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Abstract

Modern drug discovery relies on high-throughput screening for lead generation and protein
target evaluation. There is a critical need to develop assays that not only have large-scale screening
capabilities but provide insight of greater physiological relevance. It is in this space that
biophysical methods are used to extract high information content datasets; however, throughput is
often limited by sample introduction to the instrument. Droplet microfluidics represents an
attractive approach for coupling high-throughput sampling with analytical and biophysical
approaches. The aim of this thesis is to improve high-throughput workflows coupled to to capillary
electrophoresis and ion mobility-mass spectrometry for the analysis of enzymatic activity and
intact protein analysis.

Optical assays are a fast and simple approach for screening small molecule activity against
enzymatic reactions but can be prone to high false discovery rates. A capillary electrophoresis
method was developed to screen against Sirtiuin-5 activity, where substrate and product peptides
were separated and detected. Using a commercial capillary electrophoresis system, eight novel
Sirtuin-5 inhibitors were confirmed through dose-response analysis. This assay was then coupled
to a microchip capillary electrophoresis platform coupled to droplet sample introduction via an
density-based oil drain. A sampling rate of 0.1 Hz, using only 4 nL sample volumes. This was
applied to screen over 160 Sirtuin-5 samples. Future work is focused on developing a label-free

mass spectrometry assay with on-line reagent addition.

Native mass spectrometry coupled to ion mobility (IM-MS) has become an important tool

for the investigation of protein structure and dynamics upon ligand binding. Additionally,

Xiv



collisional activation or collision induced unfolding (CIU) can further probe conformational
changes induced by ligand binding. In this work we explore the high-throughput capabilities of
CIU fingerprinting. Fingerprint collection times were reduced 10-fold over traditional data
collections through the use of improved smoothing and interpolation algorithms. Fast-CIU was
then coupled to a droplet sample introduction approach and applied to a 96-compound screen
against Sirtuin-5. Over 20 novel Sirtuin-5 binders were identified, and it was found that Sirtuin-5
inhibitors will stabilize specific Sirtuin-5 gas-phase conformations. This work demonstrates that
droplet-CIU can be implemented as a high-throughput biophysical characterization approach.
Future work will focus on improving the throughput of this workflow and on automating data

acquisition and analysis.

Monoclonal antibodies (mAbs) are an important class of biotherapeutics, but the diversity
and structural complexity of mAbs create an analytical challenge. Moreover, mAbs are produced
through recombinant DNA technology and grown in mammalian cells, giving rise to complex
background matrices and possible post-translational modification (PTM). A miniaturized MS-
friendly mAb purification is developed and couped to droplet-MS. In-droplet calibrations were
performed and an ultimate LOD of 0.15 mg/mL and LOQ of 2.6 mg/mL were achieved. This
method was then applied to screen mAb production in 48 cell expression conditions with a rate of
0.04 Hz, identifying the most productive media conditions. This work was complemented by high
resolution MS for PTM profiling, identifying a range of glycoforms on the intact mAb species.
Future goals are aimed at coupling on-line sample preparation and droplet sample introduction to

high resolution MS for high-throughput glycoform characterization.

XV



Chapter 1: Introduction

1.1 Motivation

High-throughput screening (HTS) plays an integral role in the modern drug discovery
process. With advances in combinatorial and multiparallel chemical synthesis, as well as the
availability of isolated natural products, chemical libraries have grown to contain hundreds of
thousands up to millions of unique compounds.! Concurrently, progress in the fields of genomics
and proteomics has led to a dramatic increase in potential therapeutic targets.” Because of the
diversity in chemical space and the resulting vast experimental possibilities, HTS is often a crucial

first step in lead discovery.

® Time/sample
® Samples/day
® Screenslyear

Historically, large-scale screens

Time

have been based off optical assay
approaches.®> These assays rely on a
change in spectroscopic properties that

indicates binding or a reaction. Optical-

based assays are high throughput

® Few false positives/ ® Reagents
negatives @ Consumables
(subsecond/sample), compatible with e s/N, z’-factor @ Instrumentation
@ Validated binders ® Personnel

modern robotic technologies, and
Figure 1-1. The “Magic Triangle of HTS”. The triangle

represents the three key factors of success for HTS: time,
cost, and data quality. Optimization of an HTS assay requires
balancing all three factors. Adapted from Mayr, 2008.

require minimal data analysis; however,
they have several drawbacks including
the need for a chemical label, limited applications in the biochemical space (primarily enzymatic

reactions), and a propensity for high false discovery rates.*® Recent trends in HTS have been



towards the development of label-free assays that can provide complimentary, information-rich
data about candidate-target interactions, while maintaining high-throughput and minimizing the
use of precious reagents (Figure 1-1).” Ideally these assays would provide more biologically
relevant lead compounds earlier on in the drug discovery pipeline. Beyond small molecule
screening, the rise of biotherapeutics has also necessitated the use of more sophisticated, high-
throughput measurement tools.®

The need for alternative screening approaches has led to the development of many
analytical/biophysical HTS technologies (Table 1-1).° These binding assays provide
complementary insight to typical activity assays, such as confirmation of binding and binding
strength, stoichiometry, and thermodynamic information. Approaches like NMR and ITC can
provide detailed affinity data and information about binding modes, but at the cost of throughput
and larger sample requirements.!®!! Similarly, other calorimetric-based methods supply in-depth
thermodynamic data at the sacrifice of throughput.® Recent advances in SPR and RWG (resonance-
based techniques) have led to increases in throughput and the rise of their use in drug discovery
efforts; however, the protein target must first be immobilized and is not amenable to every protein
system.!>!3 Of the technologies listed, AS-MS detects binding events with the highest throughput
but provides little information about binding dynamics or stoichiometry.!* Nonetheless, AS-MS
has been successfully employed in several screening campaigns to identify lead compounds.'
With such biodiversity in protein targets as alluded to above, there is no “one size fits all” approach
for HTS characterization of protein-ligand interactions and there is a continuous need to develop

new strategies for protein analysis with respect to drug development.



Protein

Detection Target Data Requirement Buffer Plziarﬁ‘s /
Readout Conditions Content (Per Data Requirements
. Day
Point)
Nuclear Magnetic Binding; NMR
Resonance In Solution Kbp; 10-500 pg Compatible <75
(NMR) Dynamics
Isothermal E@dmg’ Matchi
Titration In Solution D> 200-5000 pg alchins <10
Chllodincting (TTC) Stoichiomet Reference Cell
ry; AH; AS
Differential Matchin
Scanning In Solution AT; AH; AS  100-500 pg Referen cge Cell <75
Calorimetry (DSC)
Differential In Solution, Matching
Scanning with Tracer  ATm 0.2-1 pug Reference Cell <10K
Fluorimetry (DSF) Dye
Binding;
Surface Plasmon - Kb; Koff; Kon: Low Refractive
Resonance (SPR) Immobilized stoichiomet 0.001-0.2 pg Index <K
ry; AH; AS
Resonant Low Refractive
Waveguide Immobilized Binding; Kp 0.5-2 pg Index <10K
(RWG)
Biolayer o .
Interf}e]rometry Immobilized Berdlng'; 0.2-1pg Low Refractive <S5K
Kb; Koff; Kon; Index
(BLI)
Affinity Selection-
g/f)aeis‘[rome i In Solution Binding 1-5 g MS Compatible <1K
(AS-MS)
Microscale Binding:
Thermophoresis In Solution Ko: AH', AS 0.4-4 ng All <50
(MST) >

Table 1-1. Commonly used biophysical techniques for protein-ligand binding in drug discovery. The
list includes information output, sample requirements, and typical throughput. Adapted from Genick,

2014.

1.2 Ion Mobility Mass-Spectrometry
Ion mobility-mass spectrometry (IM-MS) coupled with soft ionization is a powerful tool

for biomolecular analysis of proteins.'” In the past decade, IM-MS has expanded into applications



for protein-ligand interactions and drug discovery.!®!” To fully utilize IM-MS technology for lead
discovery, it is necessary to understand the instrumentation fundamentals. Most of the work

presented in this dissertation was performed on a Waters Synapt G2 instrument with a traveling
A

UL 1S s Al L2 Tri-wave Region Pusher o
Source lon Guide Quadrupole g Detector

lon Generation ] lon Mobility Separation
TRAP IMS TRANSFER
T-wave He Cell T-wave T-wave
From To 31 13
wad AT AAAAIAARSIRTRTRAAT A e s = =
QT RO ECRREOE TR = 1 =
() A\ Cm
N5 (16 - 130 ml/min) al — —
lon Gate He (48 - 200 ml/min) e —
B Ar (0 -10 ml/min) Reflectron
ToF

lon Mass Analysis

Figure 1-2. Instrument schematic of the Waters Synapt G2 IM-MS. The instrument is separated into four
main regions: a nanoESI source where ions are generated, a modified quadrupole for high-mass transition
and selection, the IM region for separation and a time-of-flight (ToF) mass analyzer (A). A detailed view
of the separation region illustrating the trap and transfer T-wave ion guides, the T-wave IM separator, and
the helium cell buffer region between the high pressure IMS region and the low pressure transfer region
(B). Gas flows are indicated for each region.

wave IM separator (TWIMS) (Figure 1-2), although there many IM-MS platforms.'®
1.2.1 Ion Generation of Native Like Protein Structures

For any MS experiment, analytes of interest must first be converted into ions in the gas
phase. The introduction of electrospray ionization (ESI), a gentle form of ionization can transfer
large, intact molecules into the gas phase directly from solution, has enhanced the use of MS for
the study of biomolecules.'” ESI is particularly suitable for MS analysis of large proteins because
it generates multiply charged ions, enabling easier detection of these biomolecules at a lower mass-

to-charge (m/z) range.’®*! Additionally, ionization by ESI preserves noncovalent interactions



allowing for the study of intact protein-ligand interactions by MS.?*! The mechanism for ESI is

illustrated in Figure 1-3.

During ESI, an aqueous ©
phase is flowed through a conductive h —

emitter held at a high voltage. For

protein analysis positive ion mode is

typically used, where an applied

positive voltage generates cations at
the emitter tip. Due to the strong
electric field, the solution becomes

polarized and forms a Taylor cone

that disperses info a fine spray of Figure 1-3. Electrospray ionization in positive ion mode.

Stream of aqueous analyte solution is shown on the left with
the instrument source on the right (A). Depiction of droplet
fission and evaporation, as described by the charge residue
diameter droplets from the initial  model (B).

charged droplets.??> The micrometer

spray further shrink due to solvent evaporation, often assisted by heat or gas flow. Jet fission will
then produce smaller droplets when the charge density on the shrinking droplets reaches the
Rayleigh limit.>* This repeated cycle of evaporation/fission eventually results in desolvated,
multiply charged analytes.

Although several models have been proposed to explain the mechanism of how analyte
ions are formed in the last stages of ESI, the charged residue model (CRM) is the most widely
accepted model for large macromolecules.>* In the CRM model, Coulombic fission occurs until a
droplet containing a single analyte molecule remains. A “naked” analyte ion, or charged residue,

remains once complete evaporation of the solvent occurs, where the overall charge state of the ion



is proportional to the protein surface area in solution.>* Because the evaporation/fission cycle is a
relatively slow ionization process, with limited energy transfer, proteins remain folded with a
native-like structure upon entering the gas phase.?> To preserve protein function and structure,
ammonium acetate salts are commonly utilized. These salts are used to control pH and ionic
strength but are volatile enough to be MS compatible.?® To enhance the sensitivity of native MS
experiments, nano-ESI (nESI) is often employed. Reduced emitter diameters and nL/min flow
rates reduce initial ESI droplet sizes resulting in greater ionization efficiency and tolerance of the

ion source for the salts present in biologically relevant matrices.?”-?

1.2.2 Transmission, Selection, and Detection of High Mass Protein lons

The Synapt G2 is a hybrid mass spectrometer that orthogonally combines a quadrupole mass
analyzer with a time-of-flight mass analyzer. A ToF determines the m/z of an ion by measuring
their flight time within a drift-tube free of electric fields. The ions are introduced into the mass
analyzer with a set amount of kinetic energy, where the velocity (and therefore flight time) of the
ion is dependent on its m/z.2° The implementation of the reflectron ToF has greatly improved the
resolving power of this class of mass analyzers, due to their elongated flight paths and energy
spread correction capabailites.’® ToFs are well suited for large biomolecule analysis because of
the high resolution that can be achieved over a broad m/z range.’! Quadrupole mass analyzers
consist of four conductive rods set in a parallel quadrilateral configuration. The rods are paired,
and paired rods are held at the same direct current (DC) and alternating current (AC) radio
frequency (RF) potentials, whereas there is a DC offset between rod pairs. Only ions with a
particular m/z can traverse the mass analyzer at a given combination of RF and DC voltages.>? In
combination with a ToF mass analyzer, the quadrupole serves as a mass filter for the selection of

specific ions.



1.2.3 lon Mobility Separation

IM separates protein ions on the millisecond timescale based on their charge and shape.

Ions are introduced as packets into an ion guide pressurized with a neutral gas in the presence of a

weak electric field. As ions traverse the IM separator, elongated ions experience more collisions

with the natural gas molecules, resulting in longer arrival times as compared to smaller, more

compact ions (Figure 1-4).333% This information is represented as an arrival time distribution

(ATD). While there are a number of IMS platforms, the IM separations presented in this

dissertation take place in the presence of a dynamic electric field, known as traveling waves (TW),

and thus the IM technology is typically known as traveling wave ion mobility (TWIM)
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Figure 1- 4. IM separation of ions based on charge and apparent surface area. lons are guided through
a gas-filled drift tube by an electric field. Larger ions experience more collisions and take longer to
pass through the drift tube as compared to smaller ions. This data is recorded as an arrival time

distribution.



spectrometry.  Through careful calibration, TWIM ATDs can be used to calculate the
orientationally-averaged collisional cross section (CCS) of the analyte ions.*> CCS values have
been correlated with protein structure models and have been used to validate protein structures
derived from NMR or X-ray crystallography.*®*” Furthermore, IM-MS has been used for the
analysis of protein-ligand interactions in addition to structural analysis of biotherapeutics, by

monitoring changes in CCS upon ligand binding.!¢-

1.3 Collision Induced Unfolding

Collisional activation, in tandem with IM-MS, can provide further insight into the structure and
stability of proteins in the gas phase. Collisional induced unfolding (CIU) is often viewed as the
gas-phase counterpart to differential scanning calorimetry.>® During a CIU experiment, selected
protein ions are activated through energetic collisions with an inert background gas. Energy is
increased in the system by ramping the applied voltage, causing unfolding of the protein without

breaking covalent bonds (Figure 1-5).° The unfolding is monitored by IM-MS and the changing

Collisional Activation lon Mobility Separation Mass Analysis
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Figure 1-5. Schematic of collision induced unfolding. Proteins unfold as collisional energy is increased in
a stepwise fashion. This unfolding is monitored through IM-MS analysis and arrival time distributions.
The changes in arrival time are plotted versus the increase in voltage in a three-dimensional contour plot
called a CIU fingerprint. Adapted from Dixit, 2018.



arrival time distributions are plotted against the change in voltage yielding a three-dimensional
contour plot. The plot is referred to as a CIU fingerprint. CIU has proven to be sensitive to small
changes in protein stability upon ligand binding.**  Additionally, CIU fingerprinting does not
require purified samples and is much faster than its solution phase counterparts, making it more
amenable to high-throughput biophysical analysis.!® The utility of CIU for the assessment of
inhibitor binding to enzymes has been across several protein-ligand systems, yet the throughput of

this workflow is on the minutes/sample timescale, limiting its application in a screening context.*!~

43

1.4 Rapid Sample Introduction for Mass Spectrometry

IM-MS has great potential for implementation as a HTS tool because separation and
detection take place on the millisecond scale. Additionally, ESI and nESI are amenable to HTS
formats because they are fast, flow-based ionization techniques that allow for continuous
sampling. The main bottleneck in the throughput of IM-MS methods lies in sample introduction.
ESI-MS is most commonly paired with liquid chromatography (LC), due to flow and solvent
compatibility.** While LC-MS is a gold standard for many analytical applications, it is limited by
large sample volumes (>5 pL) and low throughputs (minutes).**¢ As a result, there is a demand
for high-throughput direct ESI-MS methods that do not rely on a separation prior to sample
introduction to the MS.

The interest in developing high-throughput sample introduction has led to an array of both
homebuilt and commercial sample introduction systems (Figure 1-6).*” Commercialized systems,
such as the Agilent RapidFire (RF-MS), are an attractive option because they are robust and easy
to operate.** RF-MS also incorporates automated solid phase extraction, allowing for analysis of

biomolecules from complex background matrices with improved sensitivity.*® There have been



reports of throughput up to ~0.14 Hz for small molecule analysis; however, throughput for intact
protein analysis has only been reported at ~0.03 Hz when loading and washing steps are included
in the total cycle time.*>° Although this throughput is orders of magnitude lower than other
sample introduction methods, RF-MS has enabled accurate mass determination of intact,
therapeutic antibodies from both cell culture media and plasma with bassline resolution of
glycoforms.*°

Beyond, ESI-MS, alternative ambient ionization approaches can be implemented to
achieve high throughputs for sample introduction. During desorption electrospray ionization
(DESI) a charged solvent plume is directed at the sample surface, where the analytes are then
dissolved in the stream and are transferred towards the MS source as secondary droplets.’! DESI-
MS can be achieved at a sampling rate of 2.8 Hz with sample volumes down to 50 nl, but efficient
analyte ionization is limited to proteins less than 17 kDa.>?* This precludes the use of DESI-MS
for many protein targets of interest or antibody-based therapeutics. Another recently developed
ambient ionization tool for HTS applications is acoustic mist ionization. Samples are prepared on
a well-plate where ultrasonic pulses generate femtoliter droplets directly from the sample surface.
The use of a charged ion guide and heated transfer tube then guide the droplets to the MS.>* With
contactless ionization and rapid desolvation, sample introduction rates of 3 Hz can be achieved by
acoustic mist ionization.>* Additionally, the generation of such small droplets compared to ESI
improves ionization efficiency. Acoustic mist ionization has yet to be demonstrated for intact
protein analysis and it is unclear whether protein ions would be generated with the same efficiency

as their small molecule counterparts.
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The fastest throughputs for intact protein analysis by MS have been achieved through
droplet microfluidics. Sampling rates over 30 Hz have been reported, using a customized QToF
with enhanced acquisition speeds.” Additionally, sampling rates over 5 Hz were demonstrated
across three different instrument platforms. While throughput was over a magnitude greater than
the next fastest method (acoustic mist), it came at 20-fold decrease in sensitivity at the highest

sampling rates and loss of mass resolution of the intact protein analytes.> It is important to note

1=

Agilent RapidFire
~7 s/sample
12300 samples/day
10 pL

Droplet
Microfluidics
30 samples/s
2,851,200 samples/
day
800 pL

TriVersa
P Nanomate
&7 \"' ° 45 s/sample
W- 1920 samples/day
- 1-10 pL

HT Mass
Spectrometry

Acoustic mist
(Labcyte Echo)
3 samples/s
259200 samples/
day
0/5-500 pL

_

2500 25000 > 250000
samples samples samples
per day per day per day

Figure 1-6. Summary of high throughput sample introduction for ESI and other ionization techniques.
Figures of merit include throughput and sample volume consumption. Adapted from Kempa, 2019. Figure
was modified to include more recent reports of higher sampling rates.
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that although analyte signal traces were monitored at 33 Hz, protein spectra were only shown at 1
Hz sampling rates. Nonetheless, Droplet microfluidics is an attractive approach for high-
throughput MS analysis because of the achievable throughputs, low sample requirements,

adaptable fluid manipulation, and ease of coupling to available ESI and nESI sources.

1.5 Droplet Microfluidics

A Generation ' B Reagent
| Addition

fluidic devices with micron- |

width channels to miniaturize | ’ W

e e

Microfluidics utilizes

biological and analytical

C Incubation
applications.>® These
miniaturized liquid handling . Q

systems are advantageous

- — e — = = — e = = = — — — — -

because they allow for the fast D Splitting E sSample Cleanup
manipulation of low volumes K #
(low pL to fL), and are often

multiplexed or automated.’’
P Figure 1-7. Examples of common droplet microfluidic

manipulations/operations including: droplet generation (A), adding
reagent (B), incubation of droplet samples (C), splitting droplet

samples (D), and in-droplet sample cleanup (D). Adapted from Payne,
been applied in HTS across 220

Microfluidic technologies have

many fields such as pharmaceutical development, genetic analysis, chemical synthesis, and
biomedical diagnostics.’®*%° Droplet microfluidics is a subset of microfluidics in which individual
sample plugs are separated by an immiscible carrier phase. The formation of discrete sample plugs
in droplet microfluidics offers several advantages over traditional microfluidics, including

increased throughput and accessibility to smaller fluid volumes.!
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Sample droplets in a microfluidic system are amenable to many types of operations (Figure
1-7).%% The first step in a droplet microfluidic workflow is the generation of sample droplets. This
can be performed on-line/on-chip (Figure 1-7A) or off-chip from a multi-well plate. The work
presented in this dissertation was exclusively done with droplets generated off-line format from a
well plate. While generating droplets on-chip is the higher throughput approach, the well plate
format has several distinct advantages: sample plating can be integrated with modern robotic
technology, sample reactions can be run in parallel, and sample order can be easily maintained,
simplifying the coordination of the chemical readout upon analysis.®*** Other operations can be
coupled to droplet generation prior to analysis, such as reagent addition, reaction incubation,
splitting, and sample cleanup, to further improve automation and throughput of these miniaturized
systems.®?  Finally, droplet microfluidic platforms can be paired with an array of analyzers
including optical detectors, microscopy, and mass spectrometry.®®
1.5.1 Droplet-MS

As stated above, MS is a fast, label-free detection method that can provide information rich
data sets. With fast acquisition rates, MS can be readily paired with droplet microfluidics for high
throughput applications. Droplets are coupled to ESI or nESI by simply connecting a tubing
containing a flowing droplet train to the emitter. As aqueous samples reach the emitter tip the
samples will ionize through the standard electrospray mechanism, but the carrier fluid will not.
Carrier fluids used are non-conductive and will bead and fall off of the emitter instead of ionizing
(Figure 1-8A,B). Because there is no signal observed when carrier phase passes through the

emitter, each incoming droplet produces a discrete MS signal for the analytes of interest.%
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Figure 1-8. MS data corresponding to droplet droplet infusion of 1 uM SDH peptide. Image of aqueous
sample at emitter tip, where Taylor cone formation can be observed. nESI plume is was too faint to capture
in this image (A). Image of carrier phase at emitter tip, where the oil beading can be observed (B).
Corresponding signal trace with alternating sample and oil plugs (C).

The first reports of droplet microfluidics demonstrated on-chip droplet generation
coupled to sample extraction in a continuous stream for peptide analysis. While the content from
individual droplets was able to be distinguished, the use of an aqueous carrier stream limited
throughput and detection limits (0.1 Hz and 500 uM bradykinin respectively).®’ The first report
describing the direct interfacing of droplets with ESI utilized air segmentation to reach analysis
rates of 0.8 Hz. Furthermore, detection limits of 1 nM were achieved for leucine-enkephalin from
13 nL sample volumes.*® Since these initial reports, continuous improvements have been made in
the interfacing of droplet microfluidics including the reduction of droplet volumes, improvements
in sensitivity, analysis of complex samples, and increases in throughput.®*%° There have been
reports of droplet sizes as low as 60 pL in volume and throughputs of up to 30 Hz.>>’® This has
enabled the use of droplet-MS for several HTS workflows including enzyme evolution and

inhibitor screening.”""’?
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1.5.2 Droplet-MS for Intact Protein Analysis

Although there has been a diverse group of analytes monitored by droplet-MS over the past
decade, there are only two reports of droplet-MS for intact protein analysis. In the first example,
four populations of droplets containing either cytochrome C, a-chymotrypsin, carbonic anhydrase,
or chicken lysozyme were generated off-chip and reintroduced to a ToF MS at a sampling rate of
2.6 Hz.” Ton traces and accurate masses were observed for all four proteins from ~650 pL samples.
Detection limits were not reported as protein concentrations were held at 25 uM for all
experiments. Seven years later the second example of intact protein analysis by droplet-MS not
only pushed the limits of throughput, but demonstrated the versatility of droplet-MS across three
different instrument platforms.>> Sample volumes ranged from 0.8 nL to 2.1 nL and throughputs
ranged from 5 Hz to 33 Hz. While this throughput was an order of magnitude greater than the
previous example, the decreased time in data acquisition necessitated the use of high protein
concentrations (60-100 uM). For experiments performed on the Orbitrap MS, isotopic resolution
was lost at these throughputs. Overall, both the platforms establish droplet-MS as a viable
approach for high throughput protein analysis; however, more sophisticated analyses have yet to
be attempted such as evaluation of protein stability, monitoring of non-covalent interactions, and
quantitation in complex samples.
1.6 Target Proteins

Droplet sample introduction coupled to mass spectrometry should have wide use across
different proteins and protein-ligand interactions. In this work we target two different proteins to

test our methods.
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1.6.1 Sirtuin-5
Sirtuins are a family of nicotinamide adenine
dinucleotide (NAD+)—dependent histone deacylases,

with seven human homologs (sirt1-7).7*

The general
structure is conserved among sirtuins and consists of a

zinc binding domain and a catalytic domain (or

Rossman Fold domain).” The pocket between the two

domains is critical for NAD+ and substrate binding.”® ,
Figure 1-9. Crystal structure of SIRT5 with

NAD+ bound in the catalytic site. A zinc ion
can be observed in the zinc binding domain.

) ) ) . From Zhao, X. et al. (2013).
studied for decades, revealing catalytic functions such

The biological roles of sirtuin proteins have been

as deacylation, deglutarylation, demalonylation, decrotonylation, and desuccinylation, as well as
a vast array of protein targets.”’ % More recent work has shown that silent mating type information
regulation 2 homolog 5 (Sirtuin 5, or SIRTS) has weaker deacetylase activity than its other sirtuin
counterparts, and instead has strong catalytic efficiency for desuccinylase, deglutarylase, and

demalonylase activity.®!

SIRTS is primarily localized to the mitochondria and is involved in the regulation of
cellular respiration and metabolism through its many substrates, including pyruvate
dehydrogenase complex (PDC), succinate dehydrogenase (SDH), superoxide dismutase (SOD1),
carbamoyl phosphate synthetase 1 (CPS1), methylglutaryl-CoA synthase 2 (HMGSCS2), and
others.?>%3 Because of its role in cellular metabolism, SIRT5 has been identified as a potential
target for the treatment of unregulated cell growth and mitochondrial-dysfunction related diseases.
Specifically, genomic analyses and over-expression models have demonstrated that SIR5S may

drive proliferation in melanomas, breast cancers, and non-small cell lung cancers.’*® Inhibiting
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SIRTS activity represents a novel approach for the treatment of these cancers, many of which
develop resistance to currently available therapies.?” As such, there is a need for assays that can

identify small molecule inhibitors that target SIRT in a specific and efficacious manner.

1.6.2 Monoclonal Antibody Therapeutics
Biopharmaceuticals, notably monoclonal antibodies (mAbs), are an important class of
therapeutic molecules.®® The success of mAbs can be attributed to higher specificity and affinity
for target molecules as compared to their small-molecule counter parts, increasing the therapeutic
window and reducing potential side effects.’***! Immunoglobulin Gs, or IgGs, are the dominant
ﬂ subclass of antibody therapeutics and are

typically ~150 kDa®?. These multi-

VL
(VH " Hinge

)( CL Region domain proteins have two heavy chains
CH1 . .
ﬁ (50 kDa) and two light chains (25 kDa).

Antigen- . .
Binding CH2 Crystallizable The variable domains of each, Vg and VL
Fragment —_— ) 4 Fragment (Fc) respectively, form the region that is
(Fab) _—~
CH3 responsible for highly specific antigen-
W "

binding. Together with the first constant

Figure 1-10. Cartoon representation of an IgG antibody.
The light chain is colored orange and the heavy chain is domains from the heavy (Cul) and light
blue. Glycosylation sites are depicted in green.

chains (Cpr) they from the antigen-

binding fragment (Fab)**. The Cn2 and Cn3 domains makeup the crystallizable (Fc) region and

contains a conserved N-linked glycosylation site®*. The Fab region is connected to the Fc region

through a hinge region. A representation of the overall structure is depicted in Figure 1-10.
IgGs are generally produced through recombinant DNA technology. Most are humanized

or fully human and produced mammalian cells®®. As such, they are susceptible to typical cellular
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processes, including post-translational modification. Glycosylation is the most prominent PTM in
the literature, however, oxidation, disulfide shuffling, truncations, site-specific isomerization, and
deamidation have all been reported. These modifications can impact protein function and efficacy,

as well as formulation and storage requirements®*%%7-%8

. It is important to note that the presence
and extent of PTMs can be affected by the growth conditions used during IgG production. This
includes cell type, culture media components, temperature, and pH*®. Tools for antibody analysis

must be able to handle the heterogeneity present in mAb populations and complex background

matrices.

1.7 Dissertation Overview

The aim of this work is to improve upon previously developed droplet microfluidic
methods for the rapid analysis of protein-ligand interactions with applications in drug discovery.
Work was also done towards the development of droplet-MS for the analysis of biotherapeutics
from complex background matrices.

In Chapter 2 improvements were made to existing capillary electrophoresis assays for the
analysis of SIRTS5 enzymatic activity and identification of SIRTS inhibitors. A commercial
capillary electrophoresis method was developed to validate results from other platforms and was
used to confirm 8 novel SIRTS inhibitors through dose-response analysis. Further improvements
in throughput were made on previous microchip capillary electrophoresis separations for
monitoring SIRTS reaction progress and coupled to droplet sample introduction via an density-
based oil drain. Finally, steps were taken towards the development of a label-free, droplet-MS
SIRTS assay coupled to online reagent addition.

The aim of Chapter 3 was to combine droplet microfluidics with rapid CIU data

acquisition for the high-throughput analysis biophysical analysis of protein ligand interactions.
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CIU fingerprint acquisition times were reduced by an order of magnitude as compared to
traditional fingerprint collection. Additionally, droplet methods compatible with native mass
spectrometry were developed and coupled to an IM-MS instrument. Droplet-CIU was then used
to screen 96 small-molecule compounds against SIRTS, where over 20 binders of SIRTS were
identified. Comparisons to activity assays revealed that inhibitors stabilize certain gas-phase
conformations of SIRTS, providing more insight into the mechanism of SIRTS inhibition.

In Chapter 4 a droplet-MS method was developed to rapidly quantify monoclonal
antibodies from cell expression media. This work started with the miniaturization and
modification of a protein A-based cleanup protocol to ensure compatibility with droplet-MS. The
sample cleanup was coupled to droplet generation and MS analysis to screen a panel of IgGs
expressed in 48 different media conditions. Good correlation with existing LC-MS assays was
determined and the most productive media conditions were identified. This work was also

supplemented with the use of high-resolution MS for glycan profiling.
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Chapter 2: Development of Droplet-Based Capillary Electrophoresis and
Mass Spectrometry Assays for the Identification of Sirtuin-5 Inhibitors

Reproduced in part from Ouimet, C.O.; D’ Amico, C., I.; Kennedy, R. T. Anal. Bioanal. Chem. 2019, 411(23), 6155-
6163. Copyright 2019 Springer-Verlag GmbH Germany. Fluorescent images in Figure 2-8 taken by Ouimet. Data
presented in Figures 2-9,10 collected by D’ Amico and formatted by Ouimet.

2.1 Introduction

Sirtuin proteins, a group of enzymes belonging to the class III histone deacetylase family,
have been extensively studied as drug targets due to their role in modulating many biochemical
pathways.!>  Specifically, sirtuins alter the functions of their target proteins by removing acetyl,
succinyl, glutaryl, crotonyl, and malonyl groups from lysine residues in a nicotinamide adenine
dinucleotide (NAD)-dependent fashion.>> Many sirtuin protein targets are involved in cellular
respiration and metabolism, therefore sirtuin regulation by small molecules has been widely
explored for the treatment of cancers, diabetes, cardiovascular diseases, neurodegenerative
diseases, and other ageing-affiliated disorders.>” With such great interest in identifying small
molecule regulators of sirtuins, there is a need for high-throughput screening (HTS) assays that
can rapidly and accurately assess the effects of these drug candidates against sirtuin enzymatic

activity.

Many sirtuin activity assays have been developed across a range of analytical platforms,
with most research focused optical or fluorescence-based approaches.® The most common sirtuin
activity assay is the commercially available Fluor-de-Lys™ assay, which utilizes a fluorogenic
peptide modified with 7-amino-4-methylcoumarin (AMC)’. Fluorescent signal increases once the

lysine modification is catalytically removed from the substrate peptide by a sirtuin, allowing for
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cleavage of the AMC fluorophore via trypsin.” This assay has been employed in a HTS format to
identify novel activators of Sirtuin-1.!° The use of fluorescence resonance energy transfer (FRET)-
based assays has also been explored for measuring sirtuin enzymatic activity'!. The FRET-based
assay uses a modified, acylated substrate peptide where the fluorescence of the donor dye is
quenched by an acceptor dye. Fluorescence increases after deacylation of the peptide by a sirtuin,
followed by a trypsin digest that releases the donor dye.!'! While fluorescence-based assays, such
as FRET and Fluor-de-Lys™, are amenable to HTS and have been used to identify small molecule
modulators of sirtuin activity, they require the use of a fluorophores which have been shown to
cause false positive hits due to their proximity to the lysine residue and interactions with the sirtuin

active site.!>!3

There are also label-free approaches for screening sirtuin activity, most notably mass
spectrometry coupled to liquid chromatography (LC-MS).® In this format substrate and product
peptides can be separated, analyzed, and directly quantified without the need for a fluorophore or
a secondary reaction. LC-MS analyses for sirtuin activity have been shown to be reliable;
however, the use of LC-MS is typically reserved for secondary screens and hit confirmation due
to longer separation times and difficulties with parallelization.!*!> There remains an interest in

developing new sirtuin activity assays that are both robust and amenable to HTS.

There has been an increasing interest in miniaturizing enzymatic assays and using

microfluidic technologies in the drug discovery process to decrease reagent consumption and

16,17

analysis time. Regarding sirtuins, microchip capillary electrophoresis (MCE) has been

employed in the identification of novel sirtuin modulators, where fluorescently labeled substrate
18-20

and product peptides are separated based on electrophoretic mobility and detected on-chip.

The label can be placed at a remote location from the target lysine residue, reducing the chance of
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false positives from non-specific interactions. Droplet-based sample introduction techniques have
been coupled to MCE to further enhance the throughput of these sirtuin assays. In one screen,
1280 compounds were tested against the activity of sirtuin-5 (SIRTS) and analyzed in 0.5 Hz in a
total of 46 min, resulting in the identification of eight novel SIRTS inhibitors.!® Droplet-based
sample introduction has also been coupled directly to MS detection for the identification of sirtuin-
1 (SIRT1) modulators.?! In this study, 80 compounds were tested against SIRT1 and analyzed at
0.8 Hz in a label free manner. Overall, microfluidic and droplet microfluidic platforms represent

an attractive approach for HTS sirtuin assays.

The focus on this chapter is on improving and developing high throughput assays for the
identification of inhibitors of SIRTS activity, an enzyme that is a potential target for melanomas,
breast cancers, and non-small cell lung cancers. In this work we adapt existing SIRTS assays to
run on a commercial CE system and verify potential SIRTS inhibitors using dose-response
analysis. Additionally, we make improvements in throughput and S/N to previously developed
SIRTS MCE assays and couple this to a novel density-based droplet sample introduction device.
Finally, we work towards an all-droplet, label-free MS assay for the identification of new SIRTS

inhibitors (Appendix 1).

2.2 Methods
Chemicals and Materials

All reagents were purchased from Sigma-Aldrich (St. Louis, MO) unless otherwise noted.
SIRTS5 was expressed and purified as previously described.?? SDHA-derived peptides were
obtained from GenicBio Limited (Shanghai, China). Test compounds were supplied by the

Epigenetics Screening Library (Cayman Chemical, Ann Arbor, MI), the Center of Chemical
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Genomics (University of Michigan, Ann Arbor, MI), or synthesized by the Neamati Group
(University of Michigan, Ann Arbor, MI).
Peptide-Based SIRTS Assay

The substrate peptide, GGQSLK][succ]FGKG, was based on the SIRTS target protein
succinate dehydrogenase. The sequence is based on the residues that surround the succinylation
site of some SIRTS target proteins. Dessuccinylation by SIRTS yields the GGQSLKFGKG
product (Figure 2-1A). 5-carboxyfluoroscein (an N-terminus label) and '*C labeled forms of the
peptide were obtained for CE/MCE and MS experiments respectively. For CE/MCE experiments,
reactions were performed in a 10 uLL volume containing 45 nM SIRTS, 1 uM substrate, 10 mM
Tris, 1 mM 1,4-dithiothreitol, 0.5 mM NAD", 4.5% (v/v) glycerol, 30 mM NaCl, and 2 mM sodium
phosphate and quenched with 45 pL of electrophoresis buffer (10 mM sodium tetraborate, 0.9 mM
2-hydroxypropyl-pB-cyclodextrin). For MS experiments, SIRTS5 reactions were carried out in 10 pLL
of 45 nM SIRTS, 1 uM substrate, and 10 mM ammonium bicarbonate, pH 8 and quenched with
45 pnL 80% acetonitrile (ACN), 20% water, and 0.1% formic acid. Reaction yields were calculated
by dividing product peak area over total product and substrate peak areas and normalized to
positive and negative controls.
Capillary Electrophoresis

CE experiments were performed on a Beckman Coulter P/ACE MDQ instrument
(Fullerton, CA). The excitation wavelength filter and emission wavelength filter were 488 nm and
520 nm respectively. Fused silica capillary (Polymicro Technologies, Phoenix, AZ) with a 360
um outer diameter, 40 um inner diameter, and 30 cm length was used for all experiments. Length

to the detector window was set at 10 cm. 32 Karat software (Beckman Coulter) was used for data
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acquisition and electropherograms were analyzed using Cutter 7.0 software.* Dose-response
analyses were plotted and fit using a non-linear regression in GraphPad Prism 7.

Capillaries were preconditioned by sequentially rinsing with water, 0.1 M hydrochloric
acid, water, 1.0 M sodium hydroxide, and filled with running buffer (10 mM sodium tetraborate,
0.9 mM 2-hydroxypropyl-B-cyclodextrin). Capillaries were reconditioned after eight injections,
or after a noticeable shift in migration time was observed. Samples were introduced by
hydrodynamic injection for 5 s at 0.1 psi. A field of 667 V/cm was applied for separation.
Device Fabrication

Glass MCE devices were fabricated from two etched glass slides (Telic Company,
Valencia, CA) using previously established photolithography and wet etching protocols.?*2°
Sample, injection, and separation channels were etched to a depth of 4 um on a single slide and
capillary insertion channels were etched to 80 um on both slides. A 0.5 mm drill bit was used to
make fluidic access holes. The glass slides were washed in piranha solution (75% sulfuric acid,
25% hydrogen peroxide) for 20 min and in heated RCA solution (15% ammonium hydroxide, 15%
hydrogen peroxide, 70% water) for 40 min prior to alignment and bonding. The two slides were
bonded at 610 °C for 8 h. Finally, reservoirs and fused silica capillary 150 um o.d. 75 pm i.d.
were attached using marine epoxy (Loctite, Diisseldorf, Germany).

Polydimethylsiloxane (PDMS) reagent addition devices were fabricated using standard
pour-over soft lithography protocols.?’” Negative masters were formed by spinning SU-8 2050
photoresist to a depth of 100 uM on silicon wafers (University Wafer, Boston, MA) and developed
using photolithography. PDMS (Curbell Plastics, Livonia, MI) was then poured over master
wafers or blank wafers and cured for at 65 °C for at least 45 min. Patterned PDMS and blank

PDMS were exposed to atmospheric plasma for 45 s, bonded, and baked at 65 °C overnight.
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Channels in reagent addition devices were derivatized with 2% trichloro (1H, 1H, 2H, 2H-
perfluorooctyl)silane in perfluorodecalin (PFD) prior to each experiment.
Droplet Generation

Droplets approximately 4 nL in volume were generated into 360 pm o.d. 150 um i.d. PFA
Teflon tubing (Idex Health & Science, Oak Harbor, WA) from modified 384 well-plates using
previously described methods.?® Briefly, the Teflon tubing was mounted to a computer controlled
XYZ- positioner that directed the inlet into corresponding wells. The outlet was connected to a
100 pL syringe mounted in a PHD 200 syringe pump (Harvard Apparatus, Holliston, TX), operated
in withdrawal mode. For MCE experiments a silicone oil (10 ¢ST) carrier phase was used and
droplets were generated at 0.3 uL/min. For reagent addition and MS experiments the carrier phase
was 0.5% perfluroroctanol (PFO) in perfluorodecalin and droplets were generated at 1000 nL/min.
In all experiments the tubing was prefilled with carrier phase to remove any air bubbles.
Microchip Capillary Electrophoresis

Prior to MCE experiments, chip reservoirs were filled with the separation buffer described
above. Vacuum was applied at the waste reservoir for at least ten minutes to ensure all channels
were filled. Chip setup and operation were as previously described.'®An applied field of 3500
V/cm was used for separations with a 1 mm length to the detector. Samples were electrokinetically
injected with 100 ms gated injections every 250 ms. Prior to droplet sample introduction, Rain-X
was flushed through the fused silica transfer capillary to facilitate droplet transfer and minimize
surface interactions. Droplet trains were introduced on chip by inserting the transfer capillary into
theTeflon tubing and sealing the junction with marine epoxy. An Olympus IX71 fluorescence

microscope (Tokyo, Japan) was used for imaging droplet transfer and sample injection. An in-
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house epiilumination laser induced fluorescence (LIF) detector was used for all other MCE
experiments. '8
Mass Spectrometry

All ESI-MS analysis was carried out on an Agilent 6410 triple quadrupole mass
spectrometer (Agilent Technologies, Santa Clara, CA). ESI potential was set to 2200 V, the
nebulizer gas to 15 psi and the drying gas was 10 L/min at 325 °C. Scan settings were set to a
mass range of 300 m/z to 1400 m/z with 150 ms scans. Droplets were introduced to the mass
spectrometry via a sheath sprayer (Agilent Technologies, Santa Clara, CA). Teflon tubing
containing droplet trains was threaded through the sheath sprayer. The sheath liquid was 80%
acetonitrile (ACN), 20% water, and 0.1% formic acid. Sheath flows and droplet flows were in a
10:1 ratio and were driven by Fusion 400 syringe pumps for a total flow rate of 10.1puL/min
(Chemyx, Stanford, TX).
Reagent Addition

Prior to reagent addition, devices were wetted with PFD to facilitate tubing insertion.
Saltwater electrodes were filled with sodium chloride to disrupt surface tension and promote
droplet merging with the reagent stream. Incoming ~ 4 nL droplets were spaced with ~12 nL carrier
phase and flowed at 800 nL/min. Reagent stream flow was at 200 nL/min and outcoming droplets
were 51%=+ 4% larger in volume. Outgoing droplets were exported directly off chip in Teflon
tubing.
2.3 Results and Discussion

Development of CE Assay for Dose-Response Analysis of Potential Sirtuin Inhibitors
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Before improving on existing CE methods for screening SIRTS enzymatic activity, we
wanted to our assay to a commercial CE platform to serve as a comparison for other methods,
similar to previous work for protein kinase A.?’ This CE assay is based on a fluorescently labeled
substrate peptide. Both the substrate and product are detected and are separated based on a
difference in charge (Figure 2-1A,B). The positively charged product migrates faster towards the
capillary outlet, followed by the net-neutral substrate, both driven by the electroosmotic flow
(EOF). Enzymatic activity can be measured by taking the ratio of product to substrate signals. An

example electropherogram is shown in Figure 2-1C.

A
NAD+
-GGQSLK[succ]FGKG L’ -GGQSLKFGKG + O-Succinyl-ADPR
Substrate, Net-Neutral SIRT5 Product, +2 Charge  + Nicotinamide
200+
B —
7 > Detection P
Window 150+
o)
(T -
L 100 S
50-
Time
0 1 T 1 1
Negative 2 3 4 5
Inlet HV Supply Outlet Time (min)

Figure 2-1. Illustration of CE-based SIRTS peptide assay. Sequence of succinylated and 5-FAM labeled
substrate peptide. Removal of the succinyl group, catalyzed by SIRTS in a NAD+ dependent manner,
yields the 5-FAM labeled neutral product peptide (A). A basic CE instrument schematic indicating
electrode and detector locations, direction of EOF, and order of analyte migration based on charge (B).
Example electropherogram showing both product and substrate analyte peaks (C).

To determine the maximum voltage that could be used with the separation buffer, the
voltage was ramped from 0 kV to 22 kV and the corresponding current was plotted in an Ohm’s

Law Plot. (Figure 2-2). Linearity was observed up to 20 kV, indicating that capillary temperatures
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were stable below 20 kV. All following CE experiments were performed with an applied voltage

of 18 kV to maximize throughput while minimizing the effects of Joule heating.
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Figure 2-2. Ohm’s Law Plot for 10 mM sodium tetraborate, 0.9 mM 2-hydroxypropyl-p-cyclodextrin.
Voltages were ramped from 0 kV to 22 kV in increments of 2 kV. A dwell time of 1 min was used for each
voltage. The corresponding current was recorded and plotted at each voltage increment (n=3).

In addition to establishing appropriate voltages for the separation, it was necessary to select
injection parameters. Hydrodynamic injections were chosen over electrokinetic to reduce injection
bias. Injection pressures and durations were varied from 0.1 psi to 0.5 psi in 0.1 psi increments
and from 1 s to 10 s in 0.5 s increments respectively. It was found that a 5 s injection at 0.1 psi
resulted in the greatest signal to noise ratio, while minimizing peak broadening and avoiding
sample overload.

Prior to performing dose-response analyses of potential SIRTS inhibitors, reaction progress
was monitored using 10 nM SIRTS and 1 uM peptide. These concentrations were chosen based
on previously reported Michaelis-Menton kinetics under identical conditions.'® Reaction progress
was tested up to 125 min and was linear up to 20 min (Figure 2-3). Additionally quenching with
4.5 volumes of separation buffer completely quenched SIRTS reactions. For all following

experiments, reactions were quenched after 15 min to remain in the linear activity range.>%>!
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Figure 2-3. Reaction progress for 10 nM SIRTS and 1 uM substrate. Linearity was demonstrated up to 20
min (n=3).

Selected compounds identified in previous, first-pass screens were evaluated for dose-
dependent SIRTS inhibition to confirm the compounds’ activity against SIRS enzymatic function
(unpublished, Neamati Group, University of Michigan). ICso values were calculated from using
best fit curves (Figure 2-4). To verify the accuracy of this assay, suramin, a previously identified
inhibitor, was screened against SIRT5. The ICso value of 8.8 & 3.2 uM obtained from the dose-
response analysis is within error of previously reported literature values that range from 2.6 uM to
22 uM (Figure 2-4A).>? We confirmed eight other compounds as novel SIRS inhibitors; however,
most of these inhibitors were found to lack potency with 1Cso values in the mid-high micromolar
range (Figure 2-4B-L). While more research is needed to develop more potent SIRTS inhibitors,
this work demonstrates that our CE-based assay can identify SIRTS inhibitors with a range of ICso

values, and can be adapted to multiple CE platforms, including commercial instrumentation.
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Figure 2-4. Dose-response analysis of potential SIRTS inhibitors. Percent inhibition was normalized to
positive and negative controls. Concentration of inhibitors ranged from 1 nM to 100 uM. ICso values
derived from best-fit curves are displayed (n=3).
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Improvements in MCE and Density-Based Oil Drain for Injection of Droplet Samples

To further improve the throughput of our SIRTS assay, we explored the use of MCE to
achieve rapid separations of the product and substrate peptides. Higher fields and faster
separations can be achieved on chip as compared to commercial CE due to smaller channel
diameters (larger surface area to volume ratio) and more efficient heat dissipation. Previous reports
demonstrate a separation time of 250 ms at a field of 3000 V/cm and detection at 2 mm on chip.'®
It was found that separation times could be reduced to 150 ms by increasing the field to 3500 V/cm
and reducing the detection point to a 1 mm distance, while maintaining good S/N and resolution
for both the substrate and product (Figure 2-5A). Peak variance and S/N was calculated across a
range of injection durations from 10 ms to 50 ms (Figure 2-5B,C). Under these conditions, 15 ms
injections yielded the minimum peak variance without sacrificing signal intensity. These

conditions were used for all further experiments.
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Figure 2-5. On-chip separation of SIRT5 substrate and product peptide. Example trace of a 150 ms
separation (A). S/N of substrate and product peaks across injection times ranging from 10 ms to 50 ms
(n=50)(B). Variance of substrate and product peaks across injection times ranging from 10 ms to 50 ms
(n=50)(C).

Because this chip was developed for HTS purposes, it was important to evaluate

electropherogram stability over many injections. Across 750 injections migration time RSD for

39



both substrate and product remained less than 2%. Additionally, peak areas were stable across all
injections and RSD was less than 5%. Traces for all 750 injections are shown in Figure 2-6A. A
zoomed-in view is presented for visualization of separate injections, where substrate and product

peaks can be observed (Figure 2-6B).
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Figure 2-6. Electropherogram stability over many injections. SIRT5 enzymatic reactions were carried out
using established protocols for ~60% product yield. Trace of 750 injections containing both substrate and
product peptide(A). Zoomed-in view of 25 injections (B).

With such fast separation speeds, the bottleneck in throughput is sample introduction. To
achieve rapid, automated sample loading, we coupled MCE to a novel droplet-based introduction
method. Droplet microfluidics is an attractive approach for introducing samples on chip due to
compatible volumes and ease of fluid manipulation, but there remains a challenge. The inert oil
carrier phases typically used in droplet microfluidic experiments will disrupt the EOF and
ultimately the analysis if it enters the separation channel. Therefore, the carrier phase must be
removed before each sample is loaded onto the MCE device. For these experiments, an oil drain
that utilizes the difference in densities between the carrier phase and the background electrolyte
was constructed. Droplet samples are introduced on chip via syringe pump into a fused silica
capillary and are flowed into a reservoir containing background electrolyte. The less-dense carrier
phase floats to the top of the reservoir while the analytes are electrophoresed to the sampling
channel. The outlet of the capillary and the inlet of the sampling channel are on the same plane to
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reduce analyte diffusion prior to entering the sampling and separation channels. Schematics of the

microchip illustrate droplet sample introduction with both side (Figure 2-7A).
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A Separation Channel
Droplet sy Ground
Entry \
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B Droplet Entry

Sample
Capillary
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Detection
Point =——pi

Separation
Channel

Ground
Figure 2-7. Schematic of microchip with density-based oil drain. Droplets (teal) are segmented by the low-
density oil carrier phase (yellow). The oil floats to the top of the reservoir filled with denser separation

buffer (blue) where the high voltage is applied. Analytes are electrophoresed towards ground. Side (A)
and top-down (B) views are illustrated.
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Fluorescent imaging of droplets containing FITC was performed to monitor droplet
introduction into the sampling channel and (Figure 2-8A) and injections from a droplet into the
separation channel (Figure 2-8B). Negative high voltage is constantly applied at the reservoir,
such that droplets enter the sampling channel and are directed towards the grounded waste
reservoir. While the microchip was designed to reduce diffusion, some diffusion of the analyte in
the oil drain reservoir can be observed in the second panel of Figure 2-8A. Once a droplet enters
the sampling channel and migrates to the injection cross, gated injections control analyte flow into
the electrophoresis channel and towards the detection point. Because of the droplet flow rates and
volumes and speed of the separation, multiple discrete injections can be made per droplet sample.

This allows for signal averaging across multiple electropherograms per sample.

A Droplet introduction

droplet *
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-HV

oil drain reservoir
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Figure 2-8. Fluorescence imaging of droplet introduction and injection. Pre-droplet introduction onto chip,
followed by droplet arrival through the transfer capillary, and clearing as it is electrophoresed into the
sampling channel (A). Droplet entering the sample channel and gated towards the grounded waste. A
discrete plug is then injected into the separation channel and the droplet is finally washed out (B).
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To determine if this density-based oil drain was compatible with SIRT5 assay conditions
as described above, over 160 droplet samples were analyzed with a total of 1,250 separations
without the need to recondition the microchip (Figure 2-9A). Droplets contained alternating
sample content: those containing no enzyme and those containing 45 nM enzyme. Reaction yields
using peak area could be calculated for each injection and average reaction yield for all enzyme

containing droplets was 49 = 5 % (Figure 2-9B).

reaction yield (%)

0 500 1000 500 1000 1500

time (s) injection number

Figure 2-9. Continuous injection of 160 samples containing 1 uM substrate with every other droplet
containing 45 nM SIRTS or no SIRT5. Raw traces for concatenated electropherograms of 1,250 total
injections (A). Calculated reaction yield from each electropherogram. Red indicates data from samples
with 45 nM SIRTS5 and blue indicates samples with no SIRT5 (B). Colored data points correspond to same
colored data points in Figure 2-10.

For samples containing no SIRTS only substrate peak is observed, while both substrate and
product peeks are seen in the samples containing 45 nM SIRTS with a resolution of 1.8. (Figure
2-10A). As described above multiple, injections are made per each sample droplet and percent
yield is calculated from averaging substrate to product ratios across multiple injections (Figure 2-
10B). Some data points correspond to intermediate yield values before substrate and product

signals stabilized. This is likely due to the discontinuous droplet injection and mixing between
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droplets at the sample capillary or sampling channel. Carryover issues could potentially be

addressed through larger spacing between droplets or the incorporation of wash droplets.
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Figure 2-10. Performance of density-based oil drain for analysis of SIRTS reaction samples by free-solution
microchip capillary electrophoresis. Examples of raw traces from individual injections from samples with
0 nM SIRTS and 45 nM SIRTS5 (A). Selection of a series of yields from electropherograms highlighted in
figure 2-9. Electropherograms from samples with 0 nM SIRTS, 45 nM SIRTS, and transitions between
droplets are shown in blue, red, and black respectively.

Previous reports of SIRTS screening by droplet-MCE achieved a throughput of 2 s/sample
with the use of a hybrid PDMS-glass device, as compared to the 10 s/sample reported here.*?
Although there was a lower throughput and resolution, fabrication of the density-based device
requires fewer steps and fewer connections, making setup and operation more accessible.
Furthermore, the versatility of this device has been demonstrated with other applications such as
capillary gel electrophoresis and the screening of protein-protein interactions. There is also the
potential for coupling other microfluidic functions to this device, such as reagent addition, to
further improve sample preparation and throughput. There are some limitations with this system
regarding screening applications, considering that small molecules will freely diffuse through the
low-density mineral oil that is used. As a result, reactions must be fully quenched prior to droplet

formation and analysis, and only peptides or other larger molecules may be analyzed. Overall,
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this design is a promising approach to monitoring enzymatic activity assays by MCE and droplet

sample introduction.

2.4 Conclusions

In this work we improve on and build CE, MCE, and MS assays for the evaluation of
SIRTS enzymatic activity. A previously developed assay, based on a fluorescently labeled
substrate peptide, was adapted to a commercial system by adjusting injection parameters and field
strengths. Eight compounds were identified as novel SIRT5 inhibitors through dose-response
analysis, and lead compounds will be explored further as potential therapeutic agents in treating
metastatic melanomas. Additionally, we were able to increase the throughput of our MCE
separations to 150 ms as compared to the 250 ms separation times previously reported. This fast,
on-chip separation was coupled to a droplet sample introduction via a density-based oil drain. This
device was used to screen over 160 samples with a throughput of 10 s/sample, using only 4 nL
droplet volumes. Finally, we worked toward developing a droplet-MS assay with reagent addition
to screen SIRTS enzymatic activity in a label-free manner and further reduce enzyme consumption.
We identified an MS compatible reaction buffer that preserved SIRTS activity and monitored
substrate peptide over 120 samples with successful reagent addition. Future work is focused on
employing this microfluidic platform for screening a compound library against SIRTS to identify

novel inhibitors.
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Chapter 3: Ion Mobility-Mass Spectrometry Coupled to Droplet Microfluidics
for Rapid Protein Structure Analysis and Drug Discovery

3.1 Introduction

Structural biology is critical for modern drug discovery, revealing key details that can lead
to compounds of high clinical efficacy; however, target structure assessments are often left to the
later stages of drug discovery and development. This time lag is often due to limitations associated
with high-resolution structural biology techniques with respect to sample purity and throughput!~
4. In addition, such approaches are not always amenable to protein targets that are difficult to
express or challenging to capture in a functional, ligand-bound state. Calorimetric assays, such as
differential scanning calorimetry (DSC) and isothermal titration calorimetry (ITC), can detect
global changes in protein structure in a more robust and higher-throughput manner than their
atomic-resolution counterparts®’. Despite this, calorimetric technologies reveal little to no
information regarding ligand binding location or binding stoichiometry and lack the throughput
necessary for deployment in many drug discovery applications.

Over the last few decades, mass spectrometry (MS) has emerged as a promising approach
for the characterization of interactions between proteins and drug-like small molecules®. MS
technologies can evaluate low volume samples, are compatible with a relatively wide range of
solution conditions, provide universal detection of ligand biding events, and provide the ability to

make measurements within complex mixtures’. In particular, native MS has become an important

addition to the biophysical characterization toolbox. Under native MS conditions, non-covalent
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interactions within and between biomolecules can be preserved for direct interrogation by MS,
thus providing ligand binding stoichiometry and dissociation constant (Kp) information ',

MS and native MS can be coupled to ion mobility (IM-MS) to provide greater insight into
the impact of ligand binding on protein structure and dynamics, further aiding drug discovery and
development. IM-MS separates proteins and protein-ligand complexes based on their shape and
charge, and can be used to differentiate conformational dynamics upon ligand binding while
preserving information about stoichiometry and binding kinetics'>. For a deeper understanding of
protein stability and the conformational changes induced by ligand binding, collision induced
unfolding (CIU) can be employed'*. In such experiments proteins or protein-ligand complexes are
accelerated through a neutral gas prior to IM separation, causing the protein to undergo partial
unfolding. The magnitude of the activation experienced by gas-phase proteins can be gradually
increased and plotted against the changes in IM drift time observed in what is called a CIU
fingerprint and can be used to assess changes in protein-stability upon ligand binding, as well as
identify conformational intermediates and transition regions'®. CIU fingerprinting has been
applied to several protein-ligand systems of pharmaceutical interest including: protein kinases,
membrane proteins, and metalloproteases'>™!7. The dynamic information gained from CIU often
compliments high-resolution approaches such as X-ray crystallography.

Because IM-MS and CIU occur in the gas phase, structural interrogation based on these
techniques is typically much faster than other biophysical approaches typically deployed within
drug discovery and development workflows. Acquisition of a single CIU fingerprint typically
requires ~5 min; however recent advances in software development and post-acquisition analysis

have reduced this data collection time to less than 30 seconds'®. The main bottleneck in

implementing CIU in a high-throughput screening manner lies in manner in which samples are
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introduced to MS. Despite technical challenges, there has been a push to develop high-throughput
sample introduction platforms for MS. Commercial systems such as the Agilent Rapidfire or
Advion Nanomate can achieve automated sample introduction at rates of 0.14 Hz and 0.02 Hz
respectively.!” Although these systems can achieve fast and automated sample introduction, they
both have high consumables costs and require microliter amounts of sample.!® There has also been
recent advances in acoustic mist ionization (AMI-MS) technologies, where ultrasonic pulses inject
a mist of sample droplets into the MS from a well plate.?’ For these technologies, sample
introduction rates of up to 0.33 Hz have been achieved using picoliter amounts of sample®®. This
technology, however, is not widely available and its compatibility with nMS and IM-MS is
currently unknown.

Microfluidics, particularly droplet-microfluidics where sample plugs are separated by an
immiscible carrier phase, coupled to mass spectrometry is an attractive approach for high
throughput screening?!. These sample plugs can range from femtoliter to nanoliter in volume,
where each droplet can be manipulated and treated like an individual microreactor. Droplet-MS
provides a robust way to introduce hundreds or even thousands of picoliter to nanoliter samples

22,23

into MS in a semi-automated fashion While this type of screening platform has been

primarily used for small molecule analysis, prior work has shown that droplet-MS can be used for
intact protein analysis and that such technologies can be coupled directly to IM-MS 242,

Here we develop a microfluidic platform coupled to rapid CIU data acquisition to explore
the potential of CIU fingerprinting for high-throughput biophysical analysis of protein-ligand
interactions for the first time. We also examine the impact that the droplet microenvironment has

on global protein structure and demonstrate the first example of non-covalent complexes preserved

during the droplet-nESI process. Finally, we apply our droplet-CIU method to screen a library of
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96 small molecules against the silent mating type information regulation 2 homolog 5(Sirtuin 5,
or SIRTS), a protein-target of pharmaceutical interest. Our CIU data identifies many novel binders
and quantifies their impact on overall SIRTS stability. The low sample consumption and relatively
high throughput of our approach suggests its potential for use in future drug discovery efforts
where protein stability shift information needs to be accessed early on in order to evaluate the
potential efficacies of candidate compounds.
3.2 Methods
Chemicals and Materials

All reagents were purchased from Sigma-Aldrich (St. Louis, MO) unless otherwise noted.
SIRTS was expressed and purified in house as previously described?®. Test compounds were
synthesized by the Neamati Group (University of Michigan, Ann Arbor, MI). Prior to all native
MS experiments, protein samples were buffer exchanged into 100 mM Ammonium Acetate, pH
7.0 using Micro Biospin 30 columns (Bio-Rad, Hercules, CA) and diluted to a 10 uM working
concentration.
Droplet Generation

Droplets were generated from 384-microwell plates as previously described?’, with
modifications. Samples were drawn into 150 um i.d. x 360 um o.d. PFA tubing (IDEX Health
and Science, Oak Harbor, WA) using a fusion 400 syringe pump (Chemyx, Strafford, TX) operated
in withdrawal mode. The tubing was directed by an xyz-micropositioner, alternating between
microwells containing sample and the perfluorodecalin (PFD) carrier phase. 2% (v/v) 008-
flurosurfactant (RAN Biotechnologies, Beverly, MA) was added to the carrier phase to stabilize
sample droplets during generation and infusion. Droplets were generated at a rate of 200 nL/min

to prevent air from entering the PFA tubing when moving between adjacent microwells.
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All native MS experiments were performed on a Synapt G2 quadrupole—ion mobility—time-
of-flight mass spectrometer (Q—IM—ToF MS) instrument (Waters Corp., Milford, MA). For direct
infusion experiments, samples were loaded into home pulled, gold-coated borosilicate needles.
For droplet experiments, samples were transferred to 100 um 1D x 360 od fused-silica needles
pulled to a 30 um diameter (New Objective, Woburn, MA) using a zero dead volume Picoclear
union (New Objective, Woburn, MA). Prior to droplet transfer, fused silica needles were
derivatized with 2% trichloro(1H,1H,2H,2H-perfluorooctyl) silane dissolved in PFD using
previously described methods?’ to prevent adhesion of aqueous samples. The instrument was
tuned to optimize the ion transmission of the most intense intact SIRTS ions. The electrospray
capillary was held at a voltage of 1.2 kV with the sampling cone set to 30 V. The backing pressure
was set to 5 mbar for SIRT5 and myoglobin samples and 7 mbar for IgG samples. IMS wave
height and wave velocity were 40 V and 300 m/s, respectively. The pressure in the trap collision
cell was set to 2.9 x 1072 mbar with argon gas, the helium cell set to 1.4 x 10°> mbar, the traveling-
wave IM separator set to 2.5 mbar, and the ToF MS set to 1.5 x 10 °mbar. The transfer cell was

held to 30 V accelerating potential to reduce noise from surfactant clusters while maintaining
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protein-ligand interactions during droplet-based experiments. A cartoon representation of droplet

generation, transfer, and MS readout is shown in Figure 3-1.

Droplet CIU Data Acquisition and Analysis

SIRTS was pre-incubated with test compounds in a 1:1 molar ratio for 15 minutes, prior to
droplet generation. Sample droplets were perfused into the MS at 400 nL/min. CIU experiments
were performed by ramping the trap cell collision voltage from 10 V to 90 V in 5V increments
with a 2 s dwell time at each collision voltage. Instrument control methods for all CIU acquisitions
were generated  automatically using a  Python  program, available at
https://github.com/RuotoloLab/MethodEditor. The program reads a user-generated template file
that describes the desired acquisition settings (m/z ranges, CIU voltage ramp, time per CIU
voltage, and general instrument tuning and calibration settings) and produces the corresponding
MassLynx method files (.exp) and a sample list that can be imported into the MassLynx control
software. The imported acquisition can then be run automatically in MassLynx, requiring only a
start command from the user. For droplet CIU experiments, a time delay was added between the
start of the method and data acquisition to allow sufficient time for the droplets to be started and
synchronized with the start of data acquisition by the automated method. TWIMExtract?® was used
to extract raw drift time data for charge states of interest. This text-formatted data was then
imported and analyzed in CIUSuite2!®. Data processing included the use of on-board Gaussian
Denoising, a 2x interpolation factor of the collision voltage axis, and two rounds of 2D Savitsky-
Golay smoothing with a five-bin window. Median fingerprint feature values and feature
transitions, or CIU50’s, were fit post-processing. Features were defined with a minimum length

of 2 collision voltage values and a maximum feature width of 1 ms.
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3.3 Results and Discussion
Reducing CIU Fingerprint Acquisition Time:

Previous CIU data have been collected on timescales ranging from 5 to 40 min, limiting
the ability to collect full fingerprint datasets for screening. New CIUSuite2 software, utilizing on-
board smoothing and interpolation algorithms tailored for the CIU experiment, have made it
possible to reduce fingerprint collection to the sub-minute timescale. The capabilities of fast CIU
were investigated using myoglobin, a well-studied protein system by IM-MS and lower-
throughput CIU*-*!. Dwell times per collision voltage (CV) were reduced from 30 s/CV to 2 s/CV.
Averaged fingerprints, after employing smoothing and interpolation, revealed the same features
(Figure 3-2A,C) and transitions (Figure 3-2B,D) within error while requiring 15X less analysis
time. Additionally, features and transitions were fit with a small margin of error for fast CIU
experiments, once smoothing algorithms were applied (Figure 3-2E,F) Dwell times per CV could

not be reduced below 2 s/CV due to limitations with instrument electronics.
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Figure 3-2. Increasing throughput of CIU fingerprints. CIU fingerprints of myoglobin collected with an
acquisition rate of 30 s per collision voltage, fitted with features (A) and CIU50 transitions (B) n = 3.
Fingerprints of albumin collected with an acquisition rate of 2s per collision voltage, fitted with features
(A) and CIUSO0 transitions (B) n = 3.  Fitting of both features (E) and transitions (F) for fast CIU data
acquisition, with less than 3% and less than 6% error respectively. Both fell within error of features and
CIUS0 values obtained from CIU experiments with traditional acquisition rates.
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Stable Generation and Transfer of Sample Droplets:

To match our new abilities to rapidly collect and interpret CIU data, we developed an
automated sample introduction system for IM-MS. Droplet microfluidics was chosen as our
sample introduction method for IM-MS because it provides low volumes match the requirements
of nESI, and numerous tools have been developed to rapidly manipulate droplets.?!** Droplet
encapsulated samples containing micromolar concentrations of native-like proteins presented
unique challenges when designing our microfluidic sample delivery devices for downstream IM-
MS and CIU assays. In early device prototypes, droplets were prone to shearing during flow
(Figure 3-3A) and protein aggregation (Figure 3-3B), likely due to interactions with the protein
analytes at the droplet surface. These aggregation events occurred both in the absence of a carrier
phase surfactant and in the presence of three commonly used classes of fluorosurfactants:
perfluorooctanol, Novec 7500, and FC-70, which have commonly been used to stabilize droplet2.
To address these issues, nESI emitters were derivatized with 1H, 1H, 2H, 2H-
Perfluorooctyltriethoxysilane to reduce surface interaction with the protein analytes. Additionally,
008-Fluorosurfactant (Ran-Biotechnologies), a surfactant used to stabilize droplets in microfluidic

systems that undergo thermocycling, was used in the carrier phase. While the salinization of the

Figure 3-3. Droplet transfer to nESI fused silica emitter. 40 nL droplets containing 10 uM myoglobin in
100 mM ammonium acetate, pH 6.74 were generated in 150/360 ID/OD tubing and transferred to a 100 um
ID nESI emitter. The carrier phase was PFD in all experiments. A representative image of droplet shearing
in the absence of surfactant (A). A representative image of protein aggregation in-droplet, in the presence
of Novec 7500 (B). Example of successful droplet transfer in the presence of 2% w/v 008 fluorosurfactant
in the PFD carrier phase to a derivatized nESI emitter (C).
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emitter helped prevent droplet shearing prior to infusion, it was found that the addition of the 008-
fluorosurfactant was crucial for stable droplet formation. (Figure 3-3C).

Although droplets could be stably generated and transferred to IM-MS for analysis, there was a
significant amount of carryover between sample droplets under these conditions. Myoglobin
signal intensity increased 40-fold across 100 samples, indicating protein transfer between droplets
during perfusion (Figure 3-4A). It was found that alternating protein-containing sample droplets
with blank droplets (80% water, 20% methanol, 0.5% formic acid) was sufficient to reduce the

averaged peak area variation in sample droplets to less than 5% (Figure3-4B). Denatured protein
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Figure 3-4. Demonstration of carryover during perfusion of droplet train. TIC of droplet train only
containing sample plugs with 10 uM myoglobin in 100 uM ammonium acetate. (A). TIC of droplet train
with sample plugs alternating between 10 uM myoglobin and blank droplets (80% water, 20% methanol,
0.5% formic acid) (B).
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transferred between droplets accounts for the signal observed within the blank droplets. Spikes in
protein signals can also be observed at the edges of the sample droplet distributions detected. We
attribute this minor amount of protein denaturation to interactions between the protein and the
aqueous-carrier phase interface.
Droplet CIU

We then explored using droplets as a sample introduction system for a CIU assay targeting
SIRTS, a potential therapeutic target’>>. Droplets were generated from samples containing 10 uM
SIRTS co-incubated with a known small molecule inhibitor, 2,2°-((9H-fluorene-2,7-
disulfonyl)bis(azanediyl))diacetic acid (fluorene compound).Like myoglobin, these sample
droplets were stably perfused into the MS with less than 5% carryover between protein-containing
droplets (Figure 3-5A). Additionally, it is possible to observe both apo- and fluorene-bound SIRTS
within a single droplet (Figure 3-5B), while only low intensity signals for denatured SIRTS are
seen in blank droplets (Figure 3-5C). Using our modified method editor (see Experimental
Section for details), CIU fingerprints were collected over the course of two sample droplets and
the IM-MS data was combined into a single contour plot with post-acquisition analysis in
CIUSuite2 (Figure 3-5D).  Our results demonstrate that it is possible to employ CIU to analyze
inhibitor-protein complexes in a semi-automated fashion at a rate of 2 samples/min, consuming
only 12.8 ng of protein per assay, while simultaneously determining protein-ligand binding
stoichiometries. It is also important to note that is the first example of a non-covalent interaction
observed by MS in an oil/water droplet microenvironment. This was achieved while
simultaneously reducing typical CIU acquisition times by a factor of ten and reducing typical

sample consumption by two orders of magnitude.
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Figure 3-5. CIU of inhibitor-bound SIRTS in droplets. TIC of incoming droplet train with sample containing
and blank droplets colored in blue and orange, respectively (A). MS averaged over a single sample
containing droplet (B). MS averaged over a single blank droplet (C). CIU fingerprint collected over the
span of two sample droplets, merged into a single fingerprint with post-acquisition data processing (D).

It was essential to investigate the impact that the droplet microenvironment has on native-
like protein structure. It has been shown that the presence of some surfactants can interact with
and potentially alter protein conformation®®, and thus complicate the interpretation of CIU
fingerprints. The arrival time distributions (ATDs) of the most intense charge states in three
different proteins were compared between those perfused in droplets and those perfused by
standard direct infusion (Figure 3-6A-C). Each of these proteins vary in size, domain number,
and overall structure. Overall, we find no significant differences ATDs between droplet nESI and
direct nESI samples. Additionally, we detect no significant differences in the CIU features or
transitions recorded for SIRTS ions collected from droplets (Figure 3-6D) versus those observed
through direct infusion (Figure 3-6E). An RMSD comparison plot between the two sets of

fingerprints highlights that most of the differences in the fingerprints can be attributed to low-
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intensity noise that does not impact CIU feature finding or transition fitting (Figure 3-6F).
Overall, our data suggests that the droplet microenvironment, including the added 008-

fluorosurfactant, does not generally alter global protein structures.
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Figure 3-6. Comparison of protein structures infused from droplet versus non-droplet aqueous
environments. ATD comparisons for myoglobin (A) SIRTS (B) and IgG (C). ATDs averaged from
samples introduced via droplets are shown in blue and ATDs averaged from samples introduced via direct
infusion are shown in gray signal intensities in droplets versus direct infusion were normalized to their
respective highest values. Averaged SIRTS CIU fingerprints collected from droplets (D) and direct
infusion (E) n=3. RMSD comparison between the two fingerprint sets (F).

While the presence of fluorosurfactant did not alter SIRTS protein structure, we do observe
a group of MS signal corresponding to surfactant clusters that overlap with our targeted SIRTS
signals in m/z. These signals impacted our early efforts at SIRTS CIU feature and transition fitting.
In an effort to overcome this chemical noise, we employed a voltage ramp from 0 V to 100 V in
the transfer region of the MS to dissociate such surfactant cluster ions (Figure 3-7A-C). The MS
signals for apo- and SIRTS5-fluorene were simultaneously monitored (Figure 3-7D) during this

process and a transfer energy of 30 V was chosen for all CIU experiments in order to maximize
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signal for SIRTS-ligand complexes while suitably reducing surfactant signals for automated

feature fitting in CIUSuite2.

Surfactant Noise Protein Signal

A)ovV B) 30 V

Drift Time (ms)
N
?

2

1 1
2000 2500 3000 3500 4000 2500 3000 3500 4000
m/z m/z
C) 100 V D)
6
5
2 20-
% 2 40
E 3
—
£ 10- S
[ FE— e
2000 2500 3000 3500 4000 O 10 20 30 40
m/z Transfer Energy (V)

Figure 3-7. Reducing overlapping surfactant noise in droplet samples. IM-MS data for SIRT5-fluorene
ionized from 2% surfactant stabilized droplets with the energy in the transfer region set to 0 V (A), 30 V
(B), and 100 V (C). Percent ligand loss was monitored with increasing transfer energy (n=3)(D).

Application to SIRTS Droplet-CIU Screen
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The results described above indicate that it is possible to perform CIU assays of protein-
ligand complexes from nanoliter droplet samples on the second timescale. In addition, while our
data suggest that an entire CIU fingerprint can be collected for each protein-ligand complex
detected, it is also possible to target the collection of CIU data to narrow regions of drift
time/voltage space in order to increase throughput. In this way, it would be possible to identify
inhibitors and determine their effect on protein stability, while minimizing acquisition times. To
maximize our ultimate throughput, a pilot screen with known SIRTS inhibitors was performed to
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Figure 3-8. Comparison of CIU50 values between apo- and inhibitor-bound SIRTS. CIU fingerprints
were scanned from 5V to 60V and averaged for each inhibitor. CIUS50 values were obtained and plotted
for the first (A) and second (B) transition regions between features.
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) &
s e

identify the most differentiating regions of the CIU fingerprint and reduce the number of CVs
scanned per sample. All SIRT5 CIU fingerprints exhibit three distinct features and two transition
regions, correlated to a compact starting structure and two unfolded states accessed during CIU by
the SIRTS ions probed here (Figure 3-5D). Although inhibitor binding did not significantly impact
the averaged median drift time for each CIU feature detected, compound binding did increase the
collision energy needed to reach both the first and second CIU transitions recorded (Figure 3-8).

This result indicates that the inhibitors screened against SIRT5 exhibit a stabilizing effect on the
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protein structure, as expected. Not only does this information aid in identifying the likely mode
of action for the SIRTS inhibitors studied here, but differences in the CIU data recorded could be
used in the future to identify separate classes of SIRTS inhibitors based on their different
interaction modes or locations on the protein surface.

To further validate the ability of CIU to differentiate SIRTS inhibitors, a classification
scheme was built in CIUSuite2 using the training set of compounds from above. Training data
was sorted into two classes: apo-SIRTS5 and inhibitor bound-SIRTS. Using this two-class
classification scheme, each voltage was assessed, and scores were assigned based the ability of
each voltage slice to differentiate between the two training classes (Figure 3-9A). The voltages
30 V and 37.5 V were automatically selected by the CIUSuite2 algorithm and an internal cross-
validation of the resulting classifier reveals evidence of robust performance (Figure 3-9B).
Interestingly, the voltages selected for our CIU classifier fall within the transition region of apo-
SIRTS CIU fingerprints. Based on the area under the corresponding receiver operating
characteristic curve (AUC-ROC), our analysis shows a 0.96 maximum classification accuracy
when CIU data acquired at 30 V and 37.5 volts are used. An external validation was performed
using CIU fingerprint data from SIRT5 bound to compound 1290, which was excluded from the
original training data used to build the classification scheme and treated as a unknown in the
context of validation run. The results of this external validation were plotted using a linear
discriminant analysis, and we observed a clear separation between apo- and bound-SIRTS and
SIRTS5-1290 data (Figure 3-9C). The high probability of this classification scheme correctly
identifying 1290-SIRTS as a bound state is displayed in Figure 3-9D. Together the data from

Figure 3-8 and the analysis shown in Figure 3-9 demonstrate that a limited voltage range,
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encompassing the transition regions in the SIRTS CIU fingerprint, can be used to robustly

differentiate apo- versus inhibitor-bound states of SIRTS.
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Figure 3-9. ClIU-based classification of SIRTS ligands. Each voltage was scored for its ability to
differentiate inhibitors from apo-SIRTS (n=3) (A). Voltages 30 and 37.5 were selected for an internal
cross-validation test, where accuracy was tracked with the test data (green), the training data (blue), and
the area under the ROC curve (red) versus the number of collision voltages included in the classification
scheme (B). An external validation was run using compound 1290 (not included in the original
classification scheme) and collision voltages 30 and 37.5. A linear discriminant plot shows the resulting
classification and separation of apo- versus inhibitor-bound SIRTS (C). A bar chart representing the
probability of class assignments for compound 1290 for three replicates, using the classification engine
built in panel A and B (D).

This CIU workflow was then used to screen 96 compounds against SIRTS to identify
potential binders and inhibitors. This small molecule library was based on the scaffolds of known
SIRTS inhibitors identified through biochemical assays and co-crystallization studies

(unpublished, Neamati Group, University of Michigan). Reactions were prepared in 384-well
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plates where SIRTS was incubated with small-molecule compounds in a 1:1 molar ratio. Samples
were introduced to the MS using the droplet generation and transfer method described above, and
collision voltages were scanned from 30 V to 55 V for each sample droplet. Samples were run in
batches of 48 and total analysis time was 70 min. Feature and transition regions were fit for each
fingerprint and CIU50 values for each compound were derived and plotted versus the apo-SIRTS
CIUS0 values for both the first and second transition (Figure 3-10). In this screen, 24 compounds
exhibited increased CIUS0 values for both their first and second CIU transitions and were

confirmed as novel binders of SIRTS through subsequently-collected MS data.
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Figure 3-10. 96-compound screen for potential SIRTS binders. CIU fingerprints from 30 V to 55 V for
each compound. Transition regions were fit for every fingerprint, generating CIU50 values for the first
(A) and second (B) transition regions. Each point represents a CIU50 value for an individual compound.
The apo-SIRTS CIUS50 value for each respective transition is denoted by the dashed green line. The
shaded region represents 3o of the apo value.

Of the 96 compounds screened, 8 were selected to validate the results from the screen.
SIRTS was pre-incubated with the compounds in a 1:1 molar ratio and introduced to the MS with
standard direct infusion. CIU fingerprints were collected over a range of 5 V to 60 V, a more
comprehensive range than used for the droplet-based screen. These CIU fingerprints were

collected in triplicate and averaged for each SIRT5-compound complex (Figure 3-11). Seven out
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of the eight compounds assayed were consistent with the results from the higher-throughput CIU
screen. The results for compound YH-162 did not agree with the initial results found in the screen;
however, upon closer investigation poor spray stability and signal intensity for the corresponding
sample droplet in the screen is likely the cause of this false positive. This contributed to poor
feature and transition fitting and is likely to be responsible for the differences in the CIU50 values
from the initial screen versus the CIUS50 values represented in Figure 3-11. Overall, the values
were consistent with the initial high-throughput CIU screen, demonstrating the potential utility of
our approach for identifying potential inhibitors and their effect on overall protein structural

stability.
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Figure 3-11. Validating results of CIU screen. CIU fingerprints of eight compounds incubated with SIRTS
with transition values that differed significantly from apo-SIRT5 (n=3). Compounds with names written in
blue indicate a stabilization upon ligand binding and are consistent with the results from the initial screen
(A-E). Compounds with names written in red indicate destabilization upon ligand binding are consistent
with results from the initial screen (F-G). Compounds with names in green indicate ambiguous results
where there was a destabilization of the first transition and stabilization of the second transition. These
results are not consistent with the results from the screen (H).

Several similarities emerged between “hit” compound structures in our CIU screeen for
SIRTS inhibitors. All of the identified compounds had conjugated ring structures, resulting in fairly
planar scaffolds. Additionally, almost every hit compound had a carboxylic acid end cap, an
important electron donating functional group present in many drug molecules.’” Compounds

differed in the linker region between conjugated ring structures and fell into three common groups:
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structures with thiourea linkers (Figure 3-12A), sulfonamide linkers (Figure 3-12B), anfd amide
linkers (Figure 3-12C). There was no significance in structure stabilization observed based on
CIUS0 differences between the different compound classes. Nonetheless, these compounds

represent the leading scaffolds that could be further developed and explored as SIRTS inhibtors
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Figure 3-12. Hit compound structures. Compounds were separated into three groups based on similarities
in molecular structure: Thiourea linker containing compounds (A), compounds with sulfonamide linkers
(B), and compounds with amide linkers (C).

based on our data.

To gain further insight into the mechanisms of SIRTS5 inhibition, the relationship between
SIRTS5-ligand complex structure and its enzymatic activity were investigated. IC50 values for

known SIRTS5 inhibitors were obtained using a previously established CE-based method*® (Figure

3-13).
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Figure 3-13. Dose-response analysis for known SIRTS inhibitors. SIRTS enzymatic activity was measured
in the presence of 1 nM to 100 uM inhibitor. Normalized percent yields were based on the ratio of substrate

peptide to product peptide signal. IC50 values were calculated from best fit curves, using a one site,
nonlinear regression fit.

All SIRTS inhibitors studied here exhibited a positive shift in CIU50 values for both the
first and second CIU transitions. Inhibitors with the greatest potency towards SIRTS activity also
caused the largest shifts in CIU50 for the first transition, while the opposite trend is observed for
the second transition (Figure 3-14). These inhibitors are known to bind in the ligand binding
domain, and we hypothesize that the first transition region may represent the unfolding of this
region of the protein, while the second transition region may relate to the unfolding of the zinc-
binding domain within SIRTS. In the future, such information could be used to sort active site
inhibitors from those that act allosterically. Although compound 103 does not align with this trend,
it is possible that the IC50 recorded by our CE assay is an inaccurate due to lack of data points at
higher concentrations (Figure 3-13). CIU50 values were unable to be obtained for suramin due
to SIRTS aggregation upon co-incubation at the micromolar concentrations necessary for native

CIU experiments. Overall, CIU experiments have not only identified novel SIRTS binders, but
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have also provided more insight into the relationship between SIRTS structure and its mechanisms

of small-molecule enzymatic inhibition. These label-free, information rich unfolding assay has
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Figure 3-14. Comparison of CIU50 values to IC50 values (n=3) of known SIRTS inhibitors for the first (A)
and second (B) transitions. Delta CIUS0 values were calculated by subtracting the average apo CIUS50
from the CIU50 of each SIRT5-inhibitor complex. IC50 values were plotted on a log scale for comparative
purposes.

N

the potential to compliment traditional enzymatic screening assays, and requires far less time and

sample than calorimetric approaches.

3.4 Conclusions

In this work we describe a droplet-microfluidics sample introduction system for native IM-
MS, demonstrate CIU data collection on the sub-minute timescale, and discuss semi-automated
CIU data collection for high-throughput screening applications. Utilizing on-board smoothing and
interpolation algorithms tailored for the CIU experiment, it was possible to reduce CIU fingerprint
collection time by 10X when compared to typical CIU data collection schemes. A droplet-based
sample introduction approach, suitable for samples with high protein concentrations, was
developed and coupled to our fast CIU data acquisition. It was also shown that non-covalent
complexes are preserved within droplets and that the droplet microenvironment does not
significantly alter global protein structure in general. Furthermore, we were able to identify

differentiating regions within a given SIRTS CIU fingerprint and apply this droplet CIU workflow

71



to a 96-compound screen against SIRTS. Over 20 novel SIRTS binders were identified in this

screen. Additionally, we found that inhibitors stabilize particular SIRTS conformations, and that

this stabilization effect can be correlated with SIRTS enzymatic activity.  Overall, this work

demonstrated that CIU can be employed as a screening tool that provides valuable insight into

protein-ligand interactions. Future work will focus on improving automation of data acquisition

and applications to other protein systems.
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Chapter 4: Detection and Quantitation of Intact Monoclonal Anitbodies from
Cell Expression Media

4.1 Introduction

Biotherapeutics based on monoclonal antibodies (mAbs) represent both a highly successful
and a critically important class of treatments for diseases including cancers, autoimmune disorders
and coronavirus infections.! The success of mAbs as biotherapeutics can be attributed to their
higher specificity and affinity for target molecules when compared to their small-molecule counter
parts, thus increasing their therapeutic window and reducing their potential side effects> % . Higher
order structure (HOS), post-translational modifications (PTMs), and stability all contribute to mAb
efficacy, and are all key aspects that must be evaluated during the drug discovery and

development’*

. The structural complexity of mAbs that give rise to their success as therapeutic
agents also creates many analytical challenges associated with evaluating their downstream
efficacy and safety.

Immunoglobulin Gs, or IgGs, are the dominant mAb subclass used in the generation of
biotherapeutics. Notably, IgGs generally produced through recombinant DNA technology within
mammalian cells’. A key issue in biopharmaceutical development is identifying cell culture
conditions that will maximize antibody production to improve efficiency'?. Factors such as cell
type, culture media components, temperature, and pH can all impact cell growth and IgG
expression levels, potentially leading to thousands of potential growth conditions to evaluate'!.

Varying growth conditions also impacts normal cellular processes, including the post-translational

modification of expressed proteins!!. Glycosylation is a prominent PTM that can impact 1gG
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function and efficacy as well as formulation and storage requirements’-'%!314 " As such, there is a
critical need for high-throughput technologies that can both quantify protein production from
culture media, while simultaneously evaluating PTM profiles in the detected mAb populations.

Mass spectrometry (MS) is a widely used tool for intact mAb analysis. Analysis by MS is
rapid, information rich, and suitable for complex mixtures'>'®!7. In the past decade MS has been
used for top-down mAb profiling, PTM identification, and the analysis of recombinant mAb
mixtures'®!”. In addition, native MS, which seeks to capture higher order structure information
from mAbs and other biomolecular systems by preserving their native structures during ionization,
has been used to probe the role of PTMs and stress conditions on mAb structures'®. With advances
in MS scan rates and resolving power, the potential exists to analyze thousands of mAb samples
in a day on a single instrument, making MS well-suited for high-throughput applications associated
with biotherapeutic discovery and development.?’

While MS can rapidly detect intact mAbs, high-throughput sample introduction of protein
analytes from complex matrices remains a challenge. Sample cleanup is necessary prior to
electrospray (ESI) and nanoelectrospray (nESI) MS analysis, due to ionization suppression,
overlapping background signal, and spray instability that can be caused by the matrix components
associated with biotheraputic production (e.g., cell culture media)’?! and formulation.
Chromatographic approaches, including hydrophobic interaction chromatography, reversed-phase
chromatography, size exclusion chromatography, and affinity chromatography, are most
commonly used for mAb purification?>?*. While these methods are robust, they often require large
amounts of sample and solvent. Additionally, the timescale of such sample preparation is typically

on the order of minutes to hours and is thus not optimal for use in high-throughput analyses>*~2
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A wide range of high-throughput MS technologies have been developed for the analysis of
mAbs. For instance, the use of surface modified magnetic beads has emerged as a batch
purification and desalting method for small volume mAb samples prior to MS analysis.?’” Such
technologies have been used in conjunction with robotic sampling to enable 0.03 Hz sample
delivery for MS analysis, a 10-fold improvement over prior approaches®®. Droplet-microfluidics
coupled to nESI-MS is a promising workflow for high-throughput intact protein and mAb

analysis®>!

. For example, prior work has demonstrated that intact, native-like Trastuzumab can
be detected within a single 408 pL droplet, at a droplet sampling rate of 10 Hz, producing a mass
measurement that fell within error of MS data obtained using a conventional ESI emitter’.
Additionally, the throughout limitations for intact protein analysis by droplet-MS have been
explored. Sampling rates of up to 33 Hz have been achieved across three different MS instrument
platforms?!. The quantitative capabilities droplet-based MS methods, however, have not yet been
explored and sample cleanup is still typically required prior to infusion into the MS detector.
Here we develop an MS-compatible Protein A-based cleanup protocol, coupled to
microdroplet entrainment and analysis by native MS for screening of antibody production from
different media. The droplet-MS sample introduction platform enables rapid and semi-automated
quantitation of IgGs expressed under varying media conditions. We achieve intact mAb detection
from a single droplet with an LOD of 0.15 mg/mL and an LOQ of 2.6 mg/mL, with a throughput
of 0.04 Hz. We then use high-resolution native MS to characterize glycosylation profiles from
productive media conditions. Protein A purification coupled to Droplet-MS analysis enables high-

throughput quantification of mAbs from complex background matrices, along with supplemental

glycan profiling, in a simple, fast, and label-free experiment.
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4.2 Methods

Materials and Sample Preparation

All reagents were purchased from Sigma Aldrich (St. Louis, MO) unless otherwise noted.
For MS tuning and initial droplet experiments, SiLuLite SigmaMab IgG1A from human myeloma
was used. Samples were reconstituted in Milli-Q water (Millipore) to a concentration of 1 mg/mL
then buffer exchanged into 200 mM ammonium acetate using Micro Biopsin 30 columns (Bio-rad,
Hercules, Ca). All mAb samples were provided by Bristol-Myers Squibb (New Brunswick, NJ).
BMS mAb samples were stored in 20 mM histidine, 250 mM sucrose, 50 uM
diethylenetriamiepentaacetic acid (DTPA), 0.05% polysorbate 80, pH 6.0 at a concentration of
~180 mg/mL. BMS mAb was buffer exchanged into 200 mM ammonium acetate using size
exclusion chromatography. The size exclusion column (GE Superdex 200 Increase 10/300 GL)
was pre-equilibrated with the ammonium acetate buffer, prior to sample loading. Fractions

containing mAb were then pooled and stored at a concentration of 4 mg/mL.

Droplet Generation

Droplets were generated from 384-microwell plates as previously described®?, with
modifications. Samples were drawn into 150 um i.d. x 360 um o.d. PFA tubing (IDEX Health
and Science, Oak Harbor, WA) using a fusion 400 syringe pump (Chemyx, Strafford, TX) operated
in withdrawal mode. The tubing was directed by an xyz-micropositioner, alternating between
microwells containing sample and the perfluorodecalin (PFD) carrier phase. 2% (v/v) 008-
flurosurfactant (RAN Biotechnologies, Beverly, MA) was added to the carrier phase to stabilize
sample droplets during generation and infusion. Droplets were generated at a rate of 200 nL/min

to prevent air from entering the PFA tubing when moving between adjacent microwells.
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Droplet nESI Analysis

All droplet-MS experiments were performed on a Synapt G2 quadrupole—ion mobility—
time-of-flight mass spectrometer (Q—IM—ToF MS) instrument (Waters Corp., Milford, MA). For
continuous direct infusion experiments, samples were loaded into gold-coated, borosilicate
needles, pulled to 7-9 um. For droplet experiments, samples were transferred to 100 um 1D x 360
od fused-silica needles pulled to a 30 um diameter (New Objective, Woburn, MA) using a zero
dead volume Picoclear union (New Objective, Woburn, MA). Prior to droplet transfer, fused silica
needles were derivatized with 2% trichloro(1H,1H,2H,2H-perfluorooctyl) silane dissolved in PFD
using previously described methods*? to prevent adhesion of aqueous samples. The MS was run
in positive mode and the electrospray capillary was held at a voltage of 1.3 kV with the sampling
cone set to 40 V. The backing pressure was set to 7 mbar for all mAb samples. The wave height
and wave velocity were 10 V and 300 m/s within the IM traveling-wave ion guide, respectively.
The pressure in the trap collision cell was set to 4.8 x 102 mbar with argon gas, the helium cell
set to 1.4 x 10° mbar, the traveling-wave IM separator set to 3.4 mbar, and the ToF MS set to 2.2
x 10" mbar. A scan rate of 0.5 scans per second was used to generate at least five points per droplet
while maximizing signal to noise ratio.
Modified Protein A Purification
A schematic representation of the binding and elution protocol is shown in Figure 4-1. Magnetic
beads modified with protein A were used for mAb capture (Dynabeads, Invitrogen, Waltham,
MA). A 50 uL bead suspensions was placed in each sample well of a 384 well-plate, with a magnet
placed below. Once beads were separated from solution, the supernatant was removed and
discarded. Expression media containing mAb was diluted into 100 uL of PBS (10 mM phosphate,

2.7 mM potassium chloride, 137 mM sodium chloride, pH = 7.4) with 0.02% Tween-20 and mixed
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with the plated beads by pipette until homogeneous. The samples were then incubated on rotation
at room temperature for 20 minutes. The plate was then placed back on a magnet and the
supernatant was removed. This was followed by three wash steps with 100 uL of Milli-Q water.
A volume of 25 uLL of 200 mM acetic acid was used for mAb elution from the beads. The plate
was incubated on rotation at room temperature for 30 minutes. The plate was then placed on top
of magnets to separate the beads from solution once more. Droplets were then generated from the

top of each sample well.

1. Suspend beads 2. Bind antibodies 3. Remove media 4. Add wash/remove supernatant (3x)

6. Pull down magnetic beads 5. Elute antibodies
Droplet Generation ~f— e

and MS Detector

Figure 4-1. Illustration of Dynabead Protein A binding and elution protocol for mAb purification. Magnetic
beads are represented as dark gray spheres and mAbs are shown in orange.

High-Resolution Mass Spectrometry for Glycan Profiling
Antibody samples were prepared using the protein A protocol described above. Glycan

analysis was performed on intact antibodies using a Q Exactive UHMR hybrid quadrupole-orbitrap

81



mass spectrometer. (ThermoFisher, Waltham, MA). Samples were directly infused using 7-9 um
gold-coated borosilicate emitters. The mAb samples were purified from cell culture media as
described above. For all experiments on the Q Exactive the spray voltage was set to 1.3 kV and
the capillary temperature was held at 275 °C. The desolvation voltage was set to 100 V to remove
salt adducts and improve resolution. Resulting mass spectra were deconvoluted using BioPharma
Finder. The ReSpect (isotopically unresolved) deconvolution algorithm was applied with a
deconvolution mass tolerance of 50 ppm. The input m/z range was confined from 3,000 to 8,000

with an output range of 10 kDa to 160 kDa.

4.3 Results and Discussion

Droplet Analysis of mAb Standards

Before quantifying IgGs present within a complex background matrix, such as cell culture
media, we wanted to determine whether IgG would be stable within a droplet microenvironment.
It has been shown that high concentrations of proteins or other biomolecules present within a
droplet can disrupt the droplet-carrier interface through interactions with the carrier phase and
adhesion to surfaces in the fluid path**. This behavior can lead to unstable droplet flow, as well
as carryover from sample to sample. Additionally, it has been demonstrated that some surfactants
used to stabilize droplets can interact with and potentially disrupt protein analytes®.

To test if the selected carrier phase and surfactant were compatible with mAb samples, 40
nL droplets containing 1 mg/mL of Sigma IgG1 standard in 200 mM ammonium acetate were
generated. These droplets were alternated with blank droplets containing methanol and water in a
1:1 ratio with 0.5% formic acid. Droplets were then pumped into the nESI source at 400 nL/min.
Over the course of these experiments (100 sample droplets) we observed a consistent droplet size

and spacing for both samples and blanks (< 5% RSD in volume), indicating stable droplet

82



interfaces and flow (Figure 4-2A). When the total ion current associated with the most intense
IgG charge state was extracted, we observe uniform time dependent signals corresponding to each
sample droplet (peak area RSD of 5.1%). Furthermore, we detect less than 3% protein signal in
blank droplets when compared to sample containing droplets, demonstrating little to no sample
carryover between droplets (Figure 4-2B). Averaged spectra across a single sample droplet
revealed the same native-like charge state distribution typically observed for IgG under continuous
direct infusion conditions (Figure 4-2C).>® This result suggests that the droplet microenvironment
is not significantly altering the HOS of the mAb of interest. The averaged spectra across the blank
samples contain very little signal in the m/z range associated with native-like mAbs, again
indicating a lack of carryover between individual droplet samples (Figure 4-2D). Taken together,
these results illustrate the conditions used here enable native-like protein nESI-MS from droplet

samples with no carry-over between samples.
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Figure 4-2. Example trace of Intact IgG infused to the MS via droplet nESI. Total ion chromatogram of
incoming droplet train alternating between sample (1 mg/mL of IgG in 200 mM ammonium acetate) and
blank (50:50 methanol:water, 0.5% formic acid) (A). Extracted ion chromatogram of most intense charge
state, m/z = 6398 (B). Averaged mass spectra from a single sample droplet (C). Averaged mass spectra
from a single blank droplet (D).
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Selecting MS-Compatible Elution Buffers

Our primary interest for this work is the detection of mAbs that have been expressed in
differing cell lines and growth conditions. While intact mAbs can be successfully analyzed via
droplet-MS using standard native MS buffer conditions, the removal of salts and other cell-media
components is necessary for mAb detection in our samples of interest. When purified mAb was
spiked into clarified cell-culture media, we observe a loss of charge state resolution and unstable
nESI currents in the MS data acquired (Figure 4-3A) as compared to MS data obtained from
purified mAb samples housed in 200 mM ammonium acetate (Figure 4-3B). Protein A affinity
purification is a widely used method for the purification of IgG type antibodies®’. The two most
common elution buffers called for by protein A affinity protocols, citric acid and glycine, however,
are not nESI-MS compatible. Citric acid is non-volatile and therefore resulted in poor ionization
of our target mAb (Figure 4-3C). Alternatively, glycine is readily ionizable, and thus causes
ionization suppression of our analyte (Figure 4-3D). We hypothesized that volatile, organic acids
would be both MS appropriate and compatible with a protein A affinity purification approach. The
target mAb was spiked into both 200 mM formic and acetic acid. Although improved spray
stability was achieved and individual charge states were resolved in both buffers, acetic acid
resulted in the best S/N and charge state resolution of the intact mAb (Figure 4-4E,F). In order
to match our native MS control experiments described above, we maintained an ionic strength of

200 mM in our samples following protein A purification.
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Figure 4-3. Comparison of mAb spectra in a selection of potential elution buffers for protein A affinity
purification: 1 mg/mL purified mAb in clarified cell-expression media (A) 1 mg/mL purified mAb in 200
mM ammonium acetate (B) 1 mg/mL purified mAb in 200 mM (C) 1 mg/mL purified mAb in 200 mM
glycine (D) Img/mL purified mAb in 200 mM formic acid (E) 1 mg/mL purified mAb in 200 mM acetic
acid.
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Optimization of Binding and Elution

Affinity purifications typically include an antibody binding step, wash step(s) to remove
unwanted components from expression or storage matrices, and an elution step. To maximize
recovery, we tested varying incubation durations for the binding step associated with our protein
A purification. In order to mimic the matrix expected in cell culture samples, model mAbs were
spiked into clarified cell-expression media then diluted 20-fold into 200 uL of PBS with 0.02%
Tween-20 for a final concentration of 0.1 mg/mL. The samples were then co-incubated with
protein A-modified magnetic beads, washed (3X), and eluted. Percent recovery was calculated
by dividing the total mass loaded by the total mass recovered. Percent recovery plateaued at
~75% from a binding period of 20 min or longer (Figure 4-4). A 20-min incubation period was

chosen for all subsequent experiments, to maximize recovery while increasing the throughput of

our sample cleanup.
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Figure 4-4. Percent recovery of mAb at different incubation periods during the Protein A binding step.
Samples were diluted into PBS with 0.02% Tween-20 and loaded onto protein a-modified magnetic beads.
Binding times ranged from 10 minutes to 60 minutes. Protein concentration in loaded and eluted samples

was determined by A280 absorbance (n=3).
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For compatibility with droplet generation from well-plates, it was necessary to reduce the
volumes at each step in our protein A affinity purification method. A summary of the final protocol
is shown below (Table 4-1). We observed no significant change in percent recovery upon
reducing the volumes associated with our protein A purification strategy. Two wash steps were
added to ensure thorough desalting, reduced adduction and optimized mass resolution. We did not

detect any mAb sample loss during any of our wash steps.

Elution Step Buffer Volume (nL) Time (min)
Binding PBS, 0.02% Tween-20 100 20
Wash 1 DI Water 100 3
Wash 2 DI Water 100 3
Wash 3 DI Water 100 3
Elution 200 mM Acetic Acid 25 10

Table 4-1. Modified elution protocol for Dynabeads Protein A. Times represent the incubation period for
each step.

In-Droplet Quantification

To use droplet MS to screen for cell culture conditions that produced the most recombinant
mADb, it was necessary to evaluate if our native MS approach could provide quantitatively reliable
data for such samples. In order to calibrate the MS intensity values recorded in our data against
mAb concentrations in solution, our target mAb was spiked into clarified cell-expression media,
then purified using our modified protein A protocol. Target mAb concentrations were measured
pre- and post-purification using A280 absorbance as described above. Droplets were then
generated and pumped into the MS for detection (Figure 4-5A).

The most intense charge state for our mAb of interest was the +25 charge state, at m/z =
5971 (Figure 4-5B). We found that using the height of this signal, rather than its area, or combined
peak area and height values across all charge states, resulted in the best linearity (R? = 0.9922,

LoD =0.15 mg/mL, LoQ = 2.6 mg/mL) for our resulting calibration curves (Figure 4-5C,D). This
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is likely because due to the challenges associated with distinguish protein signal from noise at
lower mADb concentrations, leading to wider apparent peak widths for lower intensity charge states.
Using total peak area to calculate mAb concentrations, however, had a better linear correspondence

with results obtained by LC-MS,a widely accepted method for mAb quantification. (Figure 4-7).
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Figure 4-5. In-droplet calibration curve for mAb of interest. Extracted ion chromatogram of m/z= 5971 (A)
Averaged spectra over a single droplet, highlighting the most intense charge state (B). Calibration curve
generated using averaged peak height of m/z = 5971. Good linearity demonstrated from 0.1 mg/mL to 3.5
mg/mL (n=3) (C). Calibration curve generated using total peak area of all charge states from 0.1mg/mL to
3.5 mg/mL (n=3, from repeated in-droplet calibrations ) (D).
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Cell-Line Screen

We applied our droplet-MS method to 48 samples representing mAb expressed in Chinese
Hampster Ovary (CHO) cells using different combinations of pH, temperature, and varying media
components to determine which conditions promoted the largest amount of protein expression
overall. Using the protein A purification method coupled to droplet sample introduction, as
described above, these 48 samples were purified in 70 min and required a total MS analysis time
of 20 min. Our MS data reveals differences in the intensities detected for the target mAb ions,

indicating the presence of different mAb concentrations within each sample (Figure 4-6).
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Figure 4-6. Segment of extracted ion chromatogram (m/z = 5791) of incoming droplet train. Differences
in signal intensity can be observed between discrete sample droplets.

LC-MS methods are the gold-standard for mAb quantification; however, the typical
affinity chromatography methods used for mAb purification and analysis take 10-20 min/sample.
To evaluate the quantitative accuracy of our droplet-MS method we compared our results to
measurements made by LC-MS (Figure 4-7). There was a good linear correlation between
concentrations measured by LC-MS versus the droplet-MS method. Notably, both methods agreed
on which expression conditions produced the most mAb and the droplet-MS method successfully

identified all 8 blank samples (containing only expression media). Importantly, our droplet-MS
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reduces the analysis time for a single sample by an order of magnitude, as compared to typical
afiinity-based chromatographic chromatographic methods.*®* At 0.04 Hz, droplet-MS is on par
with the fastest reported methods for mAb quantification from complex background matrices (0.03
Hz), without requiring the use of expensive robotics. There is potential for droplet-MS mAb

quantification to reach even higher throughputs by increasing flow rates and decreasing droplet
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Figure 4-7. Relative quantitation of mAb in 48 different cell culture conditions. Concentration of mAb in
48 samples in cell culture media as measured by LC-MS versus concentration measured from droplet-MS
assay following protein A purification. Droplet-MS values based on calibration curve derived from total
peak area. A linear trendline demonstrates the correlation between the two methods.

size; however, this would likely be at the cost of sensitivity.

To further assess the accuracy and differentiating power of our droplet-MS method, we
carried out a Bland-Altman analysis to quantitatively compare the two methods (Figure 4-8).4%!
In the Bland Altman Analysis, the difference between the concentrations determined by each
method are plotted against the average concentration determined by each method. The calculated
bias is derived from the average of differences between the methods. The low bias, 0.08 + 0.26,
indicated no systematic error between the LC-MS and droplet-MS methods. The calculated

confidence interval (95%) was sufficient for our purposes since the mean absolute error of our
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measurements was 0.52 mg/mL. While the droplet-MS method would not be able to statistically
differentiate between a sample that contained a concentration of 3 mg/mL mAb from one with 3.5
mg/mL, we can confidently identify the top 20% most concentrated mAb samples from our screen,

thus enabling the identification of the most productive media conditions for mAb production.
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Figure 4-8. A Bland-Altman plot comparing the mAb concentration for each expression condition by LC-
MS and droplet-MS. Bias with standard error (0.08 = 0.26) is shown. The limits of agreement (or 95%
confidence interval) is shown as calculated by bias + 1.96*standard deviation of the differences between
the two methods.

PTM Analysis

Understanding the PTM profiles of therapeutic mAbs is critical, as PTM modification can
greatly affect the potency and efficacy of these biotherpeutics.** To supplement our work in
identifying the most productive media conditions, we investigated the effect of expression
conditions on the PTM profile of target mAb produced across three of the most productive cell
culture conditions identified in the droplet-MS screen. High resolution MS was implemented, in
tandem with the modified protein A cleanup protocol, for glycoform analysis. The high resolution

MS data reveals evidence for a range of glycoforms associated with the intact mAb (Figure 4-9B).
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Figure 4-9. Example UHMR data for mAb purified from cell culture media. Full spectra for mAb of
interest with bassline resolution of charge states (A). Zoomed-in view of the +29 charge state, where
multiple modifications are resolved (B).

Mass deconvolution was employed to determine the molecular weight and possible
identities of the modified mAb species present under different expression conditions (Table 4-2).
While our data indicates that the most abundant glycoform detected shares the same molecular
weight in each of the samples tested, we observe variations in relative intensities observed across
the less abundant glycoforms detected, in some cases varying by as much as 40% in relative
abundance. Additionally, there appears to be no obvious correlation between mAb expression
levels and the glycoforms detected by native MS. Overall, our analysis demonstrates that PTM
profiling of intact mAbs with direct infusion is possible with the use of the protein A cleanup and
high-resolution MS, without the need for lengthier chromatographic approaches. Additionally,
future droplet experiments coupled to high resolution MS could be prosecuted for direct, high

throughput glycoform characterization and identification.
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Sample Average Mass (Da) Relative Abundance (%) Delta Mass (Da)

C4

149513.06 100 0.00
149352.41 99.64 -160.66
149680.28 56.59 167.22
149558.64 34.75 45.58
149375.50 31.91 -136.56
149144.83 24.54 -368
149788.88 23.24 275.81
149849.27 22.08 336.20
1496188.14 20.15 105.08
149715.25 18.64 202.19
D6
149508.98 100.00 0.00
149675.64 97.68 166.66
149351.28 93.22 -157.70
150055.69 58.08 546.70
149738.25 52.57 229.27
149974.41 47.26 465.42
145081.63 44.94 -4427.36
149870.58 44.90 361.59
149408.36 41.84 -100.63
149581.00 39.95 72.02
E6
149511.78 100.00 0.00
149680.98 66.44 169.20
149891.03 45.85 379.25
149654.59 44.31 142.81
149787.86 43.91 276.08
150055.19 43.09 543.41
149729.42 41.78 217.64
150165.11 39.71 653.33
149958.23 39.07 446.45
149828.16 36.07 316.38

Table 4-2. Most abundant species in three different mAb expression conditions. The top ten masses derived
from the deconvoluted spectrum are listed with their corresponding relative abundance and delta mass from
the most abundant species present.
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4.4 Conclusions

In this work we present a novel, MS-compatible protein A purification for mAbs coupled
to a droplet microfluidic sample introduction format. It was determined that acetic acid can be
used as a suitable elution buffer for protein A based purification, with good percent recovery
(~75%). In-droplet calibration curves showed linearity over the concentration range of interest,
producing an ultimate LOD of 0.15 mg/ml and LOQ of 2.6 mg/mL. This method was applied to
a screen of 48 cell expression conditions, where we were able to determine relative differences in
mAb production with increased throughput as compared to traditional chromatographic
approaches. Additionally, the throughput of droplet-MS is on par with the fastest reports for mAb
quantification from expression media, without necessitating the use of specialized robotic systems.
Miniaturized protein A purification coupled to Droplet-MS could be readily implemented as a
first-pass screening strategy for the production of many antibody-based therapeutics, although the
sensitivity and quantitative capabilities of LC-MS are superior. Improvements to the droplet-MS
system could be made by increasing sample recovery and the addition of an internal standard.
Future work is aimed at coupling droplet sample introduction to high resolution MS for rapid
glycan profiling. The ultimate goal would be to couple high resolution droplet-MS to an on-line,

on-chip sample preparation for high-throughput PTM analysis.
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Chapter 5: Conclusions and Future Directions

5.1 Conclusions

This thesis has described novel approaches of coupling droplet microfluidics to capillary
electrophoresis (CE) and mass spectrometry (MS) for the study of intact proteins and protein-
ligand interactions.

In Chapter 2, improvements were made to previous microchip capillary electrophoresis
(MCE) separation for the monitoring of Sirtuin-5 (SIRTS) enzymatic turnover, reducing separation
times from 250 ms to 150 ms while preserving analyte signal and resolution. Droplet sample
loading on-chip was achieved using a density-based oil drain, and over 160 SIRTS samples were
screened at a throughput of 10s/sample. This work demonstrated that droplet-CE could be
implemented as a high-throughput screening tool in the greater drug discovery process, although
there are some limitations that must be considered. As with other chip-based methods, the MCE
device is sensitive to matrix effects, limiting the number of samples that can be analyzed in a single
experiment. Furthermore, the enzymatic reaction in each sample must be fully quenched prior to
droplet formation. This is because small molecule compounds can easily diffuse through the low
density oil, affecting enzymatic turnover in adjacent droplets. Despite these challenges, droplet-
MCE is an attractive HTS approach for protein families that are prone to high false positive rates
in traditional optical assays.

Rapid collision induced unfolding (CIU) data acquisition was coupled to droplet
microfluidics to achieve high-throughput biophysical analysis of protein-ligand interactions in
Chapter 3. Fingerprint acquisition time was reduced 10-fold and an overall throughput of 30
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s/sample was achieved. This platform was applied to a 96- compound screen against SIRTS, where
over 20 novel SIRTS5 binders were identified. It was also shown that non-covalent complexes are
preserved in the droplet microenvironment and that identified inhibitors stabilize select SIRTS
conformations in the gas phase, providing mechanistic insight into small molecule modulation of
SIRTS activity. In the grater discovery process droplet-CIU could function as a complimentary
screening approach to standard optical activity assays, potentially replacing the slower and
laborious calorimetry platforms. The binding information provided by rapid CIU workflows could
help streamline lead development by providing important biophysical data earlier on in the drug
development pipeline.

In Chapter 4, an MS-compatible sample cleanup method was developed and coupled to
droplet-nESI for screening antibody production in different media conditions. Detection of
monoclonal antibody (mAb) in a single droplet was achieved with an LOD and LOQ of 0.15
mg/mL and 2.6 mg/mL respectively. This method was applied to a panel of IgGs expressed in 48
different media samples to determine the most productive media conditions and was
complemented with high-resolution MS for glycan profiling. Quantification of mAbs by droplet-
MS was on par with the fastest reported methods for mAb screening from culture media, while
reducing sample consumption and eliminating the need for specialized robotics. Although the
droplet method was 10X faster than standard chromatographic methods, LC-MS is superior in
terms of sensitivity and quantitative capabilities. Improvements in the protein A/droplet-MS
screening should focus on increasing recovery and improving spray stability. Nonetheless, droplet
MS provides a rapid way to identify the most fruitful conditions for mAb production. This
workflow could be used to media conditions for an array of mAb-based biotherapeutics on a

previously unattainable scale.
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5.2 Future Directions

Improving Throughput, Data Acquisition, and Data Analysis of Droplet-CIU Assay

As demonstrated in Chapter 3, fast CIU coupled droplet sample introduction is a promising
approach for providing insight into protein-ligand interaction, with higher throughput than
traditional biophysical methods. An immediate way to improve upon this method would be to
increase the throughput of both sample introduction and data acquisition. Increasing the rate of
sample introduction would be relatively straightforward through the reduction of sample volumes
and increase in flow rates, although there are limitations on max flow rate compatibility with the
30 pm emitters used in the droplet-CIU experiments.! Larger emitters could be used with some

sacrifice in sensitivity.2

The primary limitation in the throughput of our data acquisition was the effective scanning
rate, set at 300 ms. This is due to an internal averaging of MS scans into what is termed “spectral
bins” by the software. Faster scan rates or smaller collision voltage dwell times resulted in
electronic breakdown and an inability to generate CIU fingerprints. To circumvent this, a variant
of the Waters SONAR faster scanning acquisition mode could be installed on the instrument.®> The
use of this software in conjunction with droplet sample instruction has been demonstrated, with an
acquisition rate equivalent to 200 spectra/s and a 5-fold increase in sampling points.* Additionally,
further improvements could be made with the automation of the data acquisition. In the current
workflow instrument control methods for CIU acquisitions were generated automatically, but the
actual start of the data collection was performed manually and had to be timed with each droplet
sample. MS-signal dependent data acquisition would streamline fast CIU process, where collision

voltages would be ramped once a set analyte signal is detected. ~Such MS-signal dependent
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softwares have been integrated with both droplet-ms and acoustic ionization-MS to trigger
processes such as sample sorting, data collection, and signal averaging from individual samples.**

The greatest challenge in implementing droplet-CIU as a truly high-throughput screening
method lies in the data analysis process. CIU experiments generate complex and information rich
data sets that can be challenging to evaluate, despite advances in data analysis software. For
example, it took ~ 1 week to analayze the 96 compounds screened against SIRTS in Chapter 2.
Such long analysis times render CIU impractical for large-scale screening endeavors. Future work
should focus on developing machine learning algorithms to automatically generate, fit, and

differentiate fingerprints, streamlining data processing.
Application of Droplet-CIU Workflow to Other Protein Systems of Interest

The utility of CIU for drug discovery has demonstrated but has not been employed in larger
scale screening efforts due previous limitations in throughput and sample requirements.® One
example is the use of CIU to distinguish between ATP-competitive and allosteric ligand binders
of the Abelson protein tyrosine kinase (Abl).” Abl forms an oncogenic chimeric protein and is an
important pharmacological target for the treatment of chronic myeloid leukemia.® While there are
a number of FDA approved kinase inhibitors that target the ATP-binding domain, Abl commonly
has mutations that will prevent these inhibitors from binding. As a result, there is interest in

identifying inhibitors that bind at allosteric sites.>!°

It was found that there were dramatic differences in the CIU fingerprints of ATP-binding
vs allosteric protein-inhibitor complexes, with a highly differentiating region in the 39-40V range
(Figure 5-1).” With relatively low throughput (10 min/sample) and the need for manual

introduction, this study was limited to nine compounds. The droplet-CIU platform and fast data
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acquisition developed in Chapter 3 could readily be applied to a Abl kinase screen for the

identification of allosteric inhibitors, with a focus on the differentiating voltages.
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Figure 5-1. Schematic illustrating identification of allosteric Abl binders by CIU. Crystal structure of Abl
kinase depicting binding locations of ATP-competitive (blue) and allosteric (red) inhibitors. Representative
RMSD analysis highlighting differences in fingerprints generated from Abl-ligand complexes with ATP-
competitive vs allosteric inhibitors (B). Data generated from a high-throughput CIU screen could be
correlated back to their respective samples and used to distinguish inhibitors with different binding
mechanisms (C). Adapted from Rabuck-Gibbons, 2018.

Beyond the study of protein-ligand interactions, CIU assays have been applied to
biotherapeutics, such as mAbs. Extensive characterization of mAbs is critical for determining their
stability and efficacy as a biopharmaceutical. CIU fingerprinting has been shown to be sensitive
towards differences in glycosylation patterns, disulfide bridges, and small molecule conjugation,
and biosimilars!!"!>. The droplet-based platform developed in Chapter 3 could be applied to
classifying a broader range of mAbs, due to the high-throughput capabilities and lower sample
requirements. This workflow could also be combined with the sample preparation methods
described in Chapter 4 to investigate the effects of differing media conditions on mAb stability.
The data generated from such experiments would also prove instrumental in constructing an

antibody CIU fingerprint database for better classification of these biotherapeutics.
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Interfacing Droplet Microfluidics with High-Resolution MS for PTM Profiling

Post translational modifications (PTMs), such as glycosylation, can significantly alter the
stability and functionality of therapeutic mAbs.!®!” Glycosylation patterns can be difficult to
analyze due to the high heterogeneity in a given mAb population; however, high-resolution MS
has proven to be a powerful tool for PTM characterization.'® As with other MS-based screening
approaches, the bottleneck for analysis throughput is sample introduction. There is a precedent
for coupling droplet microfluidics for the detection of intact proteins by high-resolution MS,
although this has not been demonstrated with mAbs.* Preliminary work has been done to couple
our protein-A sample prep and droplet method to a UHMR Orbitrap MS (Figure 5-2A). Low
signal intensity, likely due to the slow scanning rate and interfering surfactant noise, precluded the

detection of discrete glycosylation states within a single droplet (Figure 5-2B). Future work
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Figure 5-2. Interfacing droplet microfluidics with high-resolution MS for intact mAb detection. Image of
droplet sample introduction coupled to a UHMR Orbitrap (A). Sample flow is driven by syringe pump and
transferred to the nESI emitter via a zero dead volume PicoClear union. The union is secured to the xyz-
stage and a copper wire is used to directly connect the emitter tip to the high voltage (HV) source. The
emitter tip is then aligned with the instrument source. MS signal of a mAb averaged across a single 20 nL.
droplet (B).
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should focus on optimizing ion transmission to increase mAb signal and decrease background

surfactant noise to enable PTM characterization with intact protein samples.

Finally, droplet microfluidics could be coupled with an on-line, in-droplet trypsin digest
for rapid mAb sequencing and PTM profiling. It has been shown a 1 ms protein digestion time
can be achieved through the use of nESI and an accompanying sheath flow of nitrogen gas.!” By
coupling this digestion to a high-resolution MS, 100% sequence coverage for the light chains and
85% sequence coverage for the heavy chains of the therapeutic traztuzumab was achieved. This

platform could readily be adapted to droplet flow, using the proposed design in Figure 5-3.
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Figure 5-3. Proposed design for pairing droplet nESI with a rapid trypsin digest for high-throughput protein
sequencing.

In this setup, droplets are generated from a well plate containing mAb samples with trypsin.
Droplet samples are then flowed toward the nESI emitter and desolvation is aided using a sheath
gas. The trypsin digest is accelerated in the plume of microdroplets formed. The greatest challenge

would arise with the large amounts of data generated and a need for automated data analysis,
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nevertheless combining droplet microfluidics with online trypsin digestion would enable rapid

sequencing and provide information about PTM localization in a high-throughput fashion.

The ultimate goal would be the coupling of an on-line microfluidic sample preparation
system to high resolution droplet-MS for intact protein and PTM analyses. A proposed
microfluidic system is illustrated in Figure 5-4 where a Coalesce-Attract-Resegment Wash”
(CAR-Wash) approach would be used to remove cell media or storage buffer.?’ Protein samples
would then need to be eluted prior to introduction into the MS. As with other structural MS
approaches, this workflow would benefit from automated data analysis tools that could extract data

from individual droplet traces, deconvolute spectra, and provide general PTM assignments. High-

On-line Sample Prep High-Res MS PTM Assignment

COALESCE; ATTRACT RESEGMENT I ) ( ) (

R H" ‘

Time
Figure 5-4. Proposed design for pairing CAR-wash approach with high resolution mass spectrometry for
PTM profiling. Antibodies are loaded onto magnetic beads and washed through electrocoalescing.
Droplets are then pumped into the mass spectrometer and subsequently analyzed for glycans and other
modifications. Modified in part from Doonan, 2019.
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throughput PTM analysis would have applications in several biomedical fields beyond
biotherapeutic characterization, such as biomarker analysis and identification. The key challenges
that remain are building robust microfluidic systems and developing data analysis tools to handle

the vast amounts of chemical information generated.
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Appendix

Supporting information for Chapter 2: Working towards a label-free, droplet-MS assay for the
analysis of Sirtuin-5 enzymatic activity.

Label-Free MS Assay with Online Reagent Addition

While we were able to develop a high throughput droplet-MCE method for screening
SIRTS activity, we wanted to develop a label free assay that could also be coupled to online reagent
addition. MS represents a powerful method for label-free screening of enzymatic turnover.
Because MS measures the mass to charge ratio of an analyte, there is no need to label the substrate,
limiting possible non-specific interactions. Additionally, coupling droplet microfluidics to MS is
simpler than coupling droplet sample introduction to CE or MCE because the carrier phase does
not need to be removed prior to infusion to the mass spectrometer. We developed a microfluidic

system screening SIRTS inhibitors including reagent addition, in-droplet incubation, followed by

Reagent
Addition Sample Incubation
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Sheath Flow
e
— 0 0 @ P 0 bhi's = —
Droplet ESI-MS
Flow . . /
‘ ' Spray/Quench Buffer

Figure I-1. Illustration of microfluidic platform for SIRTS inhibitor screening. Droplets containing
inhibitor, 1uM peptide substrate, 1 uM internal standard are flowed through using syringe driven flow.
Reagent stream containing 45 nM SIRTS is added to droplets. Droplets are then incubated and finally
quenched with 80% acetonitrile (ACN), 20% water, and 0.1% formic acid prior to infusion into the MS.
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reaction quenching and direct infusion into the mass spectrometer via a sheath flow source (Figure

I-1).

Before coupling droplet-sample introduction to MS, it was necessary to find MS
compatible buffers for the SIRTS reaction. Use of the typical reaction buffer in SIRTS activity
assays (1 mM 1,4-dithiothreitol, 0.5 mM NAD", 4.5% (v/v) glycerol, 30 mM NaCl, and 2 mM
sodium phosphate) caused ionization suppression of the analytes, resulting in no observable signal

for the substrate or product peptides (Figure I-2A). Ammonium bicarbonate has been shown to

A B
1500- 20000~
Q [«})
Q Q
: :
15000
2 1000- 2
3 =3
< < 10000+
3 500 >
5 5000
[«}] Q
(1'd (14
0 T 1 0 i 1 i 1
715 720 725 715 720 725
m/z m/z

Figure 1-2. Spectra of +2 charge state for SIRTS substrate peptide. No peptide signal is observed when
sample is infused from traditional SIRTS buffer (A). Clear peptide signal observed when sample is infused
from ammonium bicarbonate buffer (B). Substrate peptide concentration was held at 1 uM.

be a MS compatible buffer that also preserves enzymatic function. Substrate signal was observable
with good S/N at the expected mass when infused from ammonium bicarbonate, with no other
salts present (Figure I-2B). To test the activity of SIRTS in ammonium bicarbonate, reaction
progress was monitored from 5 min to 30 min. It was found that reaction yield still proceeded to

100% in ammonium bicarbonate, with the linear range up to 15 min (Figure I-3).
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Figure I-4. Reaction progress of SIRTS in ammonium bicarbonate. Samples contained 1 pM substrate and
45 nM SIRTS5 and were quenched with 80% acetonitrile (ACN), 20% water, and 0.1% formic acid (n=3).

After verifying SIRTS enzymatic activity in ammonium bicarbonate, it was important to
test the stability of droplet infusion into the MS. A total of 120 droplets containing 1 uM substrate
were perfused into the MS over the course of 20 min (Figure I-4). Droplet peak area across the
entire time course was 6.8 %, indicating stable droplet flow and sample introduction. Stable device
function is critical in HTS applications where there may be hundreds or thousands of samples to

screen.
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Figure I-3. Continuous droplet infusion into MS. Extracted ion chromatogram of 120 droplets containing 1
uM peptide directly infused into the MS over 20 min (A). Zoomed-in view from 7.5 min to 6 min reveals 6
individual droplet traces (B).

Although reactions in droplets occur at the low nL scale, reagent usage is determined by

the amount of material plated in the multi-well plate for droplet generation. To further reduce the
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consumption of valuable reagents (e.g., SIRT5 enzyme), we wanted to integrate a microfluidic
reagent addition device to our droplet-based method. In this microfluidic setup, less than 1.2 pg
of SIRTS would be consumed for 100 reactions. PDMS devices were fabricated where teflon
tubing containing droplet trains could be directly inserted (Figure I-5). After receiving reagent
from the orthogonal reagent stream, droplets could be directly exported off the PDMS chip via
teflon tubing for ESI-MS analysis. Because droplets were stabilized with 0.5 % PFO in the PFD
carrier phase, it was necessary to use electrodes to disrupt droplet surface tension at the junction
with the reagent stream and ensure merging. With a droplet flow rate of 800 nL/min and a reagent
flow rate of 200 nL/min, it was demonstrated that droplets doubled in volume to 8 nL with
consistent addition of reagent (Figure I-5B). Stock solutions containing 90 nM of SIRTS were

used for further experiments to ensure a 45 nM concertation of enzyme in each reaction droplet.
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Figure I-5. Reagent addition device operation. Illustration of device showing direction and geometry of
reagent and droplet flow. Electrodes were used to facilitate merging with the reagent stream (A). Samples
contained 1 uM substrate peptide in ammonium bicarbonate. Incoming droplets were 4 nL in volume with
12 nL oil spacing and droplet flow was 800 nL/min. Reagent stream was continuous and flowed at 200
nL/min. Outgoing droplets were found to be increase 100% = 7% in volume following reagent addition
(B) (n=30).
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To test the ability of our MS assay to quantify SIRTS enzymatic turnover, an in-droplet
calibration curve was performed (Figure I-6). Sample droplets were generated from wells
containing known amounts of substrate peptide and flowed through the reagent addition device.
The reagent addition stream contained reaction buffer with no enzyme. Ten droplets were
generated for each concentration and peak heights were averaged across the four middle droplets
from each sample. >50% RSD in signal variation can be observed in the blank droplets in the total
ion chromatogram; however, this is likely attributed to flow instability and background noise for
the sheath flow prior to being fully equilibrated. The extracted ion chromatogram shows no
significant peptide signal in the blank droplets. Good linearity was achieved from 0 nM to 1 uM,
the working concentration range for our SIRTS assay. Overall, this microfluidic setup is a potential
first-step towards screening against SIRTS activity in a high-throughput, label-free manner. With
long-term operation of reagent addition and droplet sample introduction to MS, future work is

focused on screening a larger (>1000 compounds) library against SIRTS to identify new inhibitors.
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Figure I-6. In-droplet calibration curve with reagent addition. Total ion chromatogram for droplet calibration
curve. Droplets contained substrate ranging from 0 nM to 1000 nM, with ten droplets at each concentration (A).
A calibration curve generated using peak height from the extracted ion chromatogram of the substrate peptide.
Peak heights from the four middle droplets at each concentration were used. The calibration curve was fit with
a linear regression (B) (n=4).
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