-diynes (Figure 6.1A). The intrinsic reactivity of C-C triple bonds allows
conjugated alkynes to occupy a privileged position in chemical, medicinal and material re-
search.?®® Recent publication reported the gold-catalyzed selective oxidative cross-
coupling between aromatic and aliphatic terminal alkynes.?®® This transformation is ideal
for exploring electrochemical gold redox catalysis since the net reaction is the formation
of diyne and Ha, which are well-suited for both anode oxidation and cathode reduction.?®’
To testify whether the anode oxidation concept is viable, we first prepared Au(l) pyridine

complex la and charged it into typical electrochemical conditions (Figure 6.1B). To our
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delight, with the presence of alkyne, the corresponding Au(l1l) complexes 2 were detected
and monitored by MS within 30 minutes (see Figure 6.2). By comparing the observed MS
spectrum with simulated result and collision-induced dissociation spectrum, the structural
of m/z 672 and the existence of Au(l1l) in this intermediate has been confirmed (see Figure
6.3 and 6.4). Furthermore, electrochemical oxidation of gold acetylide complex 1b yielded
the desired diyne product 4a together with alkyne 3a within 30min. These promising results

showed the feasibility of achieving gold redox chemistry under electrochemical conditions.

A) Proposed gold redox catalysis under electrochemical conditions

cat. [Au]
Ak———H + H—Ar AkK———=——Ar + Hp
|-
. reductive eIimination\
[LAU]
Alk
- 2e- >|( \ X
Alk———Au-L — Alk—=——Au-L AU
anode oxidation | transmetallation ‘L
X /
A (AU B (Au'ly Ar” C (AU
B) Confirming gold-oxidation with HRMS
+
Ph Ph
P undivided cell, RVC(+)-Pt(-) LPh P Ar—|
N LiCIO4 (0.1M in MeCN) \ 'M
Au + =—Ar /AL{
Y N\ ol 5mA, 2 h, rt ) N\ cl
. rapid gold(l) oxidation under mild conditions \ ___ 2
1a Au(lll) intermediated detected and Ar = Ph, m/z =672
confirmed by HRMS and CID =p-F-Ph, = m/z =690

= p-Me-Ph, m/z = 686

undivided cell, C(+)-Pt(-)

LiCO,4 (0.1M in MeCN)
F ——AuPPhy Ar—————Ar + =—Ar
1b 5 mA, 30 min, rt

100% conv. 4a, 50% 3a, 20%

significant gold decomposition within 10min

Figure 6.1 Exploring gold-catalyzed alkyne oxidation coupling.

113



100

50

100

50

100

50

100

50

Relative Abundance
o

100

50

100

50

Figure 6.2 MS monitoring of gold-catalyzed phenylacetylene oxidative coupling.
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Figure 6.3 The observed Au(lll) intermediate peaks compared with simulated results.
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6.4 Conclusion
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In summary, we herein reported the first example of electrochemical anodic
oxidation of Au(l) to Au(lll). Using this strategy, gold catalyzed oxidative coupling of
terminal alkyne was successfully achieved with a broad substrate scope and excellent
functional group tolerance under electrochemical condition. This protocol represents a new
atom economy way to achieve the gold redox chemistry under mild condition, therefore, it
is anticipated that this strategy will offer a new prospective to the community by probing

the key elementary step for Au(l)/Au(l1l) oxidative.
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CHAPTER 7
MICRODROPLET ULTRAFAST REACTIONS SPEED ANTIBODY
CHARACTERIZATION
7.1 Introduction

Microdroplets have been recently found to be a unigue reaction media in which reaction
acceleration can occur.?%® It has aroused much attention in the field of chemistry and has
been extensively investigated,269:270.279-288.271,289.212-218 \/arjous reactions of organic
molecules are markedly promoted in sprayed micron-sized droplets (microdroplets)
compared with the same reactions in bulk-phase solution.?®® Numerous explanations have
been offered for why reaction rate acceleration occurs in aqueous microdroplets. These
explanations include evaporation, increased autoionization, partial desolvation, the
presence of an intrinsic strong electric field at the interface, the enhanced concentration of
solutes on the surface of the microdroplet, and restricted orientations.?®*=% The factors that
are dominant in any given situation still need to be identified. However, most previous
work focused on one-step reactions of small molecules. Biochemical reactions involving
proteins have been rarely investigated, except a recent report of trypsin digestion of
proteins in microdroplets.3%

Therapeutic monoclonal antibodies (mADbs) are one of the fastest growing classes
of drugs. More than one hundred mAbs for treatment of many pathologies such as cancer
and autoimmune diseases have been approved or are in regulatory review in the US and
EU.392303 This ever-growing abundance has created a need for rapid technologies to
characterize mAbs to secure drug product safety, quality, and efficacy.3%43% Traditional

mass spectrometry (MS) mADb characterization methods include intact and subunit mass
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analysis and peptide mapping.3°-! To characterize mAbs in a bottom-up or middle-down
proteomics approach, mAbs must be subjected to enzymatic digestion into peptides or
polypeptides before peptide mapping analysis by MS. However, digestion is usually a time-
consuming step that can take from 30 min to overnight incubation.3'23% In addition,
commonly used digestion methods often include additional steps of protein denaturation,
reduction, and alkylation to unfold mAb structure and facilitate digestion; these additional
steps may also lengthen process time and reduce analysis speed and throughput.®** To
accelerate digestion of mAb (or other proteins), a variety of methods have been
investigated, including increasing the digestion temperature, adding organic solvents,
applying microwave energy, using high intensity focused ultrasound or employing
microchip reactor.3%322 Nevertheless, an alternative method that is very fast for mAb
digestion would be highly valuable.

In this study, we present unprecedented and fast microdroplet reactions involving
a large protein substrate (i.e., an antibody), which would have high impact in proteomics
for rapid characterization of antibodies. In this work, ultrafast digestion of the NIST IgG1
antibody in 250 microseconds in microdroplets was achieved. The IgG1 was selectively
cleaved by IdeS protease into antigen-binding fragment F(ab’) and single-chain,
crystallizable fragment scFc (Figure 7.1a). When we included the reductant tris(2-
carboxyethyl)phosphine (TCEP) in the spray solution, simultaneous disulfide bond
reduction occurred, leading to digested and reduced IgG1 fragments that included light
chain LC, N-terminal half of heavy chain Fd' and scFc subunits (Figure 7.2a). These
fragments could be either collected for further analysis or detected online by MS. In

addition, we achieved ultrafast deglycosylation of IgGl by including PNGase F
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glycosylase in the microdroplets (Figure 7.7a), which constituted an alternative method to
rapidly remove glycans from antibodies. In addition, following incubation with glucose,
we successfully digested and characterized glycated 1gG1 fragments in microdroplets,

which suggested a fast way to detect antibody modifications in general.

7.2 Experiments

7.2.1 Chemicals

NIST monoclonal antibody reference material 8671 (NIST mAb, humanized IgGlx
monoclonal antibody) was obtained from the National Institute of Standards and
Technology (Gaithersburg, MD). The IdeS enzyme was purchased from Genovis Inc
(Cambridge, MA). Tris(2-carboxyethyl)phosphine hydrochloride (TCEP, bioultra grade),
ammonium bicarbonate (bioultra grade), sodium phosphate dibasic (bioultra grade), and
sodium phosphate monobasic (bioultra grade) were purchased from Sigma Aldrich (St.
Louis, MO). D-(+)-Glucose (98% purity) was obtained from TCI America
(Montgomeryville, PA). Acetonitrile (HPLC grade), formic acid (FA, LCMS grade) and
trifluoroacetic acid (TFA, LCMS grade) were purchased from Fisher Scientific (Fair Lawn,
NJ). A Millipore Direct-Q5 purification system (Burlington, MA) was used to obtain

purified water for sample preparation.

7.2.2 Microdroplet Generation

Microdroplets were generated by spraying an aqueous sample solution (NIST IgG1 mixed
with IdeS, TCEP, PNGase F, or all reagents together) at a flow rate of 10 pL/min through
a home-made sprayer with the assistance of nitrogen gas as nebulizer at 120 psi. The home-
made sprayer was built exactly as a described for a sonic spray source.??® Briefly, the
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aqueous sample solution was delivered through a fused-silica capillary (100 um i.d. and
200 um o.d., Polymicro Technologies, Phoenix, AZ). Another coaxial fused-silica capillary
(250 pm i.d. and 300 um o.d.) was used and the small size difference between two
capillaries was capable of providing nebulizing gas at high velocity.?’* The sprayer did not

need an applied voltage.

7.2.3 Microdroplet Digestion with nESI-MS Analysis

For the experiment shown in Figure 7.1b, 50 pL of 1 mg/mL IgGl in 5 mM
NHsHCO3z buffer (pH 8) was loaded in one syringe. Then 50 pL of 2 units/pL IdeS enzyme
in 5 mM NH4HCO3 buffer (pH 8) was loaded in the other syringe. The flow rate of both
syringes were 5 pL/min and the reactants were mixed by a Tee. The length of capillary
between mixing Tee and sprayer was 2 cm. The microdroplets were generated through the
sprayer and collected in a vial containing a quenching solvent of 50 pL of H.O and 1%
FA. The distance between the sprayer tip and the surface of quenching solution was 20
mm. After 5 min collection, desalting and reagent removal was performed with a C4 Ziptip
(MilliporeSigma, Burlington, MA). The desalted sample was analyzed by nESI in front of
a high-resolution QExactive Orbitrap mass spectrometer (Thermo Scientific, San Jose,
CA). The injection flow rate was 2 pL/min and +3 kV was applied for ionization. The
temperature of the MS inlet was 250°C. All sample mixing and injecting steps were
performed rapidly without delay time between each step to avoid any reaction occurring in
the bulk solution under ambient temperature. For the experiment in the Figure 7.2b, 50 puL
of 1 mg/mL IgG1 in 5 mM NH4HCOs3 buffer containing 5 mM TCEP (pH 8) was loaded

in one syringe. Then 50 pL of 2 units/pL IdeS enzyme in 5 mM NHsHCO3 buffer (pH 8)
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was loaded in the other syringe. The remaining steps were the same as the steps in the

aforesaid Figure 7.1b experiment.

7.2.4 Microdroplet Digestion with Online EESI-MS Analysis

In the online workflow, the EESI-MS method reported by Chen and coworkers®?* was
adopted with minor modifications. The schematic drawing is shown in Figure 7.2e. Briefly,
one sprayer was used to generate microdroplets from a one-pot mixture of NIST 1gG1,
IdeS and TCEP solution without applying any voltage. The mixed sample solution
consisted of 5 pL of 10 mg/mL NIST 1gG1, 2 uL of 50 units/uL IdeS enzyme and 93 pL
of 5 mM NHsHCO3z buffer containing 5 mM TCEP. The other sprayer emitted
ACN/H20/FA solvent (50:50:0.5%), and +3 kV voltage was applied to the solvent liquid
through a metal alligator clip attached to the stainless-steel tip of the syringe used for
solvent infusion. The flow rates of both sprayers were 10 pL/min. The pressure of nitrogen
gas for both sprayers was 120 psi. The distance between the tip of solvent sprayer to the
MS inlet was 15 mm, and the distance between the tip of mixed sample sprayer to the MS
inlet was 20 mm. The EESI source was aligned carefully to the MS inlet to achieve the

highest sensitivity. The temperature of MS inlet was 250°C.

7.2.5 Glycated 1gG1 Characterization

Twenty microliters of 10 mg/mL NIST IgG1 was added to 180 pL of 200 MM NHsHCO3
buffer containing 200 mM glucose (pH 8). The final concentration of IgG1 was 1 mg/mL.
Then, sample solution was incubated at 37°C for 0, 2 and 5 days. After incubation, 10 pL
of 1 mg/mL glycated 1gG1 was drawn out and mixed with 2 uL of 50 units/pL IdeS in 88
pL of 5 mM NH4HCOs3 buffer containing 5 mM TCEP (pH 8). The final concentration of
glycated 1gG1 was 0.1 mg/mL in the resulting mixture which was sprayed to trigger
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microdroplet reactions as a flow rate of 10 uL/min for 5 min. Then 50 pL of H2O containing
0.1% TFA was added to reconstitute the collected microdroplets and terminate enzymatic
reaction. Desalting and reagent removal was performed with a C4 Ziptip. The desalted
sample was analyzed by nano-electrospray ionization (nESI) using the QExactive Orbitrap
mass spectrometer. The injection flow rate was 2 pL/min and +3 kV was applied for

ionization. The temperature of the MS inlet was 250°C.

7.2.6 Deglycosylation of 1gG1 by PNGase F

Fifty micrograms of NIST IgG1 in 5 mM NH4HCO3 buffer (pH 8) was loaded in one
syringe. The final concentration of 1IgG1 was 1 mg/mL. Then 100 pL of 1 unit/uL mM
PNGase F in 5 mM NHsHCOs buffer (pH 8) was loaded in the other syringe. The

remaining steps were the same as the steps in the aforesaid Figure 7.1b experiment.

7.3 Results and Discussion

We first investigated the direct microdroplet digestion of IgG1 by IdeS enzyme.
The IdeS enzyme, cloned from Streptococcus pyogenes and expressed in Escherichia coli,
specifically digests IgG1 below the hinge region and generates F(ab’). and scFc fragments
(Figure 7.1a). In our experiment, 1gG1l and IdeS were pre-loaded in two syringes,
respectively (Figure 7.1b). Both syringes were pumped at a flow rate of 5 pL/min and
reactants were brought together in a mixing Tee connected to a sprayer via a piece of 2 cm
fused silica capillary. The mixed sample was sprayed for 5 min and the microdroplets were
collected into a vial containing 1% formic acid in water as a quenching solvent (IdeS is
inactivated at pH<5). The distance between sprayer and the quenching solution in the vial

was 2 c¢cm, and the speed of the sprayed microdroplets was 84+18 m/s as previously
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measured?’t. Thus, the flight time of microdroplet between sprayer and quenching solution
was only 250 ps [2 cm/(84 m/s)=250 us]. Even in such a short spray time, we achieved
optimal digestion efficiency of antibody in microdroplets. The collected sample was
desalted and analyzed by nano-electrospray ionization mass spectrometry (nESI-MS, see
the workflow shown in Figure 7.1b). Figure 7.1c shows that all the 1deS-cleaved subunits
(i.e., F(ab")2 and scFc) were clearly observed in the MS spectra. In addition, we efficiently
detected and resolved different glycoforms (GOF, G1F, and G2F) of scFc fragments.
Furthermore, we did not observe any remaining intact IgG1 after microdroplet digestion,
which indicated 100% digestion efficiency in microdroplets. The time of 250 ps in
microdroplets for completely digesting an intact antibody at 25°C represented a 7.5
million-fold speed improvement, in comparison with traditional digestion in bulk solution
that requires at least 30 minutes to 1 hour at 37°C.3!2 To prove that IgG1 was truly digested
in microdroplets during the spray process (Figure 7.1b), we also conducted a control
experiment in which IgG1 was incubated with IdeS in solution for digestion at 37°C for 5
min and no notable digestion was observed (Figure 7.1d). Clearly, the microdroplets did
markedly accelerate enzymatic digestion of the intact antibody. Note that, in Figure 7.1b
of the microdroplet experiment, the residual time of the IgGl and IdeS in the 2-cm
connection capillary after Tee mixing was only 4.4 seconds, which we did not expect to

lead to noticeable digestion inside the capillary.
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Figure 7.1 Microdroplet digestion of IgG1 (the NIST 1gG1 monoclonal antibody reference
material 8671) by IdeS enzyme: (a) Schematic drawing of intact IgG1 and IdeS-cleaved
IgG1 fragments; The light chain, heavy chain, and hinge region are highlighted in green,
blue, and grey, respectively. Black solid lines indicate disulfide bonds connecting heavy
and light chains. The IdeS cleavage site is indicated with scissors and dash line.
(b) Workflow of microdroplet digestion of IgG1 by IdeS; nESI-MS spectra of (c) antibody
fragments obtained from microdroplet digestion of IgG1 by IdeS at room temperature and
(d) In-solution digested 1gG1 by IdeS for 5 min at 37°C.

Strikingly, we found that adding another reagent into the spray solvent enabled
another ultrafast reaction step. For example, addition of the reducing reagent tris(2-
carboxyethyl)phosphine (TCEP) in the spray solution containing IdeS and IgGl

accelerated disulfide bond reduction of antibody, leading to simultaneous digestion and
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reduction of antibody in the microdroplets, which is illustrated in Figure 7.2a. Following
the workflow shown in Figure 7.2b, IgG1 and TCEP were pre-mixed in one syringe, and
the IdeS was pre-loaded in the other syringe. Both syringes were pumped at a flow rate of
5 uL/min. Reactants were mixed via a Tee and transferred to the sprayer for generating
microdroplets, which were again directed to a collection vial containing an acidic
quenching solution (Figure 7.2b). After digestion in the microdroplets, we clearly observed
in the MS spectrum all the digested and reduced fragments, LC, Fd', and glycosylated scFcs
including scFc+GOF, scFc+G1F, and scFc+G2F (Figure 7.2c) and the deconvoluted MS
spectrum (Figure 7.2d), with mass of each fragment within the measurement accuracy
(Table 7.1). In antibody characterization, reduced fragments are valuable because they are
amenable to MS/MS techniques that provide high-sequence coverage and localization of

structural modifications.

Table 7.1 Comparison Between Measured Mass for IgG1 Fragments in Figure 7.2c by
Microdroplet Digestion and Previously Published Data

Measured  Theoretical Mass Error

Fragment s (Da) Mass" (Da) (Da)
LC 23123 23113 10
scFc+GOF 25232 25220 12
scFc+G1F 25394 25383 11
scFc+G2F 25556 25545 11
Fd' 25685 25673 12

i.  Measured mass by using microdroplet digestion method (see Figure 7.2b)
ii.  Measured mass by using conventional LC-MS method 32°
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Besides conducting the microdroplet reaction in an “one-pot reaction” manner as
described above, the dual reaction of digestion and reduction could be performed stepwise.
According to the stepwise workflow shown in Scheme 7.1a, we mixed IgG1 and IdeS via
a Tee mixer and sprayed the mix as microdroplets to digest 1gG1l. The collected
microdroplets were then mixed with TCEP in a vial and sprayed again to accelerate
reduction in microdroplets. The F(ab'), fragment was further reduced to light chain (LC)
and Fd' fragment. The collected microdroplets were reconstituted and desalted for nESI-
MS analysis. Figure 7.3 shows that all the IdeS-cleaved and TCEP-reduced subunits (i.e.,
LC, Fd’, and scFcs) were clearly observed in the MS spectra. Different glycoforms (GOF,
G1F, and G2F) of scFc fragments were also detected and resolved efficiently. In addition,
this workflow successfully digested and reduced 1gG1 in phosphate buffer (see Figure 7.4),
which indicated that microdroplet digestion could performed in a nonvolatile buffer
solution. Likewise, for the stepwise workflow, we could mix IgG1l and TCEP first for
microdroplet reduction and then further mixed with IdeS for digestion (Scheme 7.1b). All
the ldeS-cleaved and TCEP-reduced fragments (LC, Fd’ and scFcs) were also observed

(Figure 7.5), suggesting that the reduction and digestion reaction order can be switched.
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Figure 7.2 Simultaneous microdroplet digestion and reduction of 1gG1. (a) Schematic
representation of intact 1IgG1 and fragment structures of 1gG1 after IdeS digestion and
TCEP reduction. (b) Schematic drawing of the microdroplet digestion and reduction
workflow. (c) The expanded MS spectrum with LC, Fd" and glycosylated scFc fragments
detected and annotated. (d) The corresponding deconvoluted MS spectrum of (c). (e)
Schematic drawing of simultaneous microdroplet digestion and reduction coupled with
online EESI-MS detection. (f) Deconvoluted MS spectrum of digested and reduced IgG1
from online EESI-MS detection.
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Figure 7.3 Stepwise microdroplet digestion and reduction of IgG1 in 5 mM NHsHCO3
buffer (pH 8). In this approach, IgG1 was first cleaved by IdeS into F(ab’)2 and scFc
fragments, then TCEP was added to reduce F(ab’)2 into LC and Fd'. a) The expanded view
of MS spectrum; b) The corresponding deconvoluted MS spectrum; c) 2D spectrum with
m/z along the x-axis and charge number along the y-axis; and d) 2D spectrum with mass
served along the x-axis and charge number along the y-axis.
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Figure 7.4 Stepwise microdroplet digestion and reduction of 1gG1 in 5 mM phosphate
buffer (pH 8). In this approach, IgG1 was first cleaved by IdeS into F(ab’)2 and scFc
fragments, then TCEP was added to reduce F(ab’), into LC and Fd'. a) The expanded view
of MS spectrum; b) The corresponding deconvoluted MS spectrum; c) 2D spectrum with
m/z along the x-axis and charge number along the y-axis; and d) 2D spectrum with mass
served along the x-axis and charge number along the y-axis.
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Figure 7.5 Stepwise microdroplet reduction and digestion of IgG1 in 5 mM NHsHCO3
buffer (pH 8). In this approach, 1gG1 was first reduced into LC and HC fragments by
TCEP, then IdeS was added to cleave HC into Fd" and scFc. a) The expanded view of MS
spectrum; b) The corresponding deconvoluted MS spectrum; c¢) 2D spectrum with m/z
along the x-axis and charge number along the y-axis; and d) 2D spectrum with mass served
along the x-axis and charge number along the y-axis.

To accelerate further the analysis process, one can use online MS detection in
combination with simultaneous microdroplet digestion and reduction. It would be
worthwhile to conduct microdroplet digestion and MS detection simultaneously as a real-
time analysis because simultaneous operation would condense the digestion and reduction
time to a minimum.2’* For the online workflow, extractive electrospray ionization mass
spectrometry (EESI-MS)324326-328 \njas ysed, in which two sprayers were aligned and used
together in the front of the MS inlet (Figure 7.2e). One sprayer served as the sample sprayer

to generate microdroplets containing a mix of 1gG1, IdeS and TCEP without applying any
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voltage. The other sprayer worked as a solvent sprayer to generate microdroplets of
ACN/H20/FA (50:50:0.5%) with +3 kV voltage applied to produce charged solvent
microdroplets to assist the ionization of resulting fragments contained in the sample spray
microdroplets. The IgG1l was cleaved with IdeS and reduced with TCEP into smaller
fragments at the same time in the sample microdroplets in air at room temperature. Charged
microdroplets of solvent mixed with and contacted the sample microdroplets and enabled
sample ionization; the LC, Fd’, scFct+GOF, scFc+G1F, and scFc+G2F fragments were all
detected by online mass spectrometric analysis (Figure 7.2f). This approach allowed us to
online detect digested and reduced IgG1l fragments directly online from the sprayed
microdroplets, without any sample pretreatment or preparation.

Glycation is a nonenzymatic protein modification that occurs between reducing
sugars (e.g., glucose, fructose, and galactose) and proteins.®?® The primary amine groups
of lysine residues and the N-termini of proteins react with aldehyde groups from reducing
sugars to form Schiff base intermediates, which are further converted via Amadori
rearrangement into more stable ketoamines. Glycation has been commonly observed in
therapeutic antibodies during manufacturing and storage, and glycation could affect drug
product stability, safety, and efficacy.>*° Thus, it is of major importance to characterize and
determine the effect of glycation on mAb structure. However, conventional methods, such
as boronate affinity chromatography, capillary isoelectric focusing (clEF), and liquid
chromatography-mass spectrometry, suffer from low throughput because of the long
separation times required. Fit-for-purpose assays are still lagging to meet the high-

throughput demands of the pharmaceutical industry. It has been stated that a top priority of
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the US Food and Drug Administration is development of new tools for high-throughput
therapeutic protein characterization.®3!

Consequently, we were motivated to attempt a rapid characterization method for
glycated 1gG1 using microdroplet digestion and reduction. After incubation with glucose,
the glycated NIST IgG1 underwent microdroplet digestion and reduction in the “one-pot
reaction” workflow (i.e., mixing with both IdeS and TCEP) and Figure 7.6a-c presents the
MS spectra of 1gG1 obtained after 0, 2 and 5 days of incubation with glucose. Figure 7.6a
shows the digested and reduced IgG1 fragments from IgG1 sample without incubation with
glucose. After 2-days incubation, mono-glycated LC and mono-glycated Fd’ fragments
were seen (Figure 7.6b). With 5-days continued incubation, di-glycated LC and di-glycated
Fd' fragments were also detected and resolved in the MS spectra (Figure 7.6¢). In addition,
after 5-days incubation, both mono-glycated LC and Fd' fragments appeared to be more
abundant (Figure 7.6c), in comparison to the sample after 2-days incubation (Figure 7.6b).
With a longer incubation time, more glycated fragments were produced and detected (data
not shown). All the antibody fragments including mono- and di-glycated LC and Fd’
fragments were detected and resolved in the deconvoluted MS spectrum (Figure 7.6d) and
2D spectrum (Figure 7.6e). The microdroplet-based digestion facilitates rapid glycation
analysis of mAb subunits subjected to glycation stress. Microdroplet digestion of glycated
IgG constitutes a proof-of-concept of a method to analyze other modifications of mAbs,
such as oxidation, small molecule or peptide conjugation, and sequence variations,
truncations, and extensions. Thus, the mAb subunits generated via microdroplets add to
the toolbox of methods available for antibody characterization and product quality

assessment during development and manufacturing.
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Figure 7.6 Microdroplet digestion of glycated 1gG1. In this approach, glycated 1gG1, IdeS
and TCEP were mixed and reacted together in one-pot. The subunits of LC (and glycated-
LC), Fd' (and glycated- Fd') and scFc fragments were produced simultaneously. (a) The
expanded view of MS spectrum of non-glycated 1gG1 (at day 0); (b) The MS spectrum of
glycated 1gG1 (incubated 2 days); (c) The MS spectrum of glycated IgG1 (incubated 5
days); (d) The deconvoluted MS spectrum of glycated 1gG1 after 5 days incubation; and
(e) 2D spectrum of glycated 1gG1 after 5 days incubation with m/z along the x-axis and
charge number along the y-axis.

Antibody glycosylation is heterogeneous, and variables in cell culture can increase

glycan diversity. A conserved N-glycan at Asn297 of the scFc region of IgG1 is critical for
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stability, conformation, aggregation, and effector function of therapeutic antibodies.*?
Removing glycosylation during pharmaceutical production analysis would be beneficial to
ease the characterization of antibodies and to obtain the correct N-linked oligosaccharide
(N-glycan) profile. N-Glycosidase F (PNGase F), a recombinant glycosidase from
Elizabethkingia miricola, is one of the most effective enzymes to cleave N-glycans from
proteins (illustrated in Figure 7.7a). In our experiment, first we pre-loaded 1gG1 and
PNGase F in two syringes, respectively (see the workflow in Figure 7.8). Both syringes
were pumped at a flow rate of 5 pL/min and reactants were mixed by a Tee and then
sprayed to generate microdroplets. The microdroplets were quenched with H,O containing
1% formic acid in the collection vial and collected for 5 min. The distance between sprayer
and quenching solution was kept as 2 cm. The collected sample was desalted and analyzed
by nESI-MS. Figure 7.8 shows the MS spectrum of deglycosylation of IgG1 by PNGase F
in microdroplets at ambient temperature. In comparison to the intact IgG1 MS spectrum
(Figure 7.8d), new antibody peaks appeared (Figure 7.8c). The deconvoluted MS spectrum
(Figure 7.8b) clearly presents deglycosylated 1gG1 peaks and a small amount of IgG1 with
one glycan attached. This analysis indicated a high microdroplet reaction efficiency (the
deglycosylation yield for IgG1l was estimated to be 90 %, based on the relative peak

intensities of deglycosylated 1gG1 and remaining glycosylated IgG1 in Figure 7.8b).
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with LC, Fd’ and scFc (both deglycosylated and glycosylated) fragments detected and
annotated; (c) The deconvoluted MS spectrum of (b).
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Figure 7.8 a) Schematic of microdroplet deglycosylation workflow; b) Deconvoluted MS
spectrum of deglycosylated IgG1l by microdroplet reaction; ¢) MS spectrum of
deglycosylated IgG1 by PNGase F in microdroplets at room temperature; d) MS spectrum
of intact IgG1 as a comparison.

We further tested a stepwise workflow in which the 1gG1 was first deglycosylated
by PNGase F and then reduced and digested by addition of IdeS and TCEP at a second step

(Figure 7.9a). In this workflow, the IgG1 and PNGaseF were mixed via a Tee and sprayed

as microdroplets to remove N-glycans from IgG1. Then, the collected microdroplets were



mixed with IdeS and TCEP and sprayed again to accelerate reduction and digestion in the
microdroplets. The deglycosylated 1gG1 was reduced and digested into LC, Fd’, and
deglycosylated scFc fragments. The collected microdroplets were reconstituted and
desalted for nESI-MS analysis. Figure 7.9b shows that all the fragments were observed
clearly in the MS spectra. In addition, we did not observe any glycosylated (GOF, G1F, and
G2F) scFc fragments; thus, deglycosylation in the microdroplets appeared to be 100%
efficient, a fact that was confirmed in the deconvoluted MS spectrum (Figure 7.9c).
Therefore, by conducting deglycosylation in the microdroplets, non-glycosylated antibody
fragments can be obtained for rapid structure characterization, thereby avoiding the

influence of the complex profiles of the N-glycans.
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Figure 7.9 Microdroplet deglycosylation and subsequent digestion/reduction of IgGL1.
(@) Schematic of the deglycosylation of IgGl in the microdroplet followed with
microdroplet 1deS cleavage and TCEP reduction. (b) The expanded MS spectrum with LC,
Fd’, and deglycosylated scFc fragments detected and annotated. (¢) The deconvoluted MS
spectrum of b).

We went on to perform an “one-pot reaction” test, in which IgG1, PNGase F, IdeS
and TCEP were mixed and sprayed for triggering simultaneously deglycosylation,
digestion, and reduction in microdroplets. We observed the LC, Fd', and scFc (both
deglycosylated and glycosylated) fragments by nESI-MS analysis after microdroplet
reaction and sample collection (Figures 7.7b and 7.7c). Although deglycosylation of scFc
was not complete (approximately 40% deglycosylation efficiency) in this trial, the results

indicated that antibody digestion, deglycosylation, and reduction can occur simultaneously

in the microdroplets in a short amount of time (250 ps).
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7.4 Conclusion
Currently, microdroplet reactions have been applied to many small molecule substrates,
for various purposes including 1) synthesis of organic products and nanoparticles?’3333, 2)

kinetic measurements®’, 3) rapid derivatization?®®3** or degradation*®

, and 4) chemical
behavior and fundamental studies?’. Typically, only one-step reaction was involved in
these reported microdroplet reactions. Biochemical reactions in microdroplets were rarely
reported so far, with exception of the syntheses of sugar phosphates and uridine
ribonucleoside via condensation?’ and trypsin digestion of peptides and small proteins in
microdroplets.>®* Our work represents the first report of multiple-step reactions involving
a large protein of intact antibody in microdroplets.

In summary, we demonstrated ultrafast IdeS digestion of intact antibody in
microdroplets. We achieved and detected digestion in 250 microseconds, a vastly improved
efficiency compared with conventional in-solution digestion. Further ultrafast reduction is
feasible by doping the spray solvent with TCEP, leading to the IdeS-cleaved and TCEP-
reduced fragments (LC, Fd' and scFc with different glycoforms). Moreover, we have
shown that microdroplet digestion can be achieved in both volatile and nonvolatile aqueous
buffers; thus, other biochemical reactions are likely to occur in microdroplets. In addition,
glycated IgG1 after incubation with glucose was digested successfully in microdroplets
and analyzed by MS. Furthermore, microdroplet reaction coupled with online EESI-MS
analysis would be an alternative approach having the least time for digestion, reduction

and detection without sample pre-treatment. We also achieved rapid deglycosylation of

IgG1 by PNGase F enzyme in the microdroplets. Although only NIST IgG1 was selected
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as a test sample, we believe that all these workflows and approaches are general and will

greatly aid efforts to reduce analysis time and improve throughput of mAb characterization.
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CHAPTER 8

SUMMARY AND FUTURE WORK

In summary, this dissertation presents several mass spectrometric-based designs and setups
have been applied to biomolecule quantitation analysis and structural elucidation. Three
projects are absolute quantitation of various biomolecules by coulometric mass
spectrometry (CMS). And one project focuses on structural elucidation by using
atmospheric pressure thermal dissociation and mass spectrometry (APTD-MS).

To absolute quantify various biomolecules, a novel quantitation method has been
developed by using coulometric mass spectrometry (CMS). The strength of this method is
that no reference standard or isotope-labeled compound is required for absolute
quantitation. The method relies on electrochemical oxidation of an electrochemically active
target compound to determine the amount of the oxidized compound using Faraday’s Law.
On the other hand, the oxidation reaction yield can be determined based on the MS signal
change following electrolysis. Therefore, the absolute amount of the analyte can be
calculated. In the project for quantifying the mixture of dopamine and serotonin, this
method is optimized and proved to quantify the compounds in a mixture after the
chromatographic separation. Gradient elution is used for separation and each compound
can be quantified using the electrochemical mass spectrometry method.

To apply the CMS method for quantifying peptides, the tyrosine-containing
peptides are targeted and are electrochemically oxidized to generate current, which
according to the Faraday’s Law, provides the numbers of moles of oxidized analyte
peptides. The ion intensity ratio of the target peptide before and after oxidation provides

an excellent estimate of the fraction of the peptide that has been oxidized, from which the
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total amount of peptide is calculated. This method is also applicable to quantify
phosphopeptides and could be useful to the investigation of post-translational
modifications on the peptides and proteins.

Furthermore, the CMS method has been further applied to absolute quantify
proteins, based on the electrochemical oxidation of a surrogate tyrosine-containing peptide
combined with mass spectrometric measurement of the oxidation yield. Several proteins
were quantified such as model proteins B-casein and apomyoglobin as well as circadian
clock protein KaiB isolated from E. coli. Our data showed that the results for surrogate
peptide quantity measured by our method and by traditional isotope dilution method are in
excellent agreement, with the discrepancy of 0.3-3%, validating our CMS method for
absolute quantitation. Besides, therapeutic monoclonal antibody (mAb) could be quantified
by CMS as well. Due to the high specificity and sensitivity of MS and no need to use
isotope-labeled peptide standards, the CMS method would be of high value for the absolute
proteomic quantification. For the future of CMS project, absolute quantitation of other
intact proteins or protein complexes could be explored in the next steps. Besides, it would
be also useful and important to develop a CMS method for relative quantitation of intact
proteins.

In the APTD-MS project, it is of importance to elucidate ion dissociation patterns
for structural analysis by mass spectrometry (MS). However, typically, only the charged
fragments from an ion dissociation event are detected in tandem MS experiments; neutrals
are not identified. Herein, we have presented an atmospheric pressure thermal dissociation
(APTD) technique that can be applied to dissociate ions at atmosphere pressure and thus

provide one way to characterize neutral fragments. By using this technique, we focus on
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the detection of neutral CO resulting from amino acid and peptide ion dissociation. In the
future, more meaningful analytes could be investigated by APTD-MS in order to study
dissociation mechanisms at the ambient environment. For the future of APTD-MS project,
it would be valuable to explore more fragmentation mechanisms of other biomolecules
under ambient environment.

In the project for detecting intermediates in gold-catalyzed reactions, due to high
oxidation potential between Au(l) and Au(lll), gold redox catalysis requires at least
stoichiometric amount of strong oxidants. We herein report the first example of
electrochemical approach in promoting gold-catalyzed oxidative coupling of terminal
alkynes. Oxidation of Au(l) to Au(l11) was successfully achieved through anode oxidation,
which enabled facile access to either symmetrical or unsymmetrical conjugated diynes via
homo-coupling or cross-coupling. This study not only extends reaction scope with
substrates that are not compatible with strong chemical oxidants, but also opens the
possibility to conduct versatile gold redox chemistry under more efficient electro-chemical
conditions.

In the microdroplet project, structural characterization of monoclonal antibodies is
essential to assess its quality as a therapeutic drug, which often requires a time-consuming
digestion process (>30 min). Herein we present a means to dramatically shorten the intact
antibody digestion time. We digested 1gG1 with IdeS protease in aqueous microdroplets.
The time required was 0.25 milliseconds, a 7.5 million-fold improvement in speed.
Strikingly, inclusion of the reductant tris(2-carboxyethyl)phosphine in the spray solution
caused simultaneous antibody digestion and disulfide bond reduction. Digested and

reduced antibody fragments were either collected or online analyzed by mass spectrometry
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(MS). Further addition of PNGase F glycosylase into the spray solution led to antibody
deglycosylation, thereby producing reduced and deglycosylated fragments of analytical
importance. In addition, glycated fragments of 1gG1 derived from glucose modification
were identified quickly with this ultrafast digestion technique. We suggest that ultrafast
microdroplet digestion can be used to advantage in high-throughput analysis of intact

antibodies.
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