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ABSTRACT

The Mass Spectrometer (MS), a versatile bioanalytical instrument with origins dating back to
discoveries of isotopes and electrons, has seen increasing application in structural biology.
Particularly, the coupling of Hydrogen Deuterium Exchange (HDX) to MS has become an
attractive user-friendly tool for characterizing the structure and interactions of proteins, particularly
those that are dilute and/or dynamic. Although HDX-MS is not explicitly atomic resolution like gold
standard methods such as X-Ray Crystallography, it is readily applied in comparative studies to
extract the details of binding sites of reasonable affinity ligands. Through the advent of robotic
tool change coupled autosamplers, the speed of information turnaround time has only grown more
rapid. Additionally, ease of access to high confidence in silico structure prediction has made HDX-
MS easier to visualize for more difficult protein systems, making the interpretation of data far more
friendly to the extended community. HDX-MS has a future in fast paced environments, such as
the early stages of drug discovery, where higher throughput is a necessity. Although the
awareness, support, and application of HDX-MS grows, the instrumentation can be cost
prohibitive. It is therefore very exciting to experience how many interesting, relevant scientific
questions can be resolved through collaboration. This work follows many different scenarios
where HDX-MS and MS can be employed, including protein-peptide interactions, affinity ranking
and prediction of a focused molecule library, small molecule drug binding characterization, the
detection of bifunctional molecule-induced ternary complex formation, and epitope mapping,
made possible by the collaboration of the Dickinson Lab (University of Chicago), Icosagen
(Estonia), the Ingerman-James Lab (University of North Carolina at Chapel Hill), and the

Structural Genomics Consortium.
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CHAPTER 1

Introduction

1.1 Studying Proteins as Therapeutic Targets

Many proteins have unique primary and higher order structures which link to their function and
enable their modulation. Accordingly, studying the structure of proteins and their interactions is at

the core of understanding disease mechanisms and developing medical treatment.

Genetically linked diseases often manifest as proteins with aberrant expression, activity,
and/or sequences. For example, the overexpression of antiapoptotic proteins Bcl-2 and Mcl-1 or
epigenetic methyl reader WDR5 is implicated in various cancers.'? Alternatively, our endogenous,
normal functioning proteins may be hijacked to spread infectious diseases. A relevant example
would be the human ACE2 receptor facilitating endocytosis of the SARS-CoV-2 viral particle.® To
correct for aberrant proteins, therapeutic agents modify protein structure, interactions, and
abundance. Traditional approaches include inhibition using small molecule drugs or antibodies
while new, emerging strategies such as Proteolysis Targeting Chimeras (PROTACs)* and

Deubiquitinase Targeting Chimeras (DUBTACSs)® aim to alter protein abundance.

These developments are enabled by structural biologist's who study macromolecular
structure, dynamics, and function using various biophysical instruments. While X-ray
Crystallography and Nuclear Magnetic Resonance Spectroscopy (NMR) are structural elucidation
gold standards that offer atomic resolution, scenarios exist where they fall short: proteins or
complexes which are massive, dynamic, dilute, and/or weakly populated, etc.® Thus, incorporation
of Mass Spectrometry (MS) into the analytical toolbox can help overcome structural biology
obstacles through orthogonal means. Moreover, as populations grow and insights are made into
new and old diseases, higher throughput is increasingly necessary to meet research and
development demands. For example, MS enables rapid, sensitive, and accurate sample
characterization, all qualities of great utility in early/preclinical stages of drug discovery, where the
aim is to screen for novel protein targeting agents (i.e., hit finding and identification) and

characterize and validate their impact on protein structure and/or the proteome.’

1.2 Mass Spectrometry

The analytical technique of Mass Spectrometry (MS) measures gas-phase ion mass-to-

charge (m/z). MS originated at the hands of physicists such as J. J. Thomson (1906 Nobel Prize



in Physics for electron discovery), E. Everett, and Francis Aston (1922 Nobel Prize in Chemistry
for discovery of isotopes) in the early 1900s as they aimed to answer fundamental questions
about atomic structure while bridging theoretical and experimental physics.® By the late-1950s,
mechanisms of fragmentation during MS were understood and employed to elucidate organic
molecule structure; fragment ions in mass spectra related to precursor structure and
rearrangement.® Today, MS is a widely used analytical tool across various scientific disciplines to
reveal the identity and composition of pure or highly complex samples. MS is essential in the
studies of proteomics, metabolomics, and other -omics fields.” Pixel-by-pixel ionization has
enabled the imaging of tissues and cells."" Additionally, MS has enabled the gas-phase study of

masses ranging from elements to viruses.'

To begin with some basics, a mass spectrometer is usually composed of three general parts:
(i) an ion source, (ii) mass analyzer(s), and (iii) a detector. To travel through the MS, analytes must
be ionized (i) into the gas-phase from gas, solution, or solid state. A variety of ionization methods
exist and have distinct applications, including gentle, macromolecular structure preserving
ElectroSpray lonization (ESI, see section 1.2.1). Mass analyzers (ii) come in different forms:
Quadrupole (Q), Time-of-Flight (TOF), Fourier-Transform lon Cyclotron Resonance (FT-ICR),
etc., and modern-day MS instruments often have hybrid functionality, such as a Q-TOF (see
section 1.2.2.). In the most general terms, analyzers are compartments (cells) which apply
principles of physics to gaseous ions passing through them, enabling separation and mass-to-
charge identification. Each cell operates below atmospheric pressure (i.e., vacuum) requiring the
instrument to be fitted with pumps that withdraw ambient air. (iii) At the instrument terminus, a
detector converts the ion presence into an electrical signal monitored by a computer. For example,
microchannel plates (MCPs) will release secondary electrons upon collision with an impinging

analyte ion, causing an amplifying cascade that registers as a signal.’™™

The basic forms of data output from mass spectrometer are a mass spectrum or
chromatogram. A mass spectrum is a plot of signal intensity as a function of m/z, where the net
charge, z, is of either positive or negative polarity and ion mass, m, is the sum of the analyte’s
neutral mass (molecular weight), M, and z masses (i.e., M+zH = m in positive ion mode, H =
1.00784 amu). For example, an ion with m of 200 amu and z of 2+ will generate a MS peak at
100 m/z, while its M is 198 Da. Most MS instrumentation measures ion ensembles/packets, rather
than one at a time, so a mass spectrum will reflect analyte composition, including matrix
components or contaminants, and isotopic abundances. On the other hand, a chromatogram plots

the cumulative signal intensity per spectrum over time (Total lon Chromatogram, TIC), or the base



peak intensity over time (Base Peak Intensity, BPI). The base peak is the highest intensity peak

in a spectrum with multiple ion species.

Resolving power is the capability of the MS instrument to distinguish between similar masses
such as isotopes (e.g., C-12 and C-13, H-1 and H-2, etc.). Peak resolution (R) can be determined
for a given m/z using the peak’s Full-Width at Half-Maximum intensity (Rrwnm) @s shown in Fig.
1.1a, although resolution can be more stringently determined using 10 or 5% maximum (as
opposed to 50%).%'® As R increases for a given peak, the isotopic distribution of the peak
becomes more clear (Fig. 1.1bc)."® An isotopically distributed signal has a (i) monoisotopic m/z,
composed of only the highest abundance isotope of each element, a (ii) average m/z, dependent
on population weighted isotopic abundance, and in the event of a poorly resolved distribution, (iii)

a peak top, determined by the mode average measurement.'®
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Figure 1.1 | Mass Spectral Signal Peak Resolution and Isotopic Distribution. (a) Full-Width at Half-
Maximum Resolution. Adapted from Tanaka et al. (2023) with new labels under CC BY license 4.0."% (b)
CeoHssN16015 and (c) C1osoH1697N2680325P5Se adapted from Carr & Annan (1996) with permission, © 2010
John Wiley & Sons, Inc.'

Adjacent isotopic peaks have a difference of ~1 amu because each successive peak is
generated by a ionic species with 1 additional heavy isotope (Mneutron = 1.0087 amu)."” In the case
of NH4™, its monoisotopic mass would be approximately 18 amu, but the next largest isotopic peak
mass would be 19 amu if there is a single N-15 or H-2, and so on. If we consider the monoisotopic
peak m/z and its adjacent isotopic peak my/z, the spacing between isotopic peaks Am/z can be
used to determine mass:

m,—m; =1 ; A—=—=; ; [M+ZH]Z+=%'Z (1.1)



Taking the reciprocal of the peak spacing and multiplying by the m/z reveals the M+zH and
subsequent subtraction of zH yields the M. When a species is low molecular weight, the mass of
the monoisotopic peak is the real mode average of the ensemble (Fig. 1.1b) whereas, for larger
species, the peak top is the mode and mean average (Fig. 1.1c) because the likelihood of
containing one or more heavy isotopes increases with size. Moreover, due to the inverse
relationship between isotopic peak spacing and net charge, and the tendency for net charge to
increase with analyte size, the observation of isotopic distributions in larger analytes requires an

even higher resolution (Fig. 1.1bc).
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Figure 1.2 | Charge State Envelopes. (a) ESI-MS of a-lactalbumin adapted from Winkler (1996) with
permission.’® (b) Unfolding of Cytochrome ¢ with decreasing pH adapted with permission from Konermann
& Douglas (1998).19

Also, as mass and conformational freedom increase, charged states begin to appear (Fig. 2)
due to the charge deposition process during ElectroSpray lonization (ESI), discussed further in
Section 1.2.1. The spacing between adjacent charge state peaks in an envelope can be derived
using a using a simplified case of peaks A and B (Fig. 1.2a) where z, and zg of (m/z)» and (m/z)s
are sequential integer values:

Zi—1= 25 ; A(m) _ (E)B _ (E)A _ M+zgH  M+zaH _ M (1.2)

= = 2
z/)AB z z zZg Zp (zay“—za

This inverse relationship explains why the spacing between peaks increases from left to right
as the charge state goes down. Also, this relationship can be used to predict and identify charge

state peaks in spectra such as those with many obscuring signals (e.g., protein purification).



Alternatively, a tool called ESlprot, widely used in the field, was developed by Winkler (2010)
which enabled the determination of M and prediction of charge states from two or more m/z's
corresponding to adjacent charge state peaks.'® ESlprot automated M determination from (m/z)a,
(m/z)s, ... etc. by sampling all integer values of z until an average M is found with the lowest
standard deviation.' This is particularly useful when the resolution of a charge state peak is

insufficient to extract z from the isotopic distribution.

A charge state envelope, or the extent of charge deposition, can describe the extent of folding,
and multiple envelopes can indicate conformational sub-populations or oligomers. Accordingly, a
very broad charge state envelope would indicate a vast conformational space that is sampled.
Proteins exposed to denaturing conditions such as acidic or organic solvents will unfold, pick up
more charge, and their entire envelope will shift to the left of the m/z axis (Fig. 1.2b)."® Since MS
is an ensemble measurement, samples undergoing folding or oligomerization equilibria will

produce multiple charge state envelopes.

1.2.1 ElectroSpray lonization of Proteins

Early stages of MS relied on ionization methods which would cause fragmentation of
macromolecules. The 2002 Nobel Prize in Chemistry was awarded to John Fenn and Koichi
Tanaka for their respective developments of soft, atmospheric pressure ionization methods,
ElectroSpray lonization (ESI) and Matrix Assisted Laser Desorption lonization (MALDI). While
MALDI involved the irradiation of analyte from a solid matrix, the ESI process, whose origins date
back to 1966 when Malcolm Dole was inspired by a spray-painting apparatus used in car

manufacturing®?', ionizes from the solution-phase and is illustrated in Fig. 1.3.22
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Figure 1.3 | Positive Mode ElectroSpray lonization Process. Reproduced with permission from Hiroaka
(2013).22

At the start of the ESI process, an electrolytic solution containing the analyte of interest is
passed through an ESI emitter at ~1-100s pyL/min. The ESI emitter is a sub-millimeter diameter,
electrically conducting capillary under a high electric field, particularly at the capillary tip.?? In the
case of positive mode ESI, the voltage applied to the capillary (anode) is positive (2-3 kV), and
the MS orifice (cathode) toward which the spray is directed, often assisted by a nebulizing gas
(e.g., N2), has a negative voltage. Thus, as bulk solution flows, anions are pulled toward the
capillary wall, where oxidation occurs, while cations are repelled away and out of the emitter,
leading to high like-charge density and formation of a Taylor cone.? The Taylor cone is
punctuated at its apex by a sub-micrometer jet which then breaks up into small, charged droplets
called electrospray, which form due to coulombic repulsion overcoming surface tension.?'2224
Surface tension at the water-air interface is due to water molecules forming stronger
intermolecular bonds with each other than the air (i.e., cohesion > adhesion).?® As a parent droplet
moves toward the cathode, it undergoes desolvation, decreasing droplet volume and increasing
charge density. The polarized droplet again forms a cone or protrusion as surface tension is

exceeded by repulsion, and progeny droplets emerge.

The net critical charge, Q, of a droplet with radius, r, where repulsion exceeds surface
tension has been modeled to be theoretically equal, or exceptionally close, to Qr in the “Rayleigh
Equation” (Eq. 1.3).%°



Qr = 8my/goyrr® (1.3)

Qr is defined as a function of the droplets radius, rr, surface tension, y, and permittivity of the
vacuum, 0.2’ Dating back to 1882, Lord Rayleigh explained, “When Q is great [relative to surface
tension], the spherical form is unstable [...]. Under these circumstances the liquid is thrown out in
fine jets...”?" Droplets undergoing this form of jet fission during the ESI process are said to be at

or beyond the “Rayleigh Limit”.?

NanoESI| harnesses this relationship by using capillaries with tip diameters of several
micrometers to generate even smaller charged droplets (i.e., nano-electrospray) than ESI, which
require fewer iterations of jet fission to generate naked gas-phase analytes. It is accordingly
considered to be better at preserving weaker interactions and multi-subunit complexes, and more
sensitive due to reduced flowrates (nL/min) and low sample volumes.?® A caveat of nanoESI is
that such narrow tips are prone to clogging, and while constant purchase from commercial

sources may be expensive, in-house capillary pulling takes a lot of practice to master the skill.*°

To aid in both analyte desolvation and reduction of the salt adduction that would otherwise
convolute the mass, the solutions used for ESI rely on vaporizable/volatile solvents (e.g.,
methanol, acetonitrile, and water) and salts (e.g., ammonium acetate). Typically, a substance will
be considered volatile if it weakly interacts with itself or its solvent. Volatility is also inversely
proportional to mass; lower relative mass and low electron density result in weaker London
dispersion forces/polarizability and can be quantified using boiling point (b.p.) or vapour
pressure.®'32 In the case of adduction, higher purity solvents and effective buffer exchange during
sample preparation generate sharper, narrow m/z peaks due to, for example, the elimination of

sodium and chloride ions from prior purification stages.

While the mechanistic steps of droplet evolution during electrospray have been detailed, the
final stages of naked gas-phase ion formation are less obvious. To start, where does the charge
come from? Analytes can have in-solution ‘permanent’ charge such as Na*, while the charge of
organic molecules is provided by a proton, H*, as a function of pKa. The charge of larger
molecules, such as proteins, is less intuitive in mass spectra, as they display distributions of
charges and/or exceed their net charge predicted by primary sequence. For example, in Fig. 1.2a,
bovine a-lactalbumin has a charge state distribution of 8+ to 13+, but its theoretical net charge in
solution is 7- (i.e., 20 Asp/Glu vs. 13 Arg/Lys).*® During ESI, excess positive charge in the droplet
can come from protons formed from water oxidation at the metal capillary wall (e.g., 2 H.O — 4

H* + 4 e+ O2), but then, ultimately, how is additional charge deposited on analytes as they
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escape the droplet? Also, notably, despite excess protons present in ESI droplets, folded protein
structures are maintained when stock solution conditions reflect biologically relevant pH. This
likely indicates that the ESI process is too rapid for acid denaturation of proteins (i.e., droplet
lifetime is ~ns-us)?8, though MS-compatible neutral pH buffers have been described for native

structure preservation.3*

Excess positive charges in an isolated conductor such as droplet will repel and reside on the
surface.?®3® This surface localization is possible for small, low charge ions or even non-polar,
hydrophobic species; however, large ions with distributed charge would be insufficiently solvated
at the surface. In that case, the ability for a species with abundant like-charges to remain
sequestered within a droplet despite forces of repulsion could be rationalized by “projected
charges”: chains of water-dipoles radiating from the ion out to the droplet surface.?® With that said,
there are three commonly encountered analytes in bioanalytical samples: (i) elemental or small
molecular ion, (ii) large globular protein, and (iii) disordered protein. Konermann and colleagues

have endeavored to illustrate these scenarios using molecular dynamics (MD) simulations.?836-38
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Figure 1.4 | Gas-Phase Analyte Formation. lon Evaporation Model (IEM), Chain Ejection Model (CEM),
and Charged Residue Model (CRM). Adapted with permission from Konermann et al. (2013), © 2013
American Chemical Society.?®

Three models of gas-phase analyte formation are depicted in Fig. 1.4: lon Evaporation Model
(IEM), Chain Ejection Model (CEM), and Charged Residue Model (CRM).2 While IEM best



applies to small chemical moieties (organic molecules, elemental ions, compounds), CRM and
CEM are best applied to globular and unstructured/unfolded proteins, respectively.

In IEM, the small ion experiences opposing forces of like-charge repulsion and solvation until
the electric field is strong enough to eject the minimally solvated ion, which is morphologically
analogous to jet fission observed during the broader ESI process.*¢ Thus, typically, the ion charge

reflects the solution-phase charge of the analyte.

In CRM, a well solvated globular analyte is at the core of a droplet undergoing successive
evaporation events, while small matrix ions undergo IEM, until the remaining surface charge is
deposited on the analyte.?® In this case, the electric field is not strong enough to induce ejection
of the relatively larger globular analyte itself. Since droplet decomposition is slower than ion
ejection for gaseous ion formation, duration of CRM is longer than IEM (us vs. ns).?®¢ Konermann
et al. (2013) noted that, consistent with CRM where gaseous ions form from minimally solvated
droplets (rootein = r, EQ. 1.3), spectra of globular proteins have charge states close to Q, and
charge state distributions are a function of the droplet size they started from.?® Also, for proteins
sprayed from complex matrices (intentional or not), the CRM model explains why protein ions,
despite matching the theoretically expected charge, will often manifest in broad m/z peaks due to
varying or higher than expected mass: (i) water clusters may remain on the gas-phase analyte
due to slow droplet breakdown, (ii) the analyte picks up the excess charges near the droplet
surface, which will reflect the matrix composition (i.e., sodium or other impurities). This can be
extended to include non-specific protein-ligand interactions observed in mass spectra induced by

excess ligand-to-protein stoichiometries.

Finally, CEM deals with unstructured/unfolded proteins which accordingly have patches of
hydrophobic residues that would otherwise be sequestered in a globular protein. This hydrophobic
character causes the analyte to reside near the droplet surface where solvation is less efficient.?
During droplet fission, the polypeptide chain terminus protrudes out of the droplet due to like-
charge repulsion. This positions both hydrophobic and hydrophilic patches along the droplet
surface, resulting in the chain continually ejecting away from the water and picking up surface
charges. Like IEM, CEM is more efficient at producing gas phase ions because the slow process
of droplet evaporation is superseded by analyte ejection. This is consistent with experimental
observations that unfolded proteins have higher intensity signals in mass spectra than their folded

counterparts, indicating more analyte is successfully ionized.?’

Once the analyte of interest has been ionized and entered the gas-phase, it is in a state that

can be analyzed by MS. Adjusting the conditions at the MS front-end can improve ion transmission
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by efficient nebulization and desolvation, but may be confounding.®® Unidirectional, concentric gas
flow (e.g., N2) will help nebulize the Taylor cone while increased counter flow gas could deflect
smaller mass ions; however, increased pressure can also increase collisions amongst analyte
molecules. The ion source itself can heat up to improve droplet drying but may impact analyte
integrity. Positioning the ESI emitter perpendicular to the orifice can reduce transmission of neutral
species. The emitter-MS orifice distance can inversely impact the efficiency of desolvation
compared to ion loss due to ESI plume; longer distance results in more iterations of fission at the

expense of the spray expanding beyond the orifice diameter.>

1.2.2. The Synapt G2-Si by Waters: A Hybrid Mass Spectrometer

There are many mass analyzers currently available commercially, but the downstream focus
will be driven by those of the mass spectrometer used at the earliest stages of my studies, the
Waters Synapt G2-S. The Synapt G2-S is a hybrid instrument made up of two distinct mass
analyzers, a quadrupole, and a TOF (Fig. 5). It has additional ion activation and size filtration
compacities by virtue of pressurized collision and ion mobility separation (IMS) cells.
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Figure 5 | The Waters Synapt G2-Si.*? The hybrid mass spectrometer has both a quadrupole and TOF

mass analyzer, separated by three pressurized cells for fragmentation and size separation.

Throughout the instrument, stacks of ring-shaped electrodes called lon Guides confine gas

phase ions in space to counter their repulsion forces and form the pathway through which ions
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fly. Near the MS entrance, the StepWave, an offset ion guide, filters out neutral gas-phase species
given that they do not feel the change in path/electric field. The narrowing of the second stage of
the StepWave focuses the ions further. The ions then enter the Quadrupole which acts as a mass
filter (see section 1.2.3), followed by 3 collision cells: Trap, lon Mobility Separation, and Transfer.
Collision cells contain gas and have tunable voltages, enabling analyte activation and
fragmentation, as well as gas-phase size separation (see section 1.2.4 and 1.2.5). Finally, the
ions pass through a TOF tube (see section 1.2.3) and reach the detector, which in this instance
is a microchannel plate (MCP) that generates signal by converting ion impact into an electron

cascade.*!

1.2.3. Mass Analyzers: Time-of-Flight and Quadrupole Filtration
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Figure 1.6 | Mass Analyzers. (a) Linear Time-of-Flight reproduced with permission from Wiley & McLaren

(2004).42 (b) Quadrupole reproduced with permission from Honour (2003). 43

Time-of-Flight involves (i) the brief acceleration of ions and (ii) their subsequent movement
through an empty, field-free space (Fig. 1.6a). Consider an ion with total charge total charge q
where z is number of charges and e is elementary charge quantity, 1.60 x 107'°C (Eq. 1.4). This
is possibly the simplest form of MS to describe because in (i), a stationary ion will have a potential
energy PE equal to its total charge g along an electric potential difference AV, and then upon
moving, since energy is not created or destroyed, PE is converted to kinetic energy KE of the ion

which is a function of its mass m and velocity v.*' (Eq. 1.5)

q=ze (1.4)

172

zeAV = mT (1.5)

The chamber is under vacuum pressure such that there are no species present to cause collision,

leaving the mean free flight path of the ion to be equal to the length of the TOF tube, D. Since v
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is distance D over time f, and D and AV are known constants, m/z is a function of f during TOF

analysis (Eq. 1.6).

e2AV
tz
DZ

m
~ (1.6)
In a simple example, consider two ions with the same charge (z =1) but ms>mo. Given that m «t,

the heavier ion, ms, would take a longer time ¢ to traverse D.

Modern TOF analyzers are typically Reflectrons which are TOFs fitted with ion mirrors that
elongate the flight path (typically in “V” or “W” patterns). This increases the observable mass
range because high m/z ions, with similar, slow velocities and long drift times, will diverge in their
relative positions over longer distance, enabling separation prior to detector impact. The main
purpose of ion mirrors is to correct for ion spread in the packet due to relative positioning of the
ions along electric field in the accelerating region (i).** lons penetrate the ion mirrors at depths
proportional to their kinetic energy and are reflected back out such that ions with the same m/z
are narrowly distributed upon reaching the detector, generating sharper, resolved peaks in mass
spectra. This greatly improves peak resolution between similar m/z ions and even an analyte’s

isotopic distribution.

Quadrupole mass analyzers, often abbreviated “Q”, are composed of four parallel rods that
generate a dynamic electric field (Fig 1.6b).*® Lengthwise (z-direction), the four poles form a
corridor through which ions fly, and ion trajectory (in the xz- and yz-planes) is dependent on mass-
to-charge.***5 lons with stable trajectories in both the xz and yz-planes survive the corridor and
reach the detector, whereas unstable ions veer off course and neutralize by hitting a pole. In
modern practice, as a stand-alone analyzer, quadrupoles do not have sufficient resolution for
complex samples (~2000 Rrwhm) but can be used for mass measurements of moderately pure
analytes, particularly at the low m/z range.*6#” Instead, a quadrupole could be placed upstream
of other mass analyzers such as a TOF to act as gas-phase filters of bulk sample by isolating ions

of narrow m/z ranges (like in the Synapt G2).
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Figure 1.7 | Triple Quadrupole Tandem MS Experiment Variations. Reproduced with permission from
Han et al. (2013).48 (a) product ion and (b) precursor ion scans have one of three quadrupoles set to allow
all ions through (no filtering) whereas another selects for a specific m/z. (c) neutral loss scan monitors the
mass difference between precursor and product ions equal to a neutral loss. (d) selects for a specific m/z
in both the first and last quadrupole.

Quadrupoles can also be placed in tandem with each other; the Triple Quad (QqQ) can be set
to various modes of selection (Fig. 1.7).*® In Fig. 1.7A, product ion scanning mode has the first
quadrupole select a precursor ion (narrow m/z), the second quadrupole fragments it (pressurized
collision cell), and the last one has an open scan for all product ions (all m/z) to pass to the
detector. This setup is typically used for peptide identification where the peptide m/z is selected,
and then the product fragments are used to validate the sequence like puzzle pieces (see Section
1.2.5). In another workflow called select/multiple reaction monitoring (SRM or MRM), both the
precursor and product ions are selected for (Fig. 1.7D).*® This strategy is often used in reverse-
phase liquid chromatography (RP-LC) method validation. Quantitation in tandem MS can be
achieved in many ways, including spiking in a known amount of isotope labeled analyte or

comparing intensity to a concentration/calibration curve.*®

Each mass analyzer type has a particular linear mass range for which mass accuracy is
considered sufficient. Mass accuracy is commonly reported in Da units or quantified by error in

ppm (Eq. 1.7).

Mtheoretical "Mexperimental

- 10®ppm  (1.7)

error m) =
(pp ) Mtheoretical
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The peak resolution, mass range, and mass accuracy are lowest in quadrupoles, while TOF has
the highest theoretical mass range, and ICRs have the highest resolution and mass accuracy
(Table 1.1).4647

Table 1.1. Parameters of Common Mass Analyzers*

Mass Analyzer Mass accuracy m/z range Resolution
Quadrupole 0.1 (~100 ppm) Up to 4,000 Da Up to 2,000
Time-of-Flight 0.001 (~5 ppm) Up to 10,000,000 Da Up to 50,000
lon Cyclotron Resonance 0.0001 (~1 ppm) Up to 20,000 Da Up to 5,000,000

* Rough estimates adapted from Clark et al. (2013) and Cunsolo et al. (2014).4647
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Figure 1.8 | lon Mobility Separation Instruments. (A) Drift Tube and (B) Traveling Wave lon Mobility

Separation reproduced with permission from Delvaux et al. (2021).50

lon Mobility Separation (IMS) utilizes the interrupted flight path of gaseous ions as they pass
through a neutral buffer gas along a weak electric field (Fig. 1.8).% It is commonly compared to
polyacrylamide gel electrophoresis (PAGE) in that small sized species travel faster than those
that are larger. The key principles are that gentle gas collisions increase the mean free flight path
of analyte ions without inducing fragmentation, and gas-analyte collision frequency is proportional
to the size of the analyte. Low mass, chemically inert gases such as Helium and Nitrogen (4 and
28 amu) do not react to form byproducts or cause analyte fragmentation during collisions.
Compared to Helium, Nitrogen is far less expensive, larger, sensitive to temperature (i.e.,
diatomic, vibrational modes), polarizable, and can undergo transient dipole-dipole interactions.
This has been observed to increase peak capacity, the amount of separated species per analytical

run, and peak-to-peak resolution.’’
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In IMS, ions are separated by their mobility K which is the proportionality constant between

analyte ion velocity v and the electric field E (Eq. 1.8).%2
v
K=< (1.8)

However, this mobility relationship is complicated by gas collisions (Mason-Schamp Eq. 1.9).%% In
this mathematical model, K is influenced by the analyte charge g, reduced mass of the ion-gas
pair u (Eq- 1.10), the Boltzmann constant kg, the temperature T, the particle density Nyens, and the

momentum transfer collisional cross section (CCS) of the gas-analyte pair Qccs.*?

K= 2 |22 (—L—) (19)

16 | ukpT \Ngensfccs

§= Mion X Mgas (1.10)

Mion + Mgas

Importantly, in this context, the ‘drop shadow’ cross section ¢ which can be applied to hard,
spherical objects (Eq. 1.11) is an oversimplification compared to the momentum-transfer
collisional cross-section, which factors in the ensemble of gas-ion collisions, the electric field E
(potential difference AU over distance L), and the time dimension, drift time tq#, typically on the

order of milliseconds (Eq. 1.12).%2

0 = (Tion + Tgas)®  (1.11)

_ 3 21 ethriftAU)
Qces = 16\,uk3T( NgensL2 (1.12)

Even then, caution is encouraged when deriving collisional cross section from IMS because

IMS explicitly measures ion mobility as a function of time traversing the cell, not ion surface
size.%?54 Particularly, beyond ion-gas mass (Eq. 1.10), CCS is impacted by the buffer gas identity
(e.g., as buffer gas polarizability increases, CCS increases) and the degrees of freedom of the
analyte (e.g., can enable ion CCS compaction), which are not parametrized in Eq. 1.12.5' As such,

IMS is best employed in qualitative or comparative applications, rather than quantitative.525*

Some IMS devices can be distinguished by the way in which voltage is applied (Fig. 1.8). The
simplest form, Drift Tube IMS (DTIMS), uses a uniform applied potential difference across the
length of the flight tube (~1000s V), whereas Travelling Wave IMS moves ions using traveling
waves (T-Waves) formed by pulsing voltages (10-40 V) along groups of ring electrodes.*® lons in
TWIMS are described relative to their position about the T-Wave: high mobility species (few

collisions, small) will ‘surf the wave’ and low mobility species (many collisions, large) ‘roll over’ the
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wave. The time it takes for an ion to traverse a TWIMS is referred to as arrival time, rather than
drift time, because mobility is dependent on the T-Wave amplitude and velocity.*° Given the linear
nature of DTIMS, collisional cross-section can be derived mathematically from drift time (Eq.
1.12), while TWIMS requires size standards (like a ladder of proteins in SDS-PAGE), derived from

DTIMS, to calibrate and determine the collisional cross-section of unknowns.%2
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Figure 1.9 | Waters Select Series Cyclic-IMS MS. (a) Q-cIMS-TOF Hybrid MS with pre- and post-cIMS
collision cells (Trap and XS Transfer), similar to the Synapt G2, (b) the Cyclic IMS “racetrack”, (c) the
electrode array which directs ions in, out, or along the cIMS. Reproduced with permission from Ujma et al.
(2019). Copyright © 2019, American Chemical Society.¢

Improved peak capacity of TWIMS has been achieved recently through the development of
the Waters Select Series Cyclic IMS (cIMS) MS (Fig. 1.9).% A single pass on the “racetrack” is 4x
the length of the Synapt G2 TWIMS (~25 cm). An electrode array at the inlet/outlet of the racetrack
uses T-waves to direct ions and enables the analytes to move along the cIMS for multi-pass
separation, a theoretically infinite path length. Coupled with LC at the MS front end, single pass
mode is sufficient to obtain very high peptide sequence coverage of massive proteins or protein
mixtures, beyond the Synapt G2 capacity, although multiple passes reduce coverage.®’ Prolonged
residence in the TWIMS can cause ion loss, heating/activation, and/or fragmentation, and
therefore may reduce sensitivity; however, this phenomenon can be harnessed for studies of gas-
phase protein unfolding.®® lons in multi-pass cIMS may also experience wrap around effects; ions

with high mobility overtake those with slower mobility. >’

Major applications of IMS include complex mixture separation (e.g., peptides of a digested

protein, many of the -omics’, etc.) and Collision-Induced Unfolding (CIU, see section 1.2.5). CIU

16



harnesses the ability of IMS to separate overlapping m/z signals of structural isomers, particularly

for larger m/z ions, including proteins sampling distinct conformations/unfolded states.

1.2.5 lon Activation and Dissociation

Gas-phase analyte fragmentation has a key application in structural elucidation. A major
strategy in bottom-up proteomics, for example, is proteolyzing mixtures of proteins (from e.g., co-
immunoprecipitations or whole cell lysates) and then using MS to identify which proteins were
present. The product ions (fragments) of proteolyzed peptides (precursor ions) can be pieced

together to elucidate peptide structure and then primary sequence of an intact protein.

lon fragmentation begins with activation, or increasing the internal energy of an ion, and can
be achieved by collisions with gas molecules, electrons, photons, etc. To facilitate dissociation of
ions by gas collision, kinetic energy is converted into internal energy (i.e., inelastic collisions).%9:°
If a collision with gas M increases the internal energy (e.g., vibrational, etc.) of a species AB’, this
is considered activation [AB*]* (Eq. 1.13).
ky

Step1: AB*+M =2 [AB*]*+M  (1.13a)
k_q

kcritical

Step2: [AB*]" - [AB*]* (1.13b)

ka
Step3: [AB*]* > A*+B  (1.13¢c)

When the species has reached a critical internal energy level [AB*J¥, also called the transition
state, the species undergoes a unimolecular reaction causing its decomposition into fragments
A" and B (fragmentation pattern can vary).%® Redistribution of internal energy often occurs faster
than the unimolecular reaction (ki >> Keritcatk2) and Keriticat depends on the number of degrees of
freedom of a given molecule. As such, it takes more collisional activation, through means such as
higher kinetic energies of analytes or heavier mass gases, to reach the critical energy of the

transition state for larger molecules.

The reversibility of step one of this reaction can be considered at two extremes: high and low
pressure of M.%° At the high pressure limit, activated ions can undergo deactivation faster (k.1)
than irreversible dissociation (k2 + Kkeitcia) due to the high probability of collisions. At the low-

pressure limit, the forward bimolecular collision is the rate limiting step, followed by a faster
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unimolecular dissociation (i.e., reverse bimolecular collisions are infrequent). Consider the
Triwave region of the Waters Synapt G2: the high pressure of the IMS cell (3 mbar) reduces

fragmentation compared to the Trap and Transfer (0.05 mbar).%’

If activation is energetic enough that it causes immediate bond cleavage without energy
redistribution, this is considered to be non-ergodic.? However, most collisional activated
dissociation methods are considered ergodic, where redistribution of internal energy at all

possible internal states (including structural isomerization) occur prior to cleavage.

Collision-Induced Dissociation (CID) is achieved by using a cell lined with focusing electrodes
that accelerate ions through a pressurized space (e.g., Ar, He, Nz etc. ). In the context of peptides,
unimolecular reaction often happens about the peptide bond after internal energy has sufficiently
increased; however, the cleavage mechanism is not definitively understood. Additionally, the
overall fragmentation pattern of peptides is not always easy to predict; in practice, not all peptide

bonds between various residues undergo cleavage with equal probability.
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Figure 1.10 | Peptide Backbone Fragmentation. (a) Peptide Fragmentation and Roepstorff-Fohlmann-
Bremann Nomenclature reproduced with permission from Hjerna & Hajrup (2015).6% and (b) Mobile Proton
Model reproduced with permission from Boyd & Somogyi (2010), Copyright © 2010, Elsevier B.V.5*

Fortunately, there are rules that can be employed to deduce peptide primary sequence, mainly
by using mass differences between- and masses of- fragment ion peaks since they should add
up to the precursor ion mass. The Roepstorff-Fohlmann-Bremann nomenclature for backbone
fragments is illustrated in Fig. 1.10a.%® Cleavage at the peptide bond generates b- and y-ions
which contain the peptide N- and C-terminus, respectively. The fragment ions are numbered in
subscript chronologically by residue starting from their respective terminus (e.g., b3 and y1 will
be at the third and last residue of the peptide). After fragmentation, only positively charged, stable
species will continue to fly through the MS to reach the detector which in turn sometimes results

in gaps from fragments that went undetected.
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Also, secondary forms of fragmentation can cause neutral losses of ammonia (-17 Da) and
water (-18 Da), while the loss of CO (-28 Da) from b-ions form a-ions (Fig. 1.10). When secondary
fragmentation causes loss of both the C and N terminal moiety, this is called an internal fragment,
and when this spans only one residue sidechain (R), it is considered a diagnostic immonium ion
([H2N=CHR]") that can be used to determine residue identity and corroborate other spectral

fragments.®?

The b- and y-ions are thought to form as a consequence of backbone protonation (e.g., at
carbonyl oxygen or amide nitrogen) which weakens the peptide bond. Since ions are
desolvated/dry in the gas phase, standard water-mediated acid-base rules do not apply, giving
rise to “Mobile Proton Model”.%® Here, proton migration along a peptide in the gas phase depends
on the internal energy and basicity of the residue that the proton is originating from. Wysocki et
al. (2001) suggested that a proton can move to backbone heteroatoms from a protonated basic
sidechain due to sufficiently increased internal energy from collisional activation (Fig. 1.10b).%°
This model is supported by the proportionality between peptide basicity and the collisional voltage
required for fragmentation. For their work in developing the Mobile Proton Model framework,
Wysocki and Gaskell received the 2010 American Society for Mass Spectrometry’s Distinguished

Contribution Award.54

One possible mechanism of Mobile Proton Model involves the protonation of the amide
carbonyl oxygen followed by charge-directed nucleophilic cleavage by the adjacent N-terminal
carbonyl oxygen on the (now more) electrophilic carbonyl carbon (Fig. 1.10b). This pathway is
consistent with the infrequency of bs-ions (because there is no C=0 N-terminal to the first residue
in a peptide) and the infrequency of cleavage C-terminal to proline (whose carbonyl is sterically
hindered from nucleophilic attack by upstream carbonyl oxygen).%® Uniquely, arginine is found to
be so basic that it ‘sequesters’ protons from being mobile and, therefore, when precursor ion
charge is not in excess of arginine, less product ions form. Also, acidic residues (Asp, Glu) in
arginine-containing peptides often undergo selective C-terminal cleavage and are thought to be

the mobile proton donator.

In the Waters Synapt G2, peptide CID is achieved using relatively low voltages (up to ~35 V)
and Argon gas. The positioning of the 3 collision cells (Trap/TWIMS/Transfer) downstream of the
quadrupole enables high resolution tandem MS (also known as MS/MS, MS?, etc.) (see Fig. 1.5).
The quadrupole can select for a narrow m/z range, allowing only select precursor ion(s) to pass,
and the trap/transfer cells can form fragments (e.g., product ions) before/after the IMS cell. The

transfer cell position enables a dimension of precursor ion separation in the IMS prior to
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fragmentation which reduces the complexity of downstream spectra. Efficient peptide
identification is particularly achieved by rapidly acquiring spectra at low and high collision energy,
resulting in both rich intact peptide and peptide fragment data per analytical run (MS® mode by
Waters). Further dimensions of separation at the front end (e.g., LC) can additionally reduce
spectral overlap and complexity, improving sequence coverage and sensitivity to lower

abundance ions.

On the other hand, larger protein species and complexes have more degrees of freedom,
allowing for redistribution of internal energy and consequential unfolding events rather than
fragmentations. In the Waters Synapt G2, Collision Induced Unfolding (CIU) is conducted by
ramping collisional voltage (sometimes beyond 100 V) in the Trap cell, followed by TWIMS. Here,
unfolded ions of the same m/z separate based on collisional cross section, increasing in arrival
time with increased unfolding. For a given m/z signal, the drift time peak can be plotted as a
function of collisional activation voltage, which can be used as a means to evaluate gas-phase

ion stability via unfolding/transition events.
1.3 Hydrogen-Deuterium Exchange of Proteins

Protein Hydrogen-Deuterium eXchange (HDX) is a covalent labeling reaction in which solvent
deuterium (e.g., D-O) replaces protein heteroatom-bound hydrogens. Given the 1 amu difference
for every H-to-D swap, the HDX reaction is readily measured by monitoring mass change using
mass spectrometry (HDX-MS). The rate of exchange is inherently correlated with protein structure
(at all levels, discussed below) and the reagents used in experimentation are becoming
increasingly more accessible, propelling HDX-MS forward as a more commonly used structural
characterization method. Particularly, HDX-MS is an analyte-dilute, solution phase method which,
at the expense of atomic resolution, is less susceptible to some of the drawbacks of gold standard

methods like X-ray Crystallography and NMR.

1.3.1 HDX Fundamentals: from residues to proteins.

The HDX reaction can be base-, acid-, and water-catalyzed, and the chance of successful
proton transfer increases when the proton affinity, pKa, of the deuteron donor is lower than the
deuteron acceptor (pKadonor < PKa, acceptor).?® The larger this difference in pKs, the higher the
probability that a collision with a given catalyst (D*, OD-, D2O) will transfer a proton/deuteron, and
the faster the HDX rate. Since pKa describes the protonation state of a given functional group,
pH is a major factor in HDX reaction pathways. The general catalytic pathways of protein HDX

are described in Fig. 1.11.%
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During base catalysis in excess D20 (Fig. 1.11a), deuteroxide (OD") abstracts a proton from
the amide backbone forming an amidate ion which can then abstract a deuteron from D>0O. On
the other hand, acid catalysis may occur either by (i) N-deuteration of the amide nitrogen followed
by deprotonation of the nitrogen by water (Fig. 1.11b), or (ii) O-protonation of the amide carbonyl
oxygen followed by deprotonation of the imide nitrogen (resonance) by water, and subsequent
deuteron abstraction from D3;O* (Fig. 1.11c). Of the two, NMR analysis revealed (i) occurs for
electron donating sidechains, while (ii) is more commonly observed in amides near electron
withdrawing sidechains; however, (ii) requires that the amide C=0 and NH swap their hydrogen

bond acceptor/donator behaviour in a structured system, implicating unfolding in that region.®’
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Figure 1.11 | Intrinsic HDX catalytic pathways. (a) base catalysis, (b) N-protonation mediated acid
catalysis, and (c) O-protonation mediated acid catalysis. Reprinted with permission from Weis (Ed.).

(2016) “Hydrogen Exchange: A Sensitive Analytical Window into Protein Conformation and Dynamics.” 66

Since all catalytic pathways can occur, just at different incidences depending on the free
catalyst available, the sum of the intrinsic catalytic pathways makes up the overall HDX rate
constant kex (Eq. 1.14).5668

kex = kint,acid [D+] + kint,base [OD_] + kint,water (1 -14)
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In foundational work by the Englander lab, Bai et al. (1993) experimentally determined the
intrinsic rate constants for acid-, Kintacis, base-, Kintpase, and water-, Kinzwater, Catalysis of various
model peptides including poly-DL-alanine (PDLA) with 1D 'H-NMR; diluting peptides into D,O and
monitoring NH signal decay as a function of time.®® PDLA was reported to be a randomly
synthesized polymer of racemic D and L alanine, with an average degree of polymerization (dp)
of ~28 monomeric units. At 25 °C, PDLA intrinsic HDX rate constants were: Kintacia = 41.7 M min
1, Kintbase = 1.12 x 10" M-" min~', and Kintwater = 0.0316 min™'.%® The exchange rate constant k,, of
PDLA at different pHread is shown in Fig. 1.12a.%° It was calculated using the D,O molar
dissociation rate constant Kp20(20°C) = 1071°%, as well as corrected deuteron and deuteroxide

concentrations (i.e., [D*] and [OD-] from pDcorr and pODcorr Where pDeorr = pHread + 0.4).7%71

(a) Reference Amide Hydrogen (b) Impact of Sidechain on Upstream  (c) HDX Rate Constant of Some

(PDLA)at20°C Amide Hydrogen HDX Rate Constant Sidechain Hydrogens at 5°C
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Figure 1.12 | HDX rate constant, k.,, dependence on pH. (a) peptide reference poly-DL-alanine (PDLA),
(b) amide hydrogens upstream of various amino acids, and (c) sidechain hydrogens. See (b) inset for
dipeptide structure. Adapted from Smith, Deng, and Zhang (1997) and Hamuro (2021) based on
experimental results of Bai et al. (1993) and Molday et al. (1972).68697273 Note that (b) depicts general
trends by translation of the V-shaped curve f(x) of Ala: Aromatic is f(x)-a, Hphobic bulky is f(x)-b (where

b>a), Basic and Polar Bulky is f(x-c), and Polar is f(x-d)+e (where c<d).

Since PDLA is randomly coiled” and lacks exchangeable sidechain hydrogens, three factors
about backbone amide exchange were highlighted: (i) the majority of amide HDX is base
catalyzed (Kintpase >>> Kintacia > Kintwater ), €Specially at physiologically relevant pH (~ pH 6-8), (ii)

there is a pH (~ 2.5-3), denoted pHmin, at which the minimum exchange rate constant occurs, and
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(i) acid-catalyzed exchange dominates below pHmin due to the low concentration of OD, although
it is 1000x slower (e.g., at 20°C pH 2 and 7, k,, of PDLA is 0.00316 sec” and 4.17 sec™”,

respectively).

Bai et al. (1993) also examined the backbone exchange of di-peptide-bond models (i.e.,
CH3(CONHA)CHR(CONHE)CHs3) of various residues across the pH scale (Fig. 1.12b).%® Generally,
Hg was observed to have a lower rate constant than Ha. Focusing on Ha, relative to an alanine
(DiAla) standard, sidechain specific trends in V-shaped curve translation were clear. When R
corresponded to the hydrophobic, bulky moieties of Val, lle, and Leu, the V-shaped curve exhibited
a downward translation, indicating reduced kex, while aromatic residues (Tyr, Trp, Phe) had a more
moderate downward shift. These results suggested that sidechains incur both steric and inductive
effects on backbone HDX. Additionally, polar residues (Ser, Thr, Cys, Met, Asn, GIn) generally
showed a leftward shift in pHmin, consistent with an amide proton that is more readily abstracted
in base-catalyzed HDX due to electron density withdrawal, whereas acidic residues (Aps, Glu)
imparted a horizontal stretch on the V-shaped curve (not shown), resulting from slowed exchange

in both acidic and basic conditions.

In an extension of their experiment, Bai et al. (1993) also monitored heteroatom-bound
sidechain hydrogen exchange.®® They observed a right, upward translation in V-shaped curves
for several residues relative to amide hydrogen: GIn-NH,, GIn-NH., Asn-NH_, Trp-N+H (Fig. 1.12c¢,
apart from Arg-NH,, which had a left, upward translated curve). More recently, Hamuro (2021)
found this right, upward translation to be consistent with theoretical and experimental curves of
most other sidechain hydrogens (e.g., SH, OH, Phenyl-OH, Arg-NH,).”?> These findings suggest
that in most cases, sidechain hydrogens undergo acid catalyzed HDX more readily than the amide

hydrogen, while rates at physiological pH are quite similar to amide hydrogen.

HDX rate is also influenced by temperature. Take for example, a pH probe reading that
increases as temperature is reduced. Although it may be tempting to assume the acidity of the
solution is changing, it is the ionization of both acid and base that are impacted (Kw = [OH][H"]).
Since ionization is reduced at lower temperature (e.g., At 1 atm, pKw(0 °C) = 14.95 vs. pKw(25
°C) = 13.99),”® the concentration of available catalyst is reduced as well, slowing the HDX rate.

This manifests as a downward shift of the entire V-shaped curve.

Overall, the exchange rate constants observed above for short peptide models were indicative
of fast exchange at heteroatom-bound hydrogens. Their rapid Kintase (25°C) span 10%-10'2 Moy

sec and consequently have kex (25°C) at pH 7 spanning ~102-10° sec™.72
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Long before these quantitative studies were completed, in the 1950s, Kaj Ulrik Linderstrgm-
Lang, the father of protein HDX, began to observe distinctions in HDX rate between proteins and
short peptide models; proteins fully exchanged slowly, over mins-hours.””:’® Inspired by ground
breaking work by Pauling, Corey, and Branson (1951) on the structure of the alpha-helix,” he
reasoned that higher order structure, incurred by hydrogen bonding at the amide backbone,
reduced solvent accessibility, slowing amide HDX to an observable rate.”® He further described
that proteins undergo structural isomerization via breathing motions, or local and global unfolding
events, which manifest from formation and breaking of non-covalent hydrogen bonds in
secondary structure. When sampling an unfolded conformation, amide hydrogens briefly have

access to solvent and undergo exchange.

One can appreciate the convenience of studying protein structure with HDX given the uniform
distribution of backbone amides. HDX can shed light on: the extent of structure based on the
percent of backbone hydrogen exchange, the stability of structures over time (i.e., breathing

motions, dynamics), and perturbations to structure in one state relative to another.”

To extract meaningful structural information, it is necessary to delineate between intrinsic and
observed HDX in the context of higher order polypeptides and proteins compared to model
dipeptides, etc. As seen in Fig. 1.12, intrinsic rate, kex, can be determined from the primary
sequence alone because it is dependent on how amide hydrogen acidity/abstractability is
influenced by adjacent, covalently linked functional groups, mainly through induction and steric

hindrance at a given pH and temperature.

From comprehensive primary structure studies in the Englander lab (Bai et al. 1993 & Molday
et al. 1972), quantitative factors were derived, relative to alanine, describing the impact that
sidechains left, L, and right, R, of a peptide amide bond have on the acid A and base B ‘arms’ of

that amide’s V-shaped curve (Eq. 1.15).5872 See appendix A for L and R factors in Table A1.

Lor RA (orB) = logkex,A (or B) of sidechain — logkex,A (or B) of Alanine (1 -15)

These pH and temperature-specific L and R factors could then be used to determine Kkexnn, the

site-specific amide exchange constant (Eq. 1.16).6873

kex,NH = kA,alanine (LA X RA)[D+] + kB,alanine (LB X RB)[OD_] + kwater,alanine (LB X RB) (1 -16)

Finally, the extent of deuterium uptake D for a free peptide amide at a given timepoint { could be
determined using exponential decay (Eq. 1.17).8° Here, D=1 when the full population of this amide

has exchanged and D=0 when {=0.

24



D, =1— e Fexnut  (1.17)

Consequently, a peptide that is entirely unstructured will undergo intrinsic exchange that can

be predicted from the sum of each amide’s D; across the peptide.

The difference between intrinsic and observed rate stems from higher order structure, as
noted by Linderstram-Lang, attributed to hydrogen bonding and solvent inaccessibility.
Particularly, backbone amide hydrogens that act as hydrogen bond donors restrict access of the
catalyst (D*, OD-, D;0), slowing the rate of exchange below intrinsic, such that increasingly
structured regions exchange less frequently with deuterium. The extent of structure relative to a
denatured peptide or protein can be quantified using protection factors, PF (Eq. 1.18). The larger

the PF for a given system, the more structured it is.

PF =Lex > 1 (1.18)

kobs -
The modulation of intrinsic exchange (kex) by unfolding events (kopen, Kciosea) @t backbone amide
hydrogens (NH) was described by the following general reaction mechanism (Eq. 1.19).7678

kopen k kopen
NHclosed 2 NHopen _e)x NDopen s NDclosed (1 -19)

kclosed kclosed
Since hydrogen bond breaking is a unimolecular dissociation, Kopen has units s and Kgoses has

units M-'s™". From here, the observed HDX rate constant (kos), was derived (Eq. 1.20).768182

Kopen'Kex
kops = L (1.20)

kopen+kclosed+kex

In a completely disordered protein system, all regions are effectively in their open state (kopen
>>> Koy, Koosea = 0), simplifying Eq. 1.20 to equal the intrinsic rate constant: kops = kex. In a
structured protein system, regions tend to stay closed and folded (Kciosed >> Kopen). This simplifies
to Eq. 1.21 because kopen minimally contributes to the cumulative term in the denominator and can
be removed.%®

kopenkex
kops = —2—% (1.21)

Kcloseatkex

Two distinct circumstances impacting koss can be explored.®®#'82 |n the event that exchange
is faster than closing (kex >> Kciosed), Kobs Can be simplified to Eq. 1.22, where the observed
exchange is proportional to the opening event (Hvidt and Nielson (1966), unimolecular exchange
kinetics: “EX1").82
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kops = kopen [8_1] (1.22)

In practice, this labeling is characteristic of unstructured, open loops that infrequently or briefly
sample a structured state and manifest as a is bimodal distribution: minimal deuteration for the

closed subpopulation and maximal deuteration for the open subpopulation (Fig. 1.13a).
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Figure 1.13 | Population Distributions. (a) EX1 kinetics represent distinct conformational populations and
manifest bimodally, (b) EX2 kinetics occur for an averaged conformation. Reproduced with permission from
Weis et al. (2006), Copyright © 2006, American Society for Mass Spectrometry.83

On the other hand, when Kcosea is faster than the exchange rate constant ke (i.e., Kex < Kciosed), the
observed rate is a function of the ratio of opened and closed states (Hvidt and Nielson (1966),
bimolecular “EX2” kinetics).8? Here, an opened state is sampled so briefly that it closes back
without becoming completely deuterated. The kops can be simplified to Eq. 1.23:
Kobs = kex 322 [Ms7] (1.23)
kclosed

The deuterium incorporation in these protein regions will gradually increase as HDX labeling
time is increased, up to a maximum of the exchangeable backbone amides (Fig. 13b). The EX2
regime is by far the more common scenario observed in peptides of structured proteins and it is

easier to analyze. However, both EX1 and EX2 kinetics provide informative ways to study

structural dynamics.
1.3.2 Bottom-Up Workflow for HDX of Proteins

HDX-MS can be analyzed on the global protein-level or local peptide-level, although local
HDX is more common given its inherent increased spatial resolution and feasibility for various
protein systems. Local HDX-MS can be bottom-up, such that the protein is proteolyzed prior to

MS, or top-down, such that the intact protein is fragmented by the instrument. Currently, the most
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common and best understood local-HDX workflow is the bottom-up approach, for various reasons
including instrument development/limitations. For example, top-down suffers from poor CID
fragmentation coverage and spectral overlap for medium-to-large proteins; however, fast
fragmentation methods such as electron-capture dissociation (ECD) may reduce deuterium
scrambling (e.g., Mobile Proton Model for CID) and achieve residue-level resolution provided it is

upstream of a mass analyzer that can separate all the fragments sufficiently.34

For relevance, the following discussion will assume a bottom-up framework using proteolysis,
RP-LC, and ESI-MS (Fig. 1.14a). Front-end implementation of autosamplers or robotic syringe
handling systems coupled to temperature-controlled compartments (Fig. 1.14b) is ideal for
reproducibility and automation of this method. These systems further benefit from high pressure
LC pump and valve-based fluid delivery, modulating the flow of solvents to target locations

(discussed shortly).
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Figure 1.14 | Bottom-up HDX-MS. (a) Workflow: A protein undergoes HDX labeling, followed by quenching,
unfolding, and proteolysis. Peptides are separated using reverse-phase liquid chromatography (RP-LC),
followed by ESI-MS. (b) Temperature-controlled compartments and LC pump fluid delivery coupled to
robotic liquid handling system. Samples are stored at 0°C to maintain stability, followed by HDX at 20 °C,
and quench back in 0 °C. Quenched sample is injected (1) for proteolysis (2) at 15 °C. Peptides undergo
desalting (3-6) and then reverse-phase separation (7-9) prior to ESI-MS. Dashed lines (- - -) indicate
aqueous solvent pH 2.5 delivered by the Auxiliary Pump. Solid lines (—) indicate gradient composed of
organic and aqueous solvents at pH 2.5 delivered by Binary Pump. Generated using BioRender.com and
3D structure of WDR12 (PDB 2GNQ).
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To initiate the HDX reaction, steady-state protein sample is mixed by syringe aspiration-
dispensation with deuterium buffer which can be prepared to best suit the protein system such as
matching storage buffer, salt, and pH conditions. Labeling proceeds for duration, ¢, at constant
temperature (e.g., 20 °C). As per section 1.4.1, it is incredibly important that pH and temperature
are constant, and identical for all samples because these factors impact the HDX rate. For
completeness of the study, the duration and number of timepoints is encouraged to span several
orders of magnitude (i.e., 10-10° secs; secs-days) in order to capture the least and most

structured backbone amide HDX .8

Quenching is achieved by the addition of acid, ideally at 0 °C. The quench step occurs at
amide pHmin (2.5-3) to slow the reaction to the minimal intrinsic rate constant, ke« (Fig. 12a). For
the remainder of the solution-phase workflow, the solvent is held at pHmi» to reduce continued
exchange in proton rich conditions (i.e., back-exchange, discussed below). In many protein
systems, acid helps unfold the protein by disrupting the hydrogen bond network, increasing
backbone access to subsequent proteolysis. Strategies including chemical denaturant addition
(e.g., Guanidine-HCI, acetonitrile, etc.), chemical reduction (e.g., TCEP), and on-line
electrochemical reduction have been employed to reduce disulfide linkages and encourage
disruption of extremely rigid structures.®® While protein unfolding efficiency is time and
temperature dependent, this poses a practical limitation in HDX-MS due to the need to minimize

potential back-exchange.

Sidechain heteroatom-bound hydrogens exchange to deuterium extremely rapidly at
physiological conditions compared to protected amides and are therefore considered to be non-
informative about structure. Also, since the pHmin necessary for quenching/slowing the HDX
reaction is distinct for amide hydrogens and sidechains (Fig. 1.12¢c), LC-coupled experiments
conducted at pH 2.5, 0 °C for 5-15-minute gradients assume that only amide backbone
deuteration is preserved while sidechains continue to exchange back to H. Sidechains are also

less quenchable; their V-shaped curve minima are higher/faster than that of amide hydrogen.

On the topic of back-exchange, isotope effects are an interesting consideration. Since D is
twice the mass of H, the vibrational freedom of H is larger.®” In other words, it takes less energy
to break an H bond compared to a D bond. This isotope effect is observed in the lower self-
ionization coefficient of D,O compared to H20 (pKi20(20°C) = 14.17 vs. pKp20(20°C) = 15.05).79.7®
Covalent D bonds are also shorter and less polarized than H.8 This, and the larger size of D, &°
makes D a poorer H-bond donor than H.82 This has been evidenced by increased melting and

phase transition temperatures for deuterium labeled samples.® Rarely, this may be observed in
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longer HDX labeling timepoints; at a certain threshold of labeling, proteins crash out due to loss
of structure. On the other hand, in chemical synthesis, D can be used as a protecting group to
modulate regioselectivity.®® In general, when a reaction rate changes due to the introduction of an
isotope, this is called the Kinetic Isotope Effect (KIE). Indeed, there is evidence from Connelly et
al. (1993) of the Englander lab that at 20°C, PDLA peptide N-D/H,O exchange (Kacia=10"4,
Koase=10%%7) is slower than N-H/D20 (Kacia=10"%2, Kpase=10"%-%).°" During bottom-up HDX, it is likely
that back-exchange (from D-to-H) is slowed due to the KIE; during quench, the stability of the

deuterium label effectively reduces kex from what is predicted by Eq. 1.11 for H-to-D exchange.

Proteases are selected based on acidic functionality, with the most common being pepsin,
protease XllI, and more recently commercialized nepenthesin &Il (Nep-1 and -2). They generally
catalyze cleavage via two aspartic acid residues and retain structure at low pH thanks to
stabilizing disulfide bonds and rigid B-motifs.®2%3 Unlike pepsin, Nep-1 and Nep-2 have
significantly reduced activity in the presence of denaturants, such as urea and Gdn-HCI at pH 2
and 25 °C, which can impact versatility in HDX-MS experiments.®® Yang et al. (2015) observed
that immobilization is correlated with increased stability, and that Nep-2 actually retained activity
in denaturants.® These aspartyl proteases are considered broad or non-specific in their cleavage
patterns due to their preference for hydrophobic residues N- (P1) or C-terminal (P1’) to the peptide
bond. Notably, Nep-2 cleaves efficiently at basic residues H, K, and R, whereas pepsin does not,
and neither protease cleaves at P.%>% Pepsin and Nep-2 were observed to have unique cleavage
products, suggesting utility in mixing them (1:1) for bottom-up HDX-MS.%* In practice, the first step
before conducting any bottom-up HDX-MS is the optimization of peptide-level primary sequence

coverage.

The ability to extract information from the peptide mixture is greatly improved if a separation
stage precedes detection in MS. In a complex peptide mixture, there is a likelihood of
encountering mass spectral overlap due to peptides with similar m/z and, more so, overlapping
isotopic distributions from deuterium labeling. Separation can be achieved using RP-LC or IMS,
although the best results are obtained when using both strategies in tandem.*® RP-LC utilizes a
hydrophobic stationary phase and a gradient mobile phase which increases in percent organic
over time. This allows for the gradual elution of increasingly hydrophobic species off the column.
Typically, stationary phases are composed of hydrocarbon backbones, such as C18 or C4,
immobilized onto ~1-2 uym diam. porous beads packed into narrow (~2 mm diam.) high pressure
columns with volumes of ~150-350 mm? (= uL).% Porosity increases functionalizable surface area

which compensates for the small diameter beads needed for dense packing and better resolution.
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Additionally, on-line desalting (i.e., short C18 column) dramatically improves the applicability of
MS. On-line desalting enables a sample to be in ideal storage conditions prior to LC, such as
native protein buffer (high salt, buffer, reducing agent, glycerol, etc.) and then during LC, it
undergoes on-line buffer exchange into MS compatible solvent. RP-LC has the added sensitivity
benefit of separating the mixture over time so that peptides undergoing ESI compete less for
charge (i.e., reduced ion suppression), while also concentrating dilute like-peptides together (i.e.,
chromatographic focusing). On the other hand, IMS enables size separation (i.e., mobility,
collisional cross-section) of structural isomers and ions of similar m/z. Use of both separation
methods can greatly improve primary sequence coverage in HDX-MS, although 100% coverage

is seldom achieved.

Other important considerations regarding instrumentation include the use of LC and valve-
based fluid delivery system, particularly for higher throughput. In a conventional experiment, the
HDX-labeling step is conducted off-line in a vial, often mediated by an autosampler. The quenched
sample is injected onto the immobilized protease column followed by desalting on a short reverse-
phase column using aqueous solvent. In a separate phase, mediated by a valve turn and binary
solvent flow (aqueous and organic), the desalted peptides are separated on a longer reverse-
phase column via solvent gradient. Ultimately, if all these steps occurred in-line with each other,
without valves, it would compromise LC separation or inactivate the protease. Moreover, this
compartmentalization enables each of the columns to be sufficiently flushed and cleaned, which
not only improves lifespan of research consumables, but also inherently improves the HDX data

by reducing carryover between samples and reducing the likelihood of clogging.

Finally, once peptides undergo ESI, gaseous peptide ions (5-15 residues) are formed, with a
net charge at or close to the number of basic sites.®® When CID is used to identify peptide
sequence in MS/MS, the produced fragments must be charged to continue their flight through the
MS to the detector. With that in mind, not all proteolytic peptides will carry a net positive charge,
and some peptides will not undergo sufficient fragmentation to be identified. Both are limitations
of using MS for HDX detection. On the other hand, bottom-up HDX-MS provides a means to
extract information-rich segment-averaged data that can be pieced together in the order of the
primary sequence, to reconstruct even massive proteins. From acquired mass spectra, segment-
averaged deuterium incorporation can be quantified by taking the centroid of a peptide’s isotopic

envelope at each timepoint, relative to an undeuterated reference (Fig. 1.15).
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Figure 1.15 | A peptide’s mass spectra during HDX. The centroid quantifies the average m/z of an isotopic

distribution and shifts as more deuterium is incorporated into the peptide.

Since the peptide sequence is known, the number of exchangeable amides N can be
determined (Eq. 1.24) where T is the total number of backbone amides, Pro is the number of
proline (which has no amide hydrogen), and 1 is subtracted to account for the rapid back-

exchange of the N-terminus in LC-coupled HDX-MS.
N=T-Pro—1 (1.24)

Deuterium uptake can then be expressed as either relative uptake (Da) or relative fractional
uptake (RFU, %) (Eq. 1.25). RFU or relative uptake may be multiplied by a factor inversely
proportional to the D>O concentration (v/v) during the labeling step (e.g., 50% D20 in labeling
step, multiply Eq. 1.25 by 2) to account for HDX catalyst dilution.

RFU =2 x100% (1.25)

Deuterium uptake can be visualized as a kinetic plot per peptide which is ideal for extracting
the HDX rate constant ko,s. On the other hand, bar plots and heatmaps are often used to
aggregate exchange of all the peptides in a data set. Finally, HDX is best interpreted by mapping
the peptide exchange on the 3D protein structure, which has become increasingly more available

through open-access structural prediction via AlphaFold.%”
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Although HDX-MS is informative regarding the extent of a protein’s structure and dynamics
(Fig. 1.16a-c), differential HDX (AHDX) is commonly used to observe perturbations to structure
by comparing one or more states (e.g., ligand-bound, mutant, etc.) to a reference protein state
(Fig. 1.16d-f).

unstructured structured dynamic AHDX-MS ¢ apo *ligand bound
eptide eptide eptide

BQO a pep b pep c Pep e high affinity f allostery
(==

E T

938

w e

8 + > >

Time
Figure 1.16 | Examples of HDX kinetic plots. (a-c) depict rate of uptake observed in disordered, rigid,
and dynamic peptides, (d-f) examples of deuteration protection observed by AHDX due to weak and high

affinity ligands, or subtle allosteric effects.?® Created using BioRender.com.

If two extremes of affinity are considered (e.g., Ko of 1 nM vs. 50 uM), the low affinity ligand
will rapidly cycle through association/dissociation whereas the high affinity ligand will take longer
to dissociate. At the binding site, in AHDX, this manifests as quickly converging rates (Fig. 1.16d)
or persistent divergence (Fig. 1.16e).%® Depending on the extent of conformational adjustment to
accommodate a ligand, the duration of the unbound state in the binding cycle may sufficiently
enable the protein to sample its native/apo confirmational space for HDX labeling. The longer and
more abundantly the unbound state/native conformation is populated, the quicker the HDX rates
will converge. This same reasoning reveals that, provided adequate labeling time to distinguish

between the two states, relatively shorter timepoints are better at capturing weaker interactions.

On the other hand, there are instances in AHDX where rates begin to diverge later, on the
order of minutes or higher. These kinetics are less intuitive in their interpretation; why would
protection accumulate over time in a (near) steady-state system with binding rate constants (kon
and ko) on the order of seconds? This behaviour is consistent with the protein population
sampling a subtly reduced conformational ensemble that becomes more evident as a deuterium
incorporation or time increases. Only after a certain (i) deuteration or (ii) duration threshold has
been reached can the change in structure be revealed. In the case of a deuteration threshold, a
potential explanation involves the relationship between hydrogen bond ‘unzipping’ and isotope
effects. Since N-D hydrogen bonds can be marginally weaker than N-H, there is a scenario (i)
where a certain deuterium labeling threshold increases access to adjacent amide hydrogen for
exchange by destabilizing the local hydrogen bond network. Alternatively, in the case of a (ii)

particular native conformational excursion which is sampled extremely rarely by a peptide/region,
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its labeling will be diluted across the ensemble HDX measurement (negligible signal vs. noise).
However, as time goes by, more of these subtle excursions are sampled and labeled amongst the
population. Then, (i) and (ii) may undergo reduced exchange because of stabilization imparted by
ligand binding. If these cases happen at/near the binding site, they are convoluted by other
structural events such as intermolecular bonding and interfacing, resulting in AHDX plots similar
to Fig. 1.16e. On the other hand, a case like Fig. 1.16f is more likely to be observed in allostery:

away from the direct binding site where there are little-to-no other confounding effects.

It is important to note that protein systems exhibit various kinetic profiles, often a blend of
those depicted in Fig. 1.16. Every peptide’s uptake rate is the culmination of various structural
forms, breathing motions, or perturbations. This can substantially complicate interpretation and is
often aided by corroborating evidence from 3D structures (crystals, cryo-EM, in silico models,
NMR) and biophysical assays. Also, HDX-MS is a solution phase, steady-state, averaged
measurement of a sample ensemble, which means that the resolution of AHDX is largely
influenced by occupancy of bound state. Moreover, insufficient timescale coverage may miss
distinctions in rate constant for relatively weak affinity binders, leading to false negatives in
AHDX_.8 Generally, the resolution of AHDX is minimized or eliminated in prolonged labeling of
fast-exchanging amides (i.e., deuterium saturation) and in overly brief labeling of slowly

exchanging amides.®
1.3.3 Time-Resolved Hydrogen Deuterium Exchange for Rapid Labeling

Random coil or intrinsically disordered regions/proteins (IDRs, IDPs) represent physiologically
important systems which are quite difficult to structurally characterize due to the broad
conformational space they sample. Time-dependent, motion-permitting methods such as NMR,
HDX-MS, and molecular dynamics are useful in studying structures that would otherwise have
weak electron density. In HDX terms, disordered structures with little-to-no amide hydrogen
bonding will undergo labeling at or near the intrinsic rate of exchange, which is incredibly fast (i.e.,
low-to-subsecond).®® A 2023 mini-review by myself and co-first author, Vimanda Chow, explored
the developments of rapid-HDX instrumentation and methodology for studying macromolecular
systems with intrinsic rates of exchange.'® Briefly, to achieve rapid labeling, reaction/mixing
chambers are often on the micro-to-nano scale instead of mixing by syringe dispense-aspiration.
This is commonly achieved by using small diameter capillaries and microfluidic chips with
continuous flow, or by conducting HDX such that an analyte (e.g., gas phase) flies over/through

a deuterium source (e.g., reaction gas, evaporating droplet).
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Up until recently, there were no feasible options for commercialization of fully automated rapid
HDX-MS.™" Previously, labs interested in employing the method were restricted to in-house built
apparatuses.®® Particularly, a millisecond-to-second HDX-MS approach, termed TRESI-HDX, has
been at the core of many Wilson Lab studies. This approach was mediated by a time-resolved
capillary mixer'% with syringe pump fluid delivery, and subsequent on-line proteolysis conducted

using a laser-engraved polymethyl methacrylate (PMMA) chip (Fig. 1.17).
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Figure 1.17 | TRESI-HDX-MS apparatus circa 2022. (a) time-resolved mixer and (b) on-line HDX

and proteolysis system, driven by syringe-based fluid delivery.

The chip went through iterative modifications, across generations of Wilson lab members,
including reversible and irreversible annealing (e.g., clamps vs. chemical fixing), as well as
variations of the kinetic/HDX-mixer engraved upstream (rather than union-linked) to reduce time,
volume, etc.'%-1%8 Although cost-saving, syringe-based fluid delivery would sometimes leak back
against the driving plunger when back-pressure was high enough, such as a clogging event. Due
to the incompatibility between syringe-based fluid delivery and reverse-phase chromatography
(which typically requires valve- and binary pump-mediated solvent delivery), gas-phase IMS was
used to add a dimension of separation to reduce spectral overlap with the added benefit of limiting
time for solution-phase back-exchange. Another limitation introduced in the absence of desalting
LC was that protein samples had to be buffer exchanged into ammonium acetate salt (NHsOAc
50-250 mM) rather than storage buffer conditions (e.g., NaCl, Tris, HEPES, DTT, lipids, etc.).
Though NH4OAc is great for ESI, it is not a buffer at physiological pH because the associated
conjugate acid (NHs* and CH3;COOH) pKas are 9.25 and 4.75."% This introduced some difficulties
in finding TRESI-HDX compatible protein targets to study, which, in instances of incompatibility,
would precipitate out in the syringe over the course of the experiment or clog the apparatuses

very narrow diameter capillaries. With that said, after conceptualization by generations of various
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members of the Wilson Group, TRESI-HDX was retrofitted to a conventional LC system by
Anacleto et al. (2023) via autosampler plug injection.’™ The newly afforded higher pressure
capacity enabled proteolysis using a short column made from small diameter tubing (<1/16 inch)
packed with immobilized protease rather than the PMMA chip, which substantially improved

robustness.

1.4 Research Objectives

Given the expense of HDX-MS instrumentation and some expertise associated with
conducting experiments and data interpretation, few have direct access to this tool. However,
through the power of academic collaboration, it is becoming increasingly applied to address the
structural biology questions of complex targets in fast-paced environments, which the following

chapters aim to convey.

Chapter 2 explores how two near-superimposable proteins, Bcl-2 and Mcl-1, enable
accommodation of shared and distinct binding partners through their different conformational
dynamics. This study was, in part, conceptualized by the Bryan Dickinson Lab (University of

Chicago)

Chapter 3 delves into how binding affinity information can be extracted during HDX-MS
structural characterization of single target ligand libraries. The study follows WDRS5, an epigenetic
reader protein, and a focused small molecule collection evolved by the Structural Genomics

Consortium.

Chapter 4 describes a broad timescale-spanning HDX-MS characterization of binary and
ternary complexation of FBX0O22 and NSD2-PWWP1 enabled by a PROTAC, UNC10088. This
work contributed to a longstanding collaboration between The Structural Genomics Consortium

and the lab of Dr. Lindsey Ingerman James (North Carolina University at Chapel Hill).

Chapter 5 is a brief binding characterization study of a novel chemical probe against USP3-
ZnF-UBD, spearheaded by members of the Structural Genomics Consortium. It is a showcase of

how HDX-MS kinetics can reveal intricacies of a binding interactions.

Chapter 6 is an epitope mapping study of a pan-neutralizing antibody targeting the SARS-
CoV-2 Spike Protein, in collaboration with Icosagen, an Estonia-based Contract Research,

Development, Manufacturing Organization (CRDMO).
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Innate Conformational Dynamics Drive Binding Specificity in Anti-

Apoptotic Proteins Mcl-1 and Bcl-2
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2.1 Summary

The structurally conserved B-cell ymphoma 2 (Bcl-2) family of proteins function to promote or
inhibit apoptosis through an exceedingly complex web of specific, intrafamilial protein—protein
interactions. The critical role of these proteins in lymphomas and other cancers has motivated a
widespread interest in understanding the molecular mechanisms that drive specificity in Bcl-2
family interactions. However, the high degree of structural similarity among Bcl-2 homologues has
made it difficult to rationalize the highly specific (and often divergent) binding behavior exhibited
by these proteins using conventional structural arguments. In this work, we use time-resolved
hydrogen deuterium exchange mass spectrometry to explore shifts in conformational dynamics
associated with binding partner engagement in the Bcl-2 family proteins Bcl-2 and Mcl-1. Using
this approach combined with homology modeling, we reveal that Mcl-1 binding is driven by a
large-scale shift in conformational dynamics, while Bcl-2 complexation occurs primarily through a
classical charge compensation mechanism. This work has implications for understanding the
evolution of internally regulated biological systems composed of structurally similar proteins and

for the development of drugs targeting Bcl-2 family proteins for promotion of apoptosis in cancer.
2.2 Introduction

The mitochondrial outer membrane permeabilization pathway is an essential mechanism of
programmed cell death (apoptosis) and is regulated through a complex web of interactions among
Bcl-2 family proteins. The Bcl-2 family encompasses many members that share Bcl-2 homology
regions BH1-4: pro-apoptotic multidomain proteins (Bak and Bax), pro-apoptotic BH3-only
sensitizers (Bad, Noxa, etc.), pro-apoptotic BH3-only activators (tBid, Bim, etc.), and anti-

apoptotic multi-domain proteins (Bcl-2, Mcl-1, Bcl-X,, etc.).!

A brief snapshot of this intricate pathway begins when truncated Bid (tBid) interacts with Bak
and Bax to facilitate their oligomerization within the mitochondrial membrane.''2""3 This initiates
an irreversible commitment to apoptosis as cytochrome ¢ effuses from the intermembrane space,
apoptosomes (Apaf-l/cytochrome c/caspase-9) are formed, and subsequent caspase cascades
lead to cellular destruction."* However, anti-apoptotic proteins Bcl-2 and Mcl-1 can sequester
tBid from this pathway and prevent it altogether. As such, the “dance towards death,” artfully
named by Kale, Osterlund, and Andrews, involves exchanging pro- and anti-apoptotic partners

via heterodimerization at a conserved hydrophobic BH3-binding groove.™"
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The BH3-binding groove exists on the surface of multidomain family members including Bak,
Bax, Bcl-2, and Mcl-1. Notably, despite only sharing 33% sequence identity in their binding
grooves,'>"1% anti-apoptotic members Bcl-2 and Mcl-1 have nearly superimposable 3D
structures: PyMOL backbone Cq alignment of Bcl-2 (PDB 1G5M) and Mcl-1 (PDB 2MHS) for 106
core atoms yields an RMSD of 2.275 A.""7-"1% Bcl-2 and Mcl-1 strongly interact with BH3-only
proteins tBid and Bim; however, at physiological concentrations, only Mcl-1 can bind Noxa and
only Bcl-2 can bind Bad. This poses an intriguing question about what molecular mechanisms

can enable such unique binding selectivities in such structurally similar proteins.

Mass spectrometry provides a robust toolbox for elucidating molecular mechanisms including
native electrospray ionization mass spectrometry (ESI-MS) to observe ligand binding,
complexation, and protein folding behavior; ion mobility separation mass spectrometry (IMS-MS)
to analyze protein size/shape; and hydrogen-deuterium exchange (HDX-MS), covalent labeling,
and cross-linking (XL-MS) to monitor structural dynamics and binding footprints with sub-
molecular structural resolution.’® In particular, “time-resolved” ESI coupled to HDX-MS (TRESI-
HDX), which uses short (ms—tens of seconds) deuterium labeling times, can characterize subtle
shifts in conformational dynamics that accompany protein complexation.'?' These data can reveal
binding sites and allostery and provide structural/dynamic rationales for functional properties

including binding specificity.'?2

In this work, soluble Bcl-2 and Mcl-1 were examined using the mass spectrometry/hydrogen
deuterium exchange toolbox to understand the molecular mechanisms that underly their distinct
binding selectivities.''®'23 lon mobility spectrometry (IMS) showed that despite being a smaller
protein construct by mass, Mcl-1 (18.05 kDa) exhibited a longer drift time than Bcl-2 (20.25 kDa),
agreeing with previous classical structural studies indicating that Mcl-1 has a broader binding
pocket compared to other Bcl-2 family members.''®'2* Binding studies using time-resolved HDX
revealed that Bcl-2 and Mcl-1 undergo distinctive shifts in their conformational ensembles that are
unique to each protein and occur regardless of whether they are interacting with a partner that
binds one protein or both. From this, we conclude that binding specificity in these Bcl-2 family
proteins is driven not only by the charge compensation mechanisms proposed previously but also,
in some cases (e.g., Mcl-1), by the ability of the ligand to induce a thermodynamically favorable

shift in conformational dynamics upon complexation.

2.3 Materials and Methods
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General. Plasmids encoding Bcl-2 and Mcl-1 were purchased from Biobasic Inc. (Toronto,
Canada) and constructed based on solution stable sequences optimized by the labs of Fesik and
Walensky, respectively.!®12® Briefly, Bcl-2 was expressed in BL21(DE3) at 16 °C for 18 h using
pET28a (1-34 Bcl-2, 35-50 Bcl-XL, 93-207 Bcl-2) with a C-terminal 6His tag and purified using
Ni* IMAC (GE Healthcare, Fastflow). Similarly, Mcl-1 was expressed in BL21(DE3) at 16 °C for
18 h using pGEX-4T.1 encoding Mcl-1 (172-327) with an N-terminal GST-thrombin tag. GST
tagged Mcl-1 was purified using GST-affinity chromatography (glutathione-sepharose resin by GE
Healthcare, Fastflow). Subsequent GST-tag cleavage was carried out under rotation overnight at
4 °C (thrombin from bovine plasma, Sigma-Aldrich) followed by secondary GST-purification to
remove free GST tag (untagged Mcl-1 collected in flow-through). Both Bcl-2-6His and untagged
Mcl-1 were gently concentrated/buffer exchanged into a solution containing 50 mM Tris, 150 mM
NaCl, and 1 mM EDTA (pH 7.0) by spin-sized centrifugal filtration (Amicon, 10 kDa MWCO) at
1200g, 4 °C, 12 min cycles, and resuspended by pipetting up/down between each cycle. For long-
term storage at —-80 °C, glycerol was added to a final concentration of 25% and the sample was
aliquoted such that no tube was ever thawed more than once. Protein identity was verified by
15% SDS-PAGE and intact-MS.

BH3 Peptides. The following BH3-only peptides were synthesized and purchased from
BioBasic Inc (Toronto, Canada): hBID (78—-104) SQEDIIRNIARHLAQVGDSMDRSIPPG, hNOXA
(19-43) AELEVECATQLRRFGDKLNFRQKLL, hBIM (141-166) DMRPEIWIAQELRRIGDEF-
NAYYARR, and hBAD (103-127) NLWAAQRYGRELRRMSDEFVDSFKK. For long-term storage
at —80 °C, peptides were resuspended in water and aliquoted such that no tube was thawed more

than once.

Native MS. 5 uM Bcl-2 or Mcl-1 was ionized by electrospray into the Waters G2-S Synapt
Quadrupole-lon Mobility Separation-Time of Flight Mass Spectrometer using a modified
nanospray stage at a flow rate of 6 yL/min. To prepare for ESI-MS, the protein was buffer
exchanged using Slide-A-Lyzer MINI Dialysis Devices (2 mL, 10 kDa MWCO, Thermo Scientific)
into HPLC-grade 100 mM NH4CH3COO pH 7.

TRESI-HDX. 5 uyM Bcl-2/Mcl-1, or 5 pM:30 uM Bcl-2/Mcl-1 to BH3 peptide in 100 mM
NH4CH3COO, pH 7 (incubated on ice for 1 h), underwent rapid HDX using a time-resolved,
adjustable mixer, as discussed previously.'?'2¢ This enabled time-resolved HDX of 1, 2, 4, and
18 s corresponding to inner-capillary pullback of 2, 5, 10, and 50 mm at protein and 100% D>O
flowrates of 2 yL/min 10% CH3COOH was injected at 16 pyL/min to maintain a constant HDX

quenching pH of 2.4 after the reaction and during proteolysis. Pepsin (porcine gastric mucosa,
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Sigma-Aldrich) was cross-linked in-house onto NHS-activated agarose (Pierce, Thermo Fisher).
The proteolytic chamber was constructed in-house using poly(methyl methacrylate) etched with
a CO:; laser (VersalLaser) and affixed with a 0.2 ym pore-size frit upstream of the ESI emitter.
Pepsin-generated peptides were identified using Proteome Discoverer 3.0 (Thermo Scientific)
after LC-MS/MS analysis with the Orbitrap Elite hybrid ion trap-Orbitrap mass spectrometer. The
deuterium uptake of peptides was analyzed using the G2-S Synapt (Waters) ion mobility
separation mass spectrometer and processed by MS Studio.'?” A maximal sequence coverage of
92 and 75% was obtained for Mcl-1 and Bcl-2, respectively. However, due to spectral overlap from
digestion products of BH3 peptides, some sequence coverage was lost, resulting in 61% for
Bcl2/Bim, 69% for Bcl2/Bid, 62% for Bcl2/Bad, 55% for Bcl2/Noxa, 84% for Mcl1/Bim, 77%
Mcl1/Bad, 85% for Mcl1/Bid, and 92% for Mcl1/Noxa. Where possible, Expasy FindPept was used
to identify peptides (by MS1) to make up for the loss of redundancy (e.g., 137-150 in Bcl-
2/Bad).'?® For a given data set to be accepted, Bradykinin 2-9 (PPGFSPFR, Sigma-Aldrich) was
spiked in as an HDX timepoint control peptide. If Bradykinin uptake differences between the bound
and unbound samples fell within the error (a statistically insignificant difference), this meant that
there was no significant variation between how the two states were prepared and analyzed, and

thus, any changes that did occur were accurate.

Homology Modeling with SWISS-MODEL. Homology models were constructed using the
AutoModel function in SWISS-MODEL'? of the following sequences: Bcl-2 Chimera MA-
HAGRTGYDNREIVMKYIHYKLSQRGYEWDAGDDVEENRTEAPEGTESEPVVHLTLRQAGDDF
SRRYRRDFAEMSSQLHLTPFTARGRFATVVEELFRDGVNWGRIVAFFEFGGVMCVESVNREM
SPLVDNIALWMTEYLNRHLHTWIQDNGGWDAFVELYGPSMRHHHHHH; Mcl-1 GSGSDELY-
RQSLEIISRYLREQATGAKDTKPMGRSGATSRKALETLRRVGDGVQRNHETAFQGMLRKLDIKN
EDDVKSLSRVMIHVFSDGVTNWGRIVTLISFGAFVAKHLKTINQESCIEPLAESITDVLVRTKRDW
LVKQRGWDGFVEFFHVEDLEGG,; tBid DSESQEDIIRNIARHLAQVGDSMDRSIPPGLV; Bim(EL)
AEPADMRPEIWIAQELRRIGDEFNAYYARRVFL; Bad APPNLWAAQRYGRELRRMSDEFVDSF-
KKGLP; Noxa ARAPAELEVECATQLRRFGDKLNFRQKLLNLI. The structures were analyzed
using PyMOL to identify protein—peptide intermolecular interactions. The quality attributes of these

models are listed in Table 2.1 and are detailed in the publication by Studer et al. (2020).1%

Table 2.1. SWISS-MODEL Results and Quality

Homology model | Bcl-2 & Bid | Bcl-2 & Bim | Bcl-2 & Bad | Mcl-1 & Noxa
Template | PDB 4QVE PDB 4QVF PDB 2BZW PDB 2NLA
Sequence identity (%) 72.68 71.91 64.17 91.26
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Global model quality estimate
(GMQE)

QMEAN where 0.0 is native-like -0.67 -1.58 -1.50 -1.65
Qmeandisco global | 0.70 + 0.06 0.71 £0.07 0.72 £ 0.06 0.79 £ 0.07

0.7 0.68 0.73 0.78

2.4 Results
2.4.1 Expression and Purification of Solution-Stable Bcl-2 and Mcl-1 Constructs

Wild-type Bcl-2 family proteins are often prone to aggregation and are difficult to express and
purify, resulting in a need for truncation or loop deletion to obtain crystallographic or NMR
structures. To express solution-stable recombinant Bcl-2 and Mcl-1 for this in vitro study, optimized
sequences representing the Bcl-2 homology core and purification strategies published by Petros
et al. (2001) and Lee et al. (2016) were used.''®'23 Petros et al. (2001) were the first to obtain a
solution structure of Bcl-2. They based their solution-stable construct on Bcl-X., which had been
the first structure solved from the Bcl-2 family in 1997."%' By replacing the Bcl-2 ~60 amino acid
loop with the shorter loop of Bcl-X., they were able to reduce disorder and lower the isoelectric
point of the protein from near-neutral pH to pH 5.0 while retaining its biological antiapoptotic

function upon electroporation into staurosporine-treated Jurkat cells.'"®

Although attempts were made to work with purified wild-type Bcl-2 and Mcl-1, both displayed
a propensity for aggregation and precipitation in MS-compatible solutions and subsequent
clogging of sub-millimeter diameter capillaries used for delivery of sample to the mass
spectrometer. This can be attributed to their transmembrane tails; large, disordered regions; and
hydrophobic binding grooves. Consequently, all experiments discussed here use Mcl-1 (172-327)
with an N-terminal SGS artifact after thrombin cleavage for GST tag removal and Bcl-2 (1-34,
35-50 Bcl-X., 93—-207) with a C-terminal His tag. The sequences used can be found in Table
B1 in addition to a split RNA-polymerase luciferase assay testing Bcl-2 and Mcl-1 Bid/Noxa

binding activity compared to chimeric Bcl-2 and truncated Mcl-1 in Fig. B1.132133
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2.4.2 Native Mass Spectrometry Demonstrates the Expected Binding Specificities for Bcl-

2 and Mcl-1 Constructs

Previously, a review by Kale, Osterlund, and Andrews (2018) compiled over 30 publications,
which reported on the binding affinities of Bcl-2 family members using various biological assays
including isothermal titration calorimetry, surface plasmon resonance, and fluorescence
polarization.'"118.134-147 Taple 2.2 is adapted from their work and lists the Bcl-2 and Mcl-1
dissociation constants (Kp) with BH3-only peptides Bim, Bid, Bad, and Noxa. Based on these
measurements, Bcl-2 was expected to interact with Bid (50—10,000 nM Kp), Bad (10-50 nM Kbp),
and Bim (<10 nM Kbp), whereas Mcl-1 was expected to interact with Bid (<10 nM Kbp), Bim (<10
nM Kbp), and Noxa (10-100 nM Kp). To confirm this and obtain the optimal molarity ratio of protein

and BH3 peptide for the saturated “bound” protein state, native ESI-MS was used.

Table 2.2. Dissociation Coefficients Reported for Select BH3 Peptides with Bcl-2 or Mcl-1

Peptide
Protein | (Start- Sequence Length (aa) Bel-2Kp | Mcl-1 Ko
(nM) (nM)
Stop)
hBIM 141-166 | DMRPEIWIAQELRRIGDEFNAYYARR 26 <10 <10
hBID 78-104 | SQEDIIRNIARHLAQVGDSMDRSIPPG 27 59_10’000 . <10
(20 aa) (26 aa)
hNOXA 19-43 AELEVECATQLRRFGDKLNFRQKLL 26 >10,000 10-100
hBAD | 103-127 | NLWAAQRYGRELRRMSDEFVDSFKK 25 10-50 >10,000

Native mass spectra are shown in Fig. 2.1, starting with the unbound Bcl-2 and Mcl-1 spectra
in panels A and B, respectively. Both proteins exhibited a similar, narrow charge distribution
dominated by the 9+ and 8+ charged state and minimally populated by 10+ and 7+. For Bcl-2, the
four m/z charge peaks correspond to 2013.19, 2236.84, 2516.24, and 2875.60, whereas for Mcl-
1, the four peaks correspond to m/z of 1806.41, 2006.93, 2257.64, and 2579.86. Using ESlprot
deconvolution, the average masses of Bcl-2 and Mcl-1 were calculated to be 20,121.69 + 0.85
and 18,051.88 + 1.04 Da, respectively (Fig. 2.2)."® Although Mcl-1 matched its theoretical mass
(18,053.47 Da) based on its primary sequence, Bcl-2 (20,253.53 Da) was off by —=131.84 Da,
which could be attributed to N-terminal methionine loss, a hypothesis supported by the N-terminal

peptide later observed in HDX-MS experiments (shown in Fig. 2.3, peptide 2—-13).
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Figure 2.1 | Native mass spectra of Bcl-2 and Mcl-1 bound to BH3 peptides. (A) Bcl-2, (B) Mcl-1, (C)
Bcl-2 + Bim, (D) Mcl-1 + Bim, (E) Bcl-2 + Bid, (F) Mcl-1 + Bid, (G) Bcl-2 + Bad, (H) Mcl-1 + Noxa, (I) Bcl-2
+ Noxa, and (J) Mcl-1 + Bad. Dotted lines track the position of the unbound peak in all mass spectra. The

protein concentration was 5 yM and, where applicable, the peptide concentration was 30 uM.
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Next, 5 uM Bcl-2 or Mcl-1 was incubated with each BH3 peptide at a 1:1, 1:2, 1:4, and 1.6
molar ratio. As shown in Fig. 2.1C—H, a ratio of 1:6 generated saturated “bound” native spectra
for known interactors, and this was used as the optimal ratio for all subsequent HDX experiments
(Fig. 2.3). Dotted lines from Fig. 2.1AB indicate the unbound peaks for Bcl-2 and Mcl-1. For Bcl-
2 + Bim (23,392.68 Da), the bound m/z peaks correspond to 2340.27 (10+) and 2600.20 (9+); for
Bcl-2 + Bad (23,226.26 Da), the bound m/z peaks correspond to 2323.60 (10+) and 2581.74 (9+);
and for Bcl-2 + Bid (23,098.53 Da), the bound m/z peaks correspond to 2310.87 (10+) and
2567.50 (9+). The experimental masses of the complexes fell within 2.6 Da of the expected
masses of 23,391.38, 23,225.20, and 23,096.01 Da, respectively. On the other hand, for the Mcl-
1 + Bim complex (21,324.35 Da), the m/z peaks correspond to 2133.45 (10+) and 2370.37 (9+);
for Mcl-1 + Bid (21,029.79 Da), the bound m/z peaks correspond to 2103.96 (10+) and 2337.68
(9+); and for Mcl-1 + Noxa (21,033.33 Da), the bound peaks correspond to 2104.39 (10+) and
2337.99 (9+).

Interestingly, in the Bcl-2 “bound” spectra, peaks corresponding to the complex are dominant,
whereas in the Mcl-1 spectra, binding appears to induce a shift to lower charge, even
for m/z peaks corresponding to the unbound protein. This may arise from loss of Mcl-1/BH3
peptide complexes in the gas phase, accompanied by charge stripping by the departing peptide,
resulting in a significant fraction of the lower-charge “unbound” peak intensity being attributable

to protein that was originally “bound” in solution. 915

No interaction was detected for Bcl-2 + Noxa (Fig. 2.11), which is consistent with what is known
about Bcl-2 specificity (Noxa is an Mcl-1-specific binder). Minor peaks corresponding to Mcl-1 +
Bad (a Bcl-2 specific binder) were observed (Fig. 2.1J), suggesting the possibility of weak binding.
However, Bad did not induce the charge reduction effect observed for all other binders of Mcl-1,
indicating that the maximum “bound” fraction can be estimated, based on the intensities of the
“bound” peaks relative to the unbound peaks, to be no more than 25%. Note that this estimate
excludes the very real possibility that some or all of the observed “bound” peaks arise from non-

specific complexation or adduction, which is a common phenomenon in ESI-MS.!

2.4.3 lon Mobility Mass Spectrometry Reveals Divergent Binding Modes of Mcl-1 and Bcl-
2 in Binding the Bid BH3 Peptide

IMS-MS was used to examine the gas phase conformations that populated the native ESI-MS
spectra of Bcl-2 and Mcl-1. In Fig. 2.2, the normalized intensity of signal (ion count) is recorded

as a function of the ion mobility drift time in milliseconds, with lower drift times corresponding

44


https://pubs.acs.org/doi/10.1021/acs.biochem.2c00709#fig1
https://pubs.acs.org/doi/10.1021/acs.biochem.2c00709#fig1

generally to smaller globular size (via the collisional cross section) for a given charge state. The
9+ charge state was selected because it is well populated in both the unbound and bound state
spectra for both proteins (and comparing structures of the same charge reduces the complexity
of interpreting IMS data).
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Figure 2.2 | lon mobility chromatograms of bound and unbound Bcl-2 and Mcl-1. The relative signal
intensity as a function of drift time (milliseconds) for Mcl-1 (top left), Bcl-2 (top right), Mcl-1/Bid (bottom left),
and Bcl-2/Bid (bottom right) is shown for their 9+ charge state.

The dominant drift time peak for unbound Mcl-1 was centered on 10.47 ms, whereas the
dominant peak for Bcl-2 was 9.59 ms (Fig. 2.2, top row). This is the opposite of what might be
expected intuitively, since the Bcl-2 construct used in this study is 15 residues longer and thus
somewhat larger than the Mcl-1 construct. However, the impact of this additional sequence on
the collisional cross section could easily be subsumed by differences in how the protein is packed
overall. In any event, based on the dominant mobility peaks, it appears that Mcl-1 has a somewhat
larger cross section than Bcl-2. It is also worth mentioning that a larger peak width is typically
linked to variability of structure (cross section) in the gas phase, and the broader larger dominant
peak width of Mcl-1 (Rrwnm Of 2.07 ms) is suggestive of higher conformational heterogeneity
compared to Bcl-2 (Rrwnm Of 1.10 ms). Both proteins also exhibit minor gas phase configurations
in the unbound state, suggesting a “compact” structure in the case of Mcl-1 (shoulder at 8.93 ms)
and an “extended/disordered” structure for Bcl-2 (broad low peak at 14.55 ms). Additional IMS

plots for the 10+ charge state can be found in Fig. B2; however, the 8+ charge state was not
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present in bound samples (see Fig. 2.1) and, therefore, could not be used for bound/unbound

comparisons.

Upon complexation with the Bid BH3 peptide, Mcl-1 and Bcl-2 undergo distinct changes in
their gas phase configurations. For relatively small proteins like Mcl-1 and Bcl-2, complexation
with a large peptide such as Bid BH3 (2976.32 Da) could cause an increase or decrease in the
ion mobility, depending on how the incoming peptide packs on to the structure and the extent to
which the conformation “tightens” as new inter- and intra-molecular bonds are formed. In this
case, complexation appears to have had the opposite effects on Mcl-1 and Bcl-2 drift times,
resulting in a “tightening” of the structure for Mcl-1 (10.47 ms — 9.48 ms) and a larger cross
section for Bcl-2 (9.59 ms — 10.59 ms). At the same time, the minor peaks have switched places
relative to the main peaks, so that bound Mcl-1 is exhibiting a new extended configuration (11.80
ms) and Bcl-2 is exhibiting a new compact state (8.05 ms) upon binding. Additional IMS
chromatograms of Bcl-2 and Mcl-1 complexed with BH3 peptides can be found in Fig. B3 and are
consistent with the dominant drift time peaks observed in Bid-bound mobiligrams. IMS of
Bcl2/Noxa and Mcl1/Bad were compared to protein-only spectra, shown in Fig. B4-B5, as a

negative control.

Taken together, these IMS data suggest significantly different binding modes for Mcl-1 and
Bcl-2 in their interaction with Bid; however, any characterization of these differences from IMS
alone would be, at best, highly speculative, and there is no guarantee that these gas phase
observations directly reflect the process in solution. Our next step was, therefore, to undertake a

TRESI-HDX analysis, which reflects structure and conformational dynamics in solution.

2.4.4 Time-Resolved HDX-MS Shows Dynamics-Driven Complexation Uniquely in Mcl-1,

Regardless of the Binding Partner

To explore whether the IMS observations were consistent with global structure and
conformational dynamics in solution, we first carried out “global” hydrogen deuterium exchange
measurements for the intact proteins (Fig. B6). These data agree with the broad conclusions
drawn from the IMS measurements, specifically that Mcl-1 is more dynamic in the unbound state
than Bcl-2; however, to examine this system with sufficient spatial resolution to draw specific
conclusions about the binding mechanism, we require segment-level data of the type provided by
the “bottom—up” TRESI-HDX workflow.

The TRESI-HDX method for bottom—up millisecond hydrogen deuterium exchange has been

described previously.'?"125126  Thijs approach enables “segment-averaged” (peptide-level)
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measurements of deuterium uptake with millisecond—second labeling times, which can probe

subtle shifts in conformational dynamics resulting from complexation.
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Figure 2.3 | Summed Difference in % deuterium exchange of complexed versus unbound Bcl-2 and
Mcl-1. HDX difference plots comparing deuterium uptake in Mcl-1 and Bcl-2 in the presence and absence
of BH3 peptides from (A,E) Bid, (B,F) Bim, (C,H) Noxa, and (D,G) Bad. The differences in magnitudes are
obtained by subtracting raw uptake values from the kinetic plots shown in Fig. B7-B14. Colored bars
indicate statistically significant decreases in uptake upon complexation with the significance threshold for
each peptide (difference magnitude > 20, n = 6), represented by the dotted line. To the right of each plot,

HDX difference magnitudes are mapped onto the corresponding PDB structures.

In Fig. 2.3, the local TRESI-HDX data are presented differentially, meaning that deuterium
uptake in unbound protein is subtracted from uptake in the peptide-bound protein, and then the

differences at each timepoint were summed. As a result, bars with negative values indicate that
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deuterium uptake has decreased in the corresponding region because of complexation. HDX
difference profiles were acquired for Bcl-2 and Mcl-1 upon complexation with peptides
corresponding to the BH3 peptides of Bim, Bid, Bad, and Noxa.

One of the disadvantages of online TRESI-HDX is that without liquid chromatographic
separation, it often provides lower sequence coverage than the corresponding conventional
timescale experiment. Sequence coverage varied considerably depending on the system in
guestion; the highest coverage corresponded to Mcl-1/Noxa (92%), and the lowest coverage
corresponded to Bcl-2/Noxa (55%), with an average of 73% across the eight difference plots
(sequence coverage and redundancy data are provided in Table B2, and the peptide list for each
protein is provided in Tables B3 and B4). Peptides in Bcl-2 involving the chimeric sequence are
indicated using an asterisk (*) to denote 39-50 of Bcl-X. or a double asterisk (**) to denote 36—
50 of Bcl-X.. In Mcl-1, the N-terminal peptide contains a thrombin cleavage site artifact (an extra
S) denoted by a circumflex (?). In every case, peptides located within the binding grooves of Bcl-

2 and Mcl-1 were observed.

Time-resolved HDX was used to measure the differences in deuterium uptake between Mcl-
1 and Bcl-2 in the presence and absence of BH3 peptides, shown in Fig. 2.3. The x-axes for these
plots include all peptides detected for the corresponding protein. The dashed line represents the
propagated error and using two-fold standard deviation (20) of two repeats of three technical
replicates per state (n = 6). Bars that did not exceed this magnitude by more than 1% on the
“difference in % exchange” scale are colored light gray to indicate that they were not considered
statistically significant. Regions with significant changes in deuterium uptake are mapped onto
NMR-derived structures of Mcl-1 (PDB 2MHS) and Bcl-2 (PDB 1G5M)."8"1° | jght-, sky-, and
royal blue were used to illustrate the summed differences of <20, <30, and >30%, respectively.
Regions for which no peptides were obtained are denoted in black, and regions for which there

was no significant change are represented in gray.

For Mcl-1/Noxa, large magnitude decreases in deuterium uptake (compared to the unbound
state) were observed in peptides spanning 232—-267 and late-appearing (statistically significant
after 4 s) decreases were observed from 214 to 246. A nearly identical profile was observed for
Mcl-1/Bim, as shown in Fig. 2.3B. The Mcl-1/Bid profile (Fig. 2.3A) also showed substantial
decreases at 250-261 and late decreases at 232—-249; however, some peptides corresponding
to the 250-267 region could not be analyzed due to extensive signal overlap in the raw uptake
data (see Fig. B15 for an example of raw mass spectra for protected peptide 250-261). For all

three interactions with Mcl-1 (i.e., Noxa, Bid, and Bim), all significant changes occurred across
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the conserved binding groove at helices a3—-a5. In the case of Mcl-1/Bad (Fig. 2.3D), essentially
no significant changes in deuterium uptake were observed across the entire protein, consistent

with the expected lack of interaction.

For Bcl-2, the interaction with Bid resulted in changes in a much narrower region
corresponding to residues 137-150 (Fig. 2.3E), which maps to an area within the Bcl-2 binding
groove (see Fig. B15 for an example of raw mass spectra for protected peptide 137-144). A weak
signal is observed in the 116—-130 region but is not observed in broadly overlapping peptides 120—
130 and 121-130. The signal is, therefore, only mapped from 116-119 in the corresponding NMR
structure. Similarly, for Bcl-2/Bim (Fig. 2.3F), uptake decreases were observed at 138-150
together with a weak, inconsistent signal at 116-130, and a slowly developing decrease was
observed in the 158-175 region. The Bcl-2/Bad complex shown in Fig. 2.3G exhibited the
weakest decreases in uptake, but these were persistent over all timepoints and occurred in the
138-150 region, in agreement with the other Bcl-2 complexes. Notably, in all three binding
scenarios, the persistent decreases occurred at a localized region within the binding groove at
the junction of helices a4-a5, corresponding to the BH1 domain that facilitates complexation in
Bcl-2 and Mcl-1 via a conserved intermolecular salt-bridge. Bcl-2 did not exhibit any significant
changes in deuterium uptake in the presence of Noxa (Fig. 2.3H), which is consistent with the
expected lack of interaction.

2.4.5 Static Structure-Based Homology Modeling Provides an Incomplete Picture of

Complexation that can be Complemented with Dynamics Information from HDX

To further explore the chemical interactions between the human BH3 peptides and Bcl-2 or
Mcl-1, we used SWISS-MODEL'?®, an open-access protein homology-modeling software
package, to visualize 3D structures of Bcl-2 or Mcl-1 with “bound” BH3 peptides for which there
are currently no co-crystal or NMR structures (Fig. 2.4). In Bcl-2 homology modeling, Bcl-XL was
used as the template whereas the Mcl-1 Noxa model was based on a template of Mcl-1 bound to

mouse NoxaB.

Overall, Bcl-2 was observed to form a higher number of protein—peptide interactions (i.e., salt-
bridges and hydrogen bonds) compared to Mcl-1. However, this general observation provides an
example of the limits of a purely static structural analysis of these protein interactions because it
offers no basis for specificity differences between Bcl-2 and Mcl-1 and also (incorrectly) suggests
that Bcl-2 should bind all BH3 targets tested more tightly than Mcl-1.
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Mcl-1/BID ! Bcl-2/BID

Figure 2.4 | Homology models and PDB structures displaying intermolecular bonding. Intermolecular
bonds are denoted in black dashed lines and emphasized with black arrows. Mcl-1 is on the left (A-C), and
Bcl-2 is on the right (D—F). For the BH3 peptides, Bid is shown in cyan, Bim is shown in yellow, Bad is
shown in salmon, and Noxa is shown in violet. The structures are colored based on the summed HDX

differences from Fig. 2.3: no sequence coverage (black), no change (light grey), <20% (light blue), <30%

(sky blue), and >30% (royal blue).
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Nonetheless, the homology modeling approach was able to capture important interactions
that were reflected in the HDX data. Specifically, the conserved salt bridge between R146 (Bcl-2)
or R263 (Mcl-1) in the BH1 domain at the a4-a5 loop and DBH3 (i+9) was detected in all
interactions (see Table B5 for BH3 residues). In the case of Bcl-2/Bid, salt-bridge and hydrogen
bond interactions were observed at the C-termini of a2 (R107), a3 (L119), a4-a5 loop/a5 (N143,
R146), and a7 (L201, Y202). For Bcl-2/Bim, interactions were observed at a2 (R107, Y108), a3
(Q118), a4 (R129, E136), and a4-a5 loop/5 (N143, W144, G145, R146), many of which were
reflected in the HDX data. For Bcl-2/Bad, there appears to be a restructuring at the a2-a3 region
to enable two binding interactions (Y108, D111) in addition to salt bridges at the C- and N-termini
of a4 (R129, E136) and a4-a5 loop/5 (R146) and the C-terminus of a7 (E200, G203). These a4
N-terminal and a7 interactions were not detected by HDX. It is not clear if this is a result of a lack
of sensitivity of HDX to these particular changes, the presence of a His tag, or an incorrect

prediction from the homology modeling approach we are using here.

One unique difference for Mcl-1 interactions predicted by homology modeling, NMR, and
crystal structures was that none of the heterodimerizations involved a3. For Mcl-1/Bim (PDB
2PQK), interactions were formed at the a2-a3 loop (H224), as well as the middle and C-terminal
region of a4 (R248, H252, V253, N260, and R263). For Mcl-1/Bid (PDB 2KBW), the interaction
did not occur at the conserved Arg—Asp salt bridge, but rather with a neighboring residue (N260),
as well as a single salt-bridge at the N-terminus of a4 (D242). As for Mcl-1/Noxa, homology
modeling revealed interactions at the C-termini of a4 (H252, V253, and S247), a4—-a5/a5 (N257,
G262, R263), and a7 (F318). An aspect of the experimental data that is supported by the
homology models is the observation of an IMS drift-time increase for Bcl-2 and a drift-time
decrease for Mcl-1 upon complexation. This is reflected by the fact that in the Bcl-2 models, the
BH3 peptide lies “flat” across the binding grove, with little penetration into it. Conversely, in Mcl-1

models, the BH3 peptide is partially enclosed in the binding groove by a3 and o4.
2.5 Discussion

In this work, we have explored the binding of Mcl-1 and Bcl-2 each to three target and one
non-target BH3 peptides with the aim of shedding light on how binding specificity can lead to the
formation of protein families with a high degree of structural similarity. To emphasize this structural
similarity, a backbone-aligned structural overlay of these proteins is shown in Fig. 2.5. The basis
of heterodimerization between pro- and anti-apoptotic family members has long been thought to
be driven primarily by hydrophobic interactions.” The BH3 groove in anti-apoptotic members is

composed of a3-a5, which has four hydrophobic “pockets,” denoted as P1-P4, and a conserved
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Arg residue at in the BH1 domain (a4-a5 loop)."*? The BH3-only proapoptotic members have a
conserved Asp (i + 9) and four hydrophobic residues: H1 (i), H2 (i + 4), H3 (i + 7), and H4 (i + 11),
which line up to form the hydrophobic face of the amphipathic BH3 helix. The conserved Asp and
Arg form an intermolecular salt bridge at the BH1 domain of Bcl-2 and Mcl-1 (a4-a5 hinge
DGV(Tma1)NWGR).'® While these conserved interactions can be used to rationalize the strongly
divergent specificity between pro- and anti-apoptotic Bcl-2 proteins, they cannot explain specificity

within the anti-apoptotic group of Bcl-2 family proteins like Bcl-2 and Mcl-1, whose specificity

profiles are distinct, yet significantly overlapping.

Figure 2.5 | Backbone aligned Mcl-1 and Bcl-2 structure and electrostatics. Left: Mcl-1 (yellow) and
Bcl-2 (green) share the Bcl-2 homology core, which includes the conserved BH3 binding groove composed
of helices a3—-a5 (red lines). The solution structures used here were 2MHS (Mcl-1) and 1G5M (Bcl-
2).118.119 Right: Bcl-2 and Mcl-1 color-coded with acidic amino acids in blue, basic amino acids in red, and

hydrophobic pockets denoted as P1-P4 in green regions.

The Bcl-2 and Mcl-1 constructs used in this work both consist of 7 a-helices: the predominantly
hydrophobic helix a5 makes up the core of both proteins, which is surrounded by amphipathic
helices a1—4 and a6-7."%* Distinctly, the a3 in Bcl-2 is considered a 310-helix. Native MS revealed
that despite their different masses, both recombinant Bcl-2 and Mcl-1 exhibit highly similar,
narrow, low charge magnitude charge-state envelopes. This suggests that these proteins were
ionized with the broadly comparable structural topology that is conserved within the anti-apoptotic
Bcl-2 family members and is consistent with their known structures (Fig. 2.5).""8119124 A sequence
alignment of Bcl-2 and Mcl-1 and their superimposable BH domains is provided in Fig. B16, as
well as publications where sequence alignment of other Bcl-2 family members and species

orthologues can be found.
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2.5.1 Gas Phase Measurements Suggest Distinctive Unbound Conformational Ensembles

and Divergent Conformational Shifts in Bcl-2 and Mcl-1 upon Complexation

Despite their similarity in NMR structures, IMS data show a distinct difference in drift time
between unbound Bcl-2 and Mcl-1, with Mcl-1 exhibiting longer drift times than Bcl-2. This
observation is consistent with previous work suggesting that Mcl-1 has a more flexible binding
groove than other antiapoptotic members of the Bcl-2 family.'"® The multimodal distributions in
the IMS data also point to coexisting conformations in the gas phase that may reflect low-
abundance conformational configurations in solution. The presence of these configurations in
solution cannot be directly confirmed by global HDX (which is almost always conformationally
averaged under “native-like” conditions), but global HDX data nonetheless support the general

conclusion that unbound Mcl-1 is more dynamic in solution than unbound Bcl-2.

When in complex with Bid BH3, the dominant configuration of Mcl-1 exhibits a decreased IMS
drift time, which would be consistent with substantial penetration of the BH3 peptide into the
binding groove coupled with an overall “tightening” of the protein structure (Fig. 2.2, left column).
However, the dominant IMS peak is accompanied by a broad, substantially higher drift time peak,
which indicates that a significant fraction of the Mcl-1 population has undergone a conformational
shift, making the protein structure more extended and heterogeneous (or more susceptible to
unfolding in the gas phase) upon complexation. While the dominant Mcl-1/Bid IMS peak shift is
easily rationalized in the context of complexation, it is not clear what binding effects might
generate the minor peak corresponding to a less ordered configuration. Conformational disruption
associated with binding is technically possible and has been observed previously with

myoglobin'®® and lipocalin.'s®

Conversely, Bcl-2 bound to Bid BH3 has a narrowly distributed, longer drift time peak that is
indicative of a larger collisional cross section compared to unbound Bcl-2 (Fig. 2.2, right column).
This could imply that Bid binding does not involve deep penetration of the BH3 peptide into the
Bcl-2 binding groove and does not require substantial rearrangement of the protein structure,
which would be consistent with most observations from conventional structural studies’®® and our
homology modeling analysis. However, it is as always difficult to draw unambiguous conclusions
about processes occurring in solution from IMS data alone, and the appearance of a highly
compact minor peak upon binding (Fig. 2.3, bottom right) does not fit with this narrative. Despite
the inherent ambiguities in interpreting ion mobility data, the IMS analysis clearly suggests that

Mcl-1 and Bcl-2 undergo different conformational transitions when binding the same BH3 peptide.
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2.5.2 Bcl-2 and Mcl-1 Undergo Substantially Different Conformational Rearrangements

upon Complexation

Differential peptide-level HDX unambiguously showed that Bcl-2 and Mcl-1 each exhibit a
unique, protein-specific structural and dynamic behavior during binding, regardless of the BH3
peptide that is bound. Mcl-1 undergoes a large, broadly distributed conformational change within
the binding groove at a3—-a5. To the best of our knowledge, Bcl-2 has never been studied by HDX-
MS; however, in agreement with our findings, previously published work by Lee et al. (2016)
reported broadly distributed decreases in deuterium uptake for Mcl-1/Bid at a 10 s HDX
timepoint.'? Using LC-HDX-MS, they detected high magnitude decreases at a3, a4, the C-
terminal of a2, and the N-terminal of a5, which is a more spatially constrained effect than we
observe here, likely a result of the improved sensitivity of rapid HDX measurements to subtle
changes in dynamics. In contrast to Mcl-1, Bcl-2 exhibits a decrease in uptake that is localized
specifically to the a4—a5 hinge when in complex with Bim and a small decrease at the C-terminal

end of a3 for two out of three binders (Bim and Bid).

Comprehensive studies in vitro and in silico have identified critical residues necessary in BH3
binding for Bcl-2 and Mcl-1: F104, Y108, L119, E136, L137, N143, and R146, and V220, V253,
N260, R263, and F319, respectively.'3”157-180 For Bcl-2, most of these critical residues are
represented in, or nearby, regions of deuterium decrease upon complexation (Fig. 2.3) and salt-
bridges/hydrogen bonds observed in homology models (Fig. 2.4). Critical residues F104 and
Y108 were not observed because they fall within a peptide region that lacks coverage in Bcl2/Bid
and Bcl2/Bad (104-112), and a higher propagated error/variation in Bcl2/Bim and Bcl2/Noxa was
observed. An in silico study by Raghav et al. (2012) found that residues 108—135 of Bcl-2 (a2—-a3
loop, a3, and a3—-a4 loop) are associated with a “large dynamic motion” and that the flexibility of
108-116 (02-a3 loop) may enable the plasticity of the BH3 groove.'®" Peptide 116—130 showed
weak HDX differences, but they may have been averaged out across this relatively larger peptide
(16 residues), and these changes are further supported by salt-bridges in homology models of
Bcl-2/Bid and Bcl-2/Bim.

For Mcl-1, the critical residues all fell within regions experiencing reduced deuterium uptake
upon complexation and agreed with the BH3-bound homology model, NMR, and crystal structure.
Campbell et al. (2015) have suggested that promiscuous binding is enabled by hotspots that are
not conserved between Bcl-2 family members: Mcl-1 has consistent hotspots to enable BH3
binding (V220, N260, R263, and F319), but Bcl-2 hotspots are dispersed across the binding

pocket.’” Although this agrees with the homology models of Bcl-2 and Mcl-1, this critical
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residue/hotspot model falls short of explaining the decreased deuterium uptake spread across
the Mcl-1 BH3 groove and particularly a3 where no hotspots existed. However, studies conducted
in silico have noted the importance of flexibility in the a3—a4 loop of Mcl-1 to enable adjustment

of the a4 helix.'%81%°

Cumulatively, these studies, along with the HDX and homology modeling data, may support
a conformational change in Mcl-1 that occurs within a3 to accommodate BH3 peptides, whereas
dispersed Bcl-2 hotspots form contacts without the need for extensive conformational adjustment.
This is quite contrary to in silico observations that Mcl-1 did not undergo backbone conformational

changes to accommodate BH3 peptides whereas Bcl-2 type proteins did.'®

Overall, our TRESI-HDX data indicate that Mcl-1 must undergo a substantial change in
structure and/or dynamics to drive heterodimerization, whereas in Bcl-2, binding is driven less by
dynamic shifts and more by specific charge—charge interactions at the BH1/BH3 interface as
indicated by homology modeling. A cursory explanation based on this observation could be that
higher flexibility in the Mcl-1 binding pocket results in “specificity” simply because it allows for the
accommodation of larger BH3 ligands. However, the BH3 ligands used in this study are all similar
in size. An alternative explanation arises from a recent study on the N-terminal domain of p53
whose binding specificity is modulated by phosphorylation at specific sites.'®? In that case, the
authors demonstrated that conformational instability of the phosphorylated state can be a
thermodynamic driver of complexation when the phosphorylated and unphosphorylated bound
states had a similar conformational stability. Translated to the current system, this rationale would
argue that the higher degree of conformational instability in unbound Mcl-1 (as observed in IMS
and global HDX), together with the fact that BH3-bound Mcl-1 and Bcl-2 have similar
conformational stabilities, provides a driving force for complexation that is unique to Mcl-1. In such
a model, Mcl-1 specificity would arise primarily from the extent to which a “potential binder” BH3

domain is able induce the necessary shift in dynamics upon complexation.
2.6 Conclusion

From the perspective of molecular evolution, these results provide a potential hypothesis as
to how the specificity of interactions between proteins can be altered through a difficult-to-predict
set of mutations. In recent work, it was demonstrated that the evolution of Mcl-1 and Bcl-2
specificity was “path-dependent”, implying that divergent evolutionary pathways generate unique
and functionally inequivalent solutions (i.e., sets of mutations) to subsequent evolutionary

challenges.'® The results of the current work reinforce the view that specificity is not always
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dictated by specific amino acid substitutions at the interface but can also be driven by widely
dispersed mutations that impact protein-wide conformational dynamics. Future efforts examining
how alterations in protein dynamics impacted the evolution of functions within Mcl-1 and Bcl-2
orthologues, and specifically whether there is an identifiable “branch-point” ancestor whose
evolution diverged into “charge-dominated” and “dynamics dominated” branches, could shed light
on how native protein functions emerged, and could also provide new approaches for engineering

novel binding specificity profiles into biomolecules.

From the perspective of practical outcomes from this type of analysis, a more complete
understanding of binding specificity among structurally similar proteins is a foundation for the
development of targeted therapeutics in many “challenging” protein families, including the Bcl-2,
GST, LXR, and GPCR families among many others. Our hope is that further explorations of the
dynamic drivers of binding specificity will encourage drug development targeting not just

structures but function-critical dynamic transitions.
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3.1 Summary

Hydrogen Deuterium eXchange Mass Spectrometry (HDX-MS) is increasingly used in
drug development to locate binding sites and to identify allosteric effects in drug/target
interactions. However, the potential of this technique as a quantitative tool remains largely
unexplored. Here, a pool of 13 WDR5-targeting small molecules, with Surface Plasmon
Resonance (SPR) dissociation coefficients (Kp) ranging from 20 nM to ~116 uM, were
characterized using differential HDX-MS (AHDX-MS). Qualitative analyses of the AHDX-MS
revealed that a small number of known contacts observed in co-crystals were uniformly “HDX-
silent”, and that several compounds induced dynamic shifts outside of the binding interface. We
then demonstrated that AHDX-MS Signal-to-Noise (S/N) can quantify library-relative affinity and
can additionally predict be Kp from a calibration curve. Three methods of S/N calculation are
explored, each suitable for a particular scenario. These results demonstrate the potential of
AHDX-MS wuse in drug candidate library affinity validation and/or determination while

simultaneously characterizing structure.
3.2 Introduction

Small molecule drug development, particularly for protein-protein interaction domains,
includes a primary screen of compound libraries to identify putative hits, followed by an orthogonal
screen to confirm the hits.’® SPR is well-suited to primary screening because of its throughput
and the depth of information obtained. However, given that the protein target is immobilized, there
may be false positives. In a typical candidate library SPR dataset, for example, only a fraction of
the fits used to determine Kp kinetically will be high enough quality to provide a high-confidence
result. Consequently, drug developers will seek secondary screening as a means to validate

affinity.

Protein Hydrogen-Deuterium eXchange Mass Spectrometry (HDX-MS) characterizes the
exchange of backbone amide hydrogens with solvent deuterium, typically at peptide-level spatial
resolution, and is largely influenced by the extent of hydrogen bonding and solvent access in
various regions of the protein.'®5-'¢" Differential HDX-MS (AHDX-MS) compares a protein’s
deuterium uptake in different states, most commonly an ‘unbound’ versus ‘bound’ state, to
observe perturbations to the protein structural ensemble (e.g., binding). Accordingly, AHDX-MS
can reveal the binding sites of small molecules, peptides, other proteins, etc., on protein targets
due to intermolecular contacts and interfacial structural changes.'® Recent advances in

automation, liquid-handling, liquid chromatography, and MS have greatly improved sample
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throughput, enabling increasingly widespread application of HDX-MS in earlier stages of drug

discovery.'®®

Previously, Marciano et al. (2014) and Chalmers et al. (2011) compiled reviews emphasizing
the utility of HDX-MS in small molecule and biopharmaceutical drug discovery.'®'""  Several
groups have linked AHDX-MS data to dissociation coefficient (Kp) using titration'”2'73, including
in the development of the PLIMSTEX approach'#'5 and others have demonstrated the
determination of off-rates for protein interactions through sophisticated analysis of deuterium
uptake kinetics in AHDX-MS experiments.'”%""” Moreover, Hamuro and Coales have shared great
insight regarding optimization of HDX-MS for ligand binding studies, particularly when Kp is known
and theoretical protection factors can be calculated.’”®'® Notably, Marciano et al. (2014)
predicted the pharmacological class of small molecules (e.g., agonist, antagonist, etc.) targeting
peroxisome proliferator-activated receptor gamma (PPARy) by correlating the difference in
percent exchanged deuterium of helix-12 peptide (SLHPLLQEIYKDLY) to PPARy
transactivation."° In our work, we build on this idea by taking a quantitative approach to AHDX-
MS using Signal-to-Noise (S/N), exploring how it can be defined to optimally suit different
scenarios of AHDX-MS data set collections of single target ligand libraries. Our study uses a
straightforward protein-to-analyte stoichiometry (1:10) and three timepoint AHDX-MS workflow to

simultaneously monitor structure and determine affinity.

To do this, we conducted a AHDX-based hit screening process by characterizing a small
molecule library of WDRS5 binders. WDRS5 is a 36.6 kDa 7-bladed B-propellor protein that notably
contains a tryptophan-aspartate (WD40) repeat (WDR). WDR5 has various functions including
acting as a scaffold adaptor between Retinoblastoma-binding Protein 5 (RbBP5) and Histone-
lysine N-methyltransferase 2A (MLL1) for epigenetic regulation and it is additionally known to be
implicated in various cancers such as acute myeloid leukemia.'8-'84 Dye to this protein’s adaptor
behavior, two distinct pockets can be targeted with small molecule hits via the WIN (WDR5-
interacting motif) and less commonly WBM (WDR5 binding motif).'8® Modulating WD40 domains
is a growing topic of interest in the computational community, particularly highlighted in work by
Schapira et al. (2017) as a protein domain which fulfills the requirements of druggability.'® Thus,
we have aggregated a library of small molecules that bind to WDRS at the Structural Genomics
Consortium.'82187-189 Gjyen this resource and the wealth of 3D structures (>100 deposited to the
PDB since 2006)'82188.1%0 '\WWDR5 provides an ideal system to explore quantitative AHDX-MS for

small molecule screening.
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We observed that, when compared to co-crystals, AHDX-MS correctly revealed the WIN motif
binding interfaces and an allosteric pocket while other WDRS5 regions were “HDX-silent”. Amongst
the library, the AHDX-S/N offered a semi-quantitative ranking of relative binding affinity, useful in
the absence of Kp values. On the other hand, and expectedly,’2173191.192 g correlation was
observed between the AHDX-MS S/N and Kp measured by Surface Plasmon Resonance (SPR).
This indicated that once a calibration curve was established, Kp could be predicted. Our focus
here is to demonstrate the proportionality between affinity and AHDX-MS signal intensity in real-
world measurements, which can be used alternatively- (i.e., library-relative ranking where no Kp
available), orthogonally- (i.e., validation), or in addition to (i.e., prediction from calibration curve)

Kb values obtained from other biophysical methods.
3.3 Materials and Methods

WDRS5 Purification, and WDRS5-targeting molecules. WDR5 protein and WDR5-targeting
molecules were provided by the University of Toronto Structural Genomics Consortium (see Table
C1 and Fig. C1 for SMILES and structures). All small molecules and peptides were resuspended
in 100% DMSO to yield 10 mM stocks. Human WDRS (2-334), with an N-terminal His-tag and C-
terminal Avi-tag (vector pNicBio), was transformed into E. coli BL21/Bir A cells and grown in Terrific
Broth (Sigma) at 37°C until OD600 ~ 0.8. Expression was induced by 0.5 mM IPTG at 16°C
overnight. Cells were pelleted (3000 x g) and resuspended into lysis buffer (50mM Tris pH 8, 500
mM NacCl, 5% glycerol and 0.5 mM TCEP). Cells were sonicated and WDRS5 was purified using
Ni2* IMAC using elution buffer (200mM Imidazole pH 8) and further purified by SEC. The protein
was flash frozen in liquid nitrogen and stored at -80°C in storage buffer (50mM Tris pH 8, 150 mM
NaCl, 0.5 mM TCEP). Biotinylation for SPR was assessed using a streptavidin-band shift assay.

Bottom-up HDX-MS. Stocks (WDR5 7.5 yM or WDR5 7.5 uyM + ligand 75 uM) were prepared in
50 mM Tris-HCI pH 8.0, 150 mM NacCl, 0.5 mM TCEP, 0.75 % DMSO (v/v) and stored at 0.2 °C.
HDX labeling was conducted at 0, 15, 60, and 600 seconds in independent, triplicate liquid
handling steps. 8 pL of sample stock was mixed with 52 uL Deuteration Buffer (10 mM Phosphate
Buffer, 150 mM NaCl, pD 7.5) at 20 °C, resulting in 87% D-O (v/v) during labeling. After the HDX
reaction, 50 pL of the labeled sample was mixed with 50 uL of Quench Buffer (100mM Phosphate
Buffer, pH 2.5) at 0.2 °C for 1 minute prior to proteolysis (1:1 Nepenthesin-2 Pepsin, Affipro),
desalting (ACQUITY UPLC BEH C18 VanGuard Pre-column, Waters Corp.), and reverse-phase
separation (ACQUITY UPLC BEH C18 Column, Waters Corp.). Liquid handling was conducted
using a PAL3 Robotic Tool Change system and Chronos Software (Leap Technologies/CTC
Analytics). Liquid chromatography was conducted using the ACQUITY UPLC M-Class System
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and HDX Manager (Waters Corp.), and ESI-MS was performed using the SELECT SERIES Cyclic
IMS (Waters Corp.) in HDMSe mode. Peptide identification and HDX mass spectra were analyzed
using ProteinLynx Global Server 3.0.3. and DynamX 3.0 (Waters Corp.), respectively. Data
presentation and visualization was done using Excel (Microsoft) and PyMOL 2.5.0 (Schrodinger,
LLC).

SPR. Binding affinity of the compounds was tested by SPR using Biacore T200 instruments at
20°C. Biotinylated human WDR5 (2-334) protein was immobilized on a SA sensor chip using two
separate active flow cells, while the remaining active flow cell was charged with a negative control
protein, NSD2-PWWP1 (WHSC1-32, Addgene plasmid 101262). After conditioning the flow cells
with 50 mM NaOH (3 injections for 60 s with a flow rate of 10 yL/min), each protein solution (0.03
mg/mL) was injected through the flow cells for 30-60s at 5 yL/min reaching an immobilization level
of 7000-7100 RU (active) and 4500 RU (reference). Following protein immobilization, 50 pyL/min
running buffer (10 mM HEPES, pH 7.4, 150 mM NaCl, 3 mM EDTA, 0.05% Tween 20 and 2%
DMSO) was injected until a stable base line was observed. The tested compounds were injected
over the reference and active flow cells using single-cycle kinetics with a five successive injection
at 40 uL/min with 60s association and 120s dissociation. For the analysis run, blanks and 50%
DMSO wash were included before and after each cycle. The top concentration for each compound
was estimated by multiplying 5 times previously obtained K displacement values (data not shown).
3-fold serial dilutions of compound were performed using the running buffer while maintaining the
final DMSO concentration of 2% (v/v). Additionally, an eight-point solvent correction was included
for each run to adjust high bulk responses from the solvent. Double referencing of the data was
performed by subtraction of the reference flow cell and then the respective blank cycles. The data
analysis was performed using Biacore Insight evaluation software. Steady-state fitting, in addition
to kinetic fitting for compounds 10 (DS0413), 11 (DS0415) and 12 (OICR-9429), were performed
by applying 1:1 binding model provided with the software. The final figures were prepared in the

GraphPad Prism version 9.4.1.
3.4 Results & Discussion
3.4.1 Qualitative characterization of WDR5-small molecule interactions using HDX-MS

AHDX-MS was performed for 13 small molecule binders of WDR5 with SPR Kps ranging from
20 nM to ~116 uM (Table 3.1, Fig. 3.1). To suit high-throughput needs, protein was immobilized
for SPR and Kp was determined mainly through the steady-state response for compounds that

showed fast turnover and weak-moderate binding affinity. Meanwhile, kinetic analysis was applied
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to estimate the Kps for compounds with nhanomolar binding affinity and slow association and
dissociation profile (Fig. C2). This library comprised of ligands developed from structure-guided
optimization of the WDR5 chemical probe OICR-9429.18218 The OICR-9429 chemotype was
originally discovered using a WIN-peptide displacement assay by Senisterra et al. (2013), and

therefore the related small molecules were expected to share the same one-site binding mode. '

Table 3.1. List of WDR5 small molecule binders and their respective Kp measured by SPR.

# ChemiReg ID / Common Name SPR Kp (uM)
1 XS060584a/DS0227 1040

2 XS060479a/DS0233 110

3 XS060480a/DS0234 ~11617

4 XS068123a/DS0271 772

5 XS068124a/DS0273 510

6 XS068128a/DS0278 2+0

7 XS083358a/DS0324 2212

8 XS083452h/DS0334 60+0

9 XS083453a/DS0335 371

10 MT000951b/DS0413 0.02+0.001
11 MT000953b/DS0415 0.03+0.002
12 MT005481d/OICR-9429 0.02+0.001
13 MT000954a/OICR-0547 46+1

The timescale (15 sec, 60 sec, and 600 sec) was chosen for its experimental efficiency as
instrument times can quickly become prohibitive for large libraries and labeling times can vary in
effectively capturing differing strengths of interactions and shifts in dynamics. Short labeling times
(15 and 60 sec) enabled by conventional, automated HDX-MS systems can capture dynamic,
labile, weaker affinity binding interactions while moderate-duration labeling of 600 sec (10 min)
can catch conformational divergence (e.g., allostery) that becomes pronounced in the HDX over
time. 93194 With efficient scheduling, this enabled our HDX-MS screen to span, cumulatively, under
one week (<168 hrs) of experimentation, including data processing, sufficient chromatographic

separation, clean blanks between each injection, and triplicate injections per timepoint.

For each AHDX-MS profile, a total of 120 WDRS peptides were analyzed, corresponding to
86.5% coverage of the primary sequence, and 3.62 peptide-per-residue redundancy (Fig. C3).
Amongst the small molecules tested, OICR-9429 and its inactive analogue OICR-0547 acted as

positive and negative controls, respectively.'®
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Figure 3.1 | Summed Differences in Deuterium Uptake of WDR5 Small Molecule Binders. WDR5
peptide sequences plotted against the extent of D uptake perturbation (%) for each small molecule. To be
statistically significant, the summed signal of HDX timepoints 0.25 (red), 1 (yellow), and 10 min (blue) must
exceed the summed propagated error (dashed line, 30), and show up as shades of blue (XAHDX-MS < 0)
or red (XAHDX-MS > 0) in the WDR5 heatmaps. White corresponds to regions which are not statistically
significant and therefore exhibit no change (2AHDX-MS = 0), black indicates no peptide sequence
coverage. The heatmaps highlight the relationship between relative binding affinity and signal-to-noise.
PDB 4QL1 and 5EAL depict OICR-9429 and DS0233 ZAHDX-MS, whereas 2GNQ (apo structure) was
used for remaining molecules. For clarity, barely statistically significant differences were emphasized with

a black arrow in the bar plots.

The difference in deuterium uptake for each molecule was obtained by subtracting deuteration

in the unbound state from deuteration in the bound state at each timepoint. Then, the AHDX-MS
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for each timepoint was summed (XAHDX-MS) and considered statistically significant if it exceeded
triple the summed propagated error for that peptide. This approach of summed propagated error
enabled clear visualization of the AHDX profiles based on a strict significance threshold, both of

which are necessary factors for the analysis of larger libraries of ligands (Fig. 3.1).

Notably, the positive control, OICR-9429, had the highest magnitude AHDX-MS signals,
alongside the other two small molecules with sub-micromolar SPR Kps of 20-30 nM (DS0415 and
DS0413). The remaining small molecules with HDX-detectable binding were DS0227 (Kp of 10
uM), DS0233 (1 uM), DS0273 (5 uM), DS0335 (37 uM), and DS0334 (59 uM). On the other hand,
no binding was observed by HDX-MS for the negative control, OICR-0547 (Kp of 46 uM), and four
others with a wide range of SPR-measured Kp’s: DS0278 (2 uM), DS0324 (22 uM), DS0271 (77
uM), and DS0234 (~116 uM) (Fig. C4).

Eight of the 13 small molecules that generated significant differences are shown in the Fig.
3.1 ZAHDX-MS heatmaps (see Fig. C5 for HDX aligned to detailed peptide list). Of the molecules
tested, only OICR-9429 (4QL1) and DS0233 (5EAL) had WDR5-bound structures deposited in
the Protein Data Bank (PDB), and so the remaining heatmaps were illustrated on apo WDR5
(2GNQ)."82195.1% The absence of this handful of co-crystals highlights that HDX-MS can be an
excellent orthogonal tool to quickly characterize binding in systems which evade or have yet to
undergo crystallization. Importantly, for all molecules where AHDX signals were observed, a clear
correlation was evident between AHDX-MS signal-to-noise and SPR Kp, suggesting that HDX
could be used to rank relative binding affinity. This was accentuated by a common set of WDR5
regions that generated AHDX-MS responses to small molecule binding: residues 59-69, 186-196,
250-263, and 318-329 experienced decreased dynamics (negative bars) while 220-230 became

slightly more flexible (positive bars).

Upon comparison of the AHDX-MS plots, it became clear that NEKYCIF (257-263) was the
characteristic peptide, which we define here as reliably showing an intense signal upon
complexation for all binding-positive small molecules in the library. This was supported by the
WDRS5-bound OICR-9429 (4QL1) and DS0233 (5EAL) crystal structures, as Cys261 forms water-
mediated hydrogen bonds with both molecules and was likely to similarly involved with the rest of
the HDX-detectable small molecules (Fig. C6). '2'% |n fact, another structural study noted that
the loop bearing C261 in the WIN site is the only significant, contiguous sequence of residues to

undergo conformational rearrangement for ligand accommodation.'’
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Based on deuterium uptake kinetics between bound and unbound states, we would have been
inclined to categorize 250-263 and 318-329 as regions involved in direct intermolecular contacts
to the small molecules given that they both exhibit significant divergence at the earliest timepoint
(0.25 min, red bar). However, upon referencing WDR5-bound OICR-9429 and DS0233 crystal
structures, we observed that dynamics decreases at 318-329 were in fact a consequence of
pronounced allostery further from the WIN site (Fig. C6). Given the proximity of 318-329 to the
N-terminus of the protein, it is highly probable that WIN site binding stabilized this region within
its beta-propellor motif through allostery. Interestingly, point mutagenesis of WDR5 L321A and
E322A have shown reduction or elimination of binding to histone H3.1 while not impacting
interaction of MLL1.1%8-2%0 | 321 and E322 fall within van der Waals range with the threonine-3
methyl group and dimethylated lysine-4 of H3 and the latter makes a water-mediated hydrogen
bond via it's methyl-ammonium group to E322."%6:19 HDX-MS suggests that binding at the WIN
site allosterically activates region 318-329, which, in the case of H3 tail WIN site binding, can then
serve to accommodate the dimethylated portion of H3, facilitating presentation of lysine-4 for di-

to tri-methylation conversion.'8%197.201

Comparison of the WDRS5 co-crystals to the HDX also highlighted that some WDRS5 residues
consistently involved in binding interactions were “HDX-silent”. This phenomenon was explored
by Scrosati et al. (2021) who observed that dynamic events can occur which leave the local
backbone hydrogen bond network unchanged and are therefore “HDX-silent”, leaving an
incomplete picture of the system being studied.?? In the case of WDR5, to accommodate WIN
site binding, the sidechains of Ser91 and Asp107 form hydrogen bonds, Phe133 1 stacks, and
Phe149 forms part of a small hydrophobic pocket.'® Mutation of these sites reduced both Histone
H3 and MLL1 binding capacity.'-2%° We believe that the HDX-silence of these interactions could
be, at least in part, a consequence of the rigidity of the WDRS5 structure, which has been observed
in the near-identical backbone (main chain) similarity of peptide-bound and unbound WDR5
crystal structures.’” This agrees with what we observed: during HDX labeling, the WDR5 -
propellor structure likely allowed the sidechains to undergo dynamic changes without a detectable
change in amide backbone conformation, manifesting as a lack of differences in amide backbone
deuterium uptake from the unbound state. It is possible that modifications to the workflow,
including HDX labeling times outside those explored, would capture these missing AHDX-MS
signals. In the absence of backbone adjustment, changes in amide exchange exclusively due to
intermolecular contacts may be captured at shorter timepoints (given the lifetime of a non-covalent

bond), but the 15 sec timepoint is at the lower limit for the automated system used. We have also
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previously observed HDX-silence in the context of millisecond HDX measurements of the human
La protein with UUU-3'OH—containing substrate (U10), in that case by making the comparison to
NMR AS measurements.?°> On a more general note, a binding event will likely not occur without
impacting the overall protein dynamics in some capacity. Therefore, it is extremely unusual for
there to be a false negative in AHDX-MS as long as a sufficient HDX-labeling time window is
sampled, sequence coverage is high, and the affinity is reasonable. Generally, very weak affinities
(e.g., Kp >50-100 pM) are indicators of poor drug candidates or nonspecific binding events during

affinity measurement and will perform poorly in any structural characterization approach.

The theoretical bound fractions (6,,) of DS0334 and DS0335, the two molecules with the
weakest Kp's to have generated statistically significant, HDX-detectable binding, can be
calculated by using the formulas below. For derivation of formula 1, please see the supplementary

information (Formula C1) and work by Mandell, Falick, and Komives (1998).°"

Po+ Lo+ Kp ++/(Po+ Lo+ Kp )2—4Pq Lg

PlLog = .

(3.1)

Oeq = %q x100% (3.2)

In this formula, PL.4is the ligand-bound protein at equilibrium, K, is the small molecule’s SPR
measured dissociation coefficient, and P, and L, are the initial concentrations of protein and ligand
upon deuterium dilution of the sample stock concentration. Given the concentrations of WDRS5 (1
M) and ligands (10 uM) during the HDX labeling step, the minimum bound fractions of DS0334
and DS0335 which were sufficient to detect binding by AHDX-MS were 20% and 15%,
respectively. This sensitivity to binding is especially exciting given its potential to reduce sample
consumption in AHDX experiments, where the assumption is usually that binding must be close
to saturating. While we would expect similar occupancy sensitivity for most systems, there is likely
some degree of protein, binder, and workflow dependence in this parameter, which can only be

explored by using this approach for multiple libraries and targets.

Another consideration is that dilution into deuteration buffer pushes the mixed sample to a
new equilibrium that is established during the evolution of HDX. The above minimum occupancy
calculations are determined using post-dilution concentrations of protein and ligand, which could
introduce some error because dilution impact may vary in a ligand-dependent manner. However,
the expected sensitivity is maintained by two factors: (i) the 7.5-fold dilution we use does not
substantially change the occupancy for ligands with high affinity, and (ii) weak affinity ligands are

more likely to undergo fast cycling which allows occupancy to approach equilibrium well within
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the first uptake measurement. Having said that, alternative HDX workflows have been described
to reduce equilibrium disruption from dilution (e.g., ligand can be dissolved in the deuterium buffer,
smaller dilutions can be used etc.)!’®; however, these approaches have drawbacks that can

impact sample consumption and sensitivity.

MM-102 WDRS-0103 WIN-10mer-Ala MLL-WIN H3K4Me3-B RbBP5-DV
DIFFERENCE INDUPTAXE (%)  DIFFERENCEIND UPTAKE (%)  DIFFERENCE IND UPTAKE (%)  DIFFERENCE IND UPTAKE (%)  DIFFERENCE IN D UPTAKE (%)  DIFFERENCE IN D UPTAKE (%)
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Figure 3.2 | Summed Differences in Deuterium Uptake of Additional WDR5-Targeting Molecules and
Peptides. WDRS5 peptide sequences plotted against the extent of D uptake perturbation (%) for each binder.
The HDX timepoints are 0.25 (red), 1 (yellow), and 10 min (blue). The black arrow indicates WDRS5 region
LIVSGSFDESVR (143-154) and white arrows indicate peptides WDYSKGKCL (241-249) and IWNLQTKE
(285-292). On the heatmaps, blue (*AHDX-MS < 0) or red (ZAHDX-MS > 0) correspond to statistically
significant summed signals which are those that exceed the summed propagated error (dashed line, 30) in

the plot. White regions represent no change in deuterium exchange between the bound and unbound state
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(XAHDX-MS = 0), black indicates no sequence coverage. The PDBs used to depict XAHDX-MS were 4GM8
(MM-102), 3UR4 (WDR5-0103), 3EG6 (WIN-10mer-Ala and MLL-WIN), 2H9P (H3K4Me3-B), and 3P4F
(RbBP5-DV).

Having characterized binding in a set of molecules with known Kps, we proceeded to examine
the binding of additional WDRS5 targeting molecules for which Kp was unknown (Fig. 3.2). To do
this, we tested two commercially available small molecules, MM-102 and WDR5-0103, and four
peptides MLL-Win, WIN-10mer-Ala, H3K4Me3-B, and RbBP5-DV (Table C1). To illustrate HDX-
MS heatmaps, the structures of human WDR5-bound MM-102 (4GM8), WDR-0103 (3UR4),
MLL1-Win and WIN-10mer-Ala (3EG6), H3K4Me3 (2H9P), and RbBPS5 (3P4F) were

used. 189,196,204-206

WIN-10mer-Ala, MLL-WIN, MM-102, and WDR-0103 exhibited HDX-MS behaviour consistent
with the WIN binding site they share with the small molecules previously tested. Again, residues
59-69, 186-196, 250-263, and 318-329 experienced decreased dynamics; however, the slight
increases previously observed at 220-230 were only observed for WDR5-0103. These increases
at 220-230 may be biased toward smaller sized binders, given their absence in the samples
containing peptides (= 1310.5 Da) and MM-102 (669.8 Da). As noted earlier, residues Ser91,
Asp107, Phe133, and Phe149 were HDX-silent despite being implicated in crystal structures and
alanine-scanning mutagenesis.?04189.198.205 Between WIN-10mer-Ala and MLL-WIN, the former
induced higher magnitude AHDX-MS signals likely due to increased hydrophobicity from its 6-

amino hexanoic acid modifications.2%”

Moreover, amongst this group, H3K4Me3-B generated the weakest signal at the characteristic
peptide NEKYCIF (257-263), no decreases at 59-69, and, distinctly, increased in dynamics at
143-151. These differences in AHDX activity compared to other WIN site binders may be due to
the presence of the biotin tag or a consequence of the H3K4Me3-B length (this peptide was more
than 10 residues longer than the other peptide probes). Despite H3 and WDR5 sharing many
multimeric complexes, their full-length structures have not been shown to directly interface with
each other in vitro; complexation always appears to be mediated through RbBP5, MLL1, and
other histone subunits in 3D structures.' Nonetheless, H3K4 peptide WDR5 co-crystals have
been solved (2H9P and 2H6Q), previous studies have shown that mono- and di-methylated H3K4
peptides outcompete MLL peptides for the WIN site, and notably, WDRS5 was first discovered as
a Histone H3 associated protein.'®1%6-1% |n any event, these AHDX data add to the evidence that

there may be direct interactions between histone H3 and WDRS5 that remain undetected.
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On the other hand, RbBP5-DV bound WDRS5 did not undergo significant AHDX changes at
the WIN site characteristic peptide, rather its impact was strongest at WDYSKGKCL (241-249)
and IWNLQTKE (285-292). This is consistent with RbBP5 interacting with a different known
binding site, the WBM region.'®32%6 The WDR5 peptides 241-249 and 285-292 co-localize and
exhibit AHDX at earlier timepoints (red and yellow, 0.15 and 1 min) which begin to diminish at/by
10 minutes. Thus, RbBP5 peptide binding does not induce persistent conformational effects at
the timescale sampled, suggestive of weak or high-turnover interaction. Moreover, the only co-
crystal structure (3P4F) for the fruncated RbBP5 peptide 373-380 (EEVDVTSYV) implicates WDR5
residues Asn225 (with RbBPS D376, V377, and S379), Lys250 (with RoBPS5 E371), and GIn289
(with RbBP5 E374 and V375).2% Again it appears that we identify an HDX-silent region about
N225. Furthermore, in full-length Cryo-EM structures of the nucleosome complex (e.g., 7TMBM,
7MBN, 8DU4), the region encompassing the RbBPS peptide is not resolved, while RbBP5 makes
additional contacts to WDR5 via regions 54-59 and 327-335."84208 QOther full-length complexes
(6KIV and 6KIW) clearly exhibit noncontiguous regions of contact for RbBP5 to WDRS5, implicating
both the peptide region we studied and those observed in other complexes.'® This supports the
apparent weak AHDX signals observed for peptide RoBP5-DV given its lack of electron density

in some structures and the additional RbBP5 contacts made in physiologically relevant contexts.
3.4.2 Quantitative Kp determinations from AHDX data

As demonstrated previously, there is an intuitive, theoretical link between the magnitude of
the AHDX signal and ligand affinity (i.e., Kp)."”>17%1%" Binding interactions that dissociate relatively
quickly (i.e., higher magnitude Kps) would be consistent with a protein conformational ensemble
that has not changed much from its unbound state and would manifest as minimal AHDX-MS
signal.” Thus, holding all other experimental variables constant (e.g., concentration,
temperature, buffer, etc.), AHDX-MS signal intensity will correlate to the affinity of a set of ligands.
To translate this relationship to real-world measurements, we illustrate three methods of AHDX
S/N calculation which yield intensity values that can be used to rank affinity or link to Kp using a
calibration curve. The suitability of each S/N method is determined by the nature of the candidate
library. For example, in the above study, the first 13 ligands were all developed from the same
scaffold, and later, new molecules and peptides were introduced, including one targeting a
completely different binding site. Here we outline three S/N methods to cover possibilities of

consistent binding mode, distinct ligand size, and distinct ligand binding site.
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We began our exploration with a Cumulative S/N (S/N ymuiative) @pproach, best applied to
libraries of structurally similar ligands with a similar binding mode and footprint, such as small
molecules evolved from the same scaffold to target the same protein site. S/N ymuiative 1S OUtlined

by the formula below:

: = h=a(Zloi1Sel), + Tp=a(Zli M), (33)

Ncumulative

where S; is the sum of differences in deuterium uptake (relative fractional uptake %, as per
DynamX 3.0) across all timepoints evaluated (¢, initial i to final f), and is then summed across all
peptides p in the sample (p, initial a to final b). Similarly, the sum is taken of propagated error N
across all timepoints evaluated (¢, initial / to final f), and all peptides p in the sample (p, initial a to
final b). Triple the propagated error was calculated (see supplementary Formula 2), obtained from
a technical triplicate (n=3). The output of this calculation may be less than 1 because the majority
of the AHDX signals in these peptide lists are well below error (i.e., do not meet or exceed the 3-

sigma dashed line in Fig. 3.1-3.2).

Using S/N ymuiative, the affinity ranking for the 19 ligands is (highest to lowest): WDR-0103
(0.67) > MM-102 (0.64) > DS0413 (0.60) > DS0415 (0.51) > OICR-9429 (0.50) > Win-10mer-Ala
=DS0233 (0.44) > H3K4Me3-B (0.32) > MLL-Win (0.22) > DS0335 = RbBP5-DV (0.20) > DS0227
(0.18) > DS0273 = DS0278 (0.17) > DS0334 (0.16) > DS0324 = OICR-0547 (0.11) > DS0234
(0.10) > DS0271 (0.09). The bar plots in figure 2 can be referenced to visualize the S/N cut-off for
HDX-detectability, which falls around DS0334 (0.16).

S/Neyumuiative Magnitude will be impacted significantly by peptide redundancy and/or
sequence coverage of a region undergoing perturbation. To prevent erroneous application of this
approach, it is imperative that the AHDX-MS signal and noise are calculated from identical peptide
lists for each ligand (i.e., composed of the exact same number and identity of peptides). In the
event that the peptide lists were to differ between samples, S/N based on average S and N could
be used; however, S/N differences between samples would be less distinct as the signals would

be diluted during averaging, particularly for larger peptide lists.

Alternatively, similar to the Griffin lab’s approach'°, the S/N of a single, identical characteristic
peptide in each data set could be compared and this would effectively normalize the S/N to a
constant across all the aggregated data sets. Here, we take the quotient of the sum of absolute
AHDX signal St and the sum of noise N; across all timepoints evaluated (¢, initial i to final f) of the

characteristic peptide.
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s = (Bl18d) = (TiaiN) - (34

Ncharacteristic

This approach can be particularly useful for studying libraries with diverse classes of drug
candidates that target the same binding site but with potentially different interfacial areas. For
example, in a mixed library of peptides and small molecules, peptides might engage across a
larger interface, causing their total summed AHDX signals to be greater than that of a small
molecule with a similar Kp. This would make the cumulative S/N approach unsuitable for such a

library, but analysis using a characteristic peptide would remain unaffected.

The following affinity ranking of the 19 ligands was obtained using Characteristic S/N (highest
to lowest): MM-102 (9.57) > Win-10mer-Ala (8.13) > WDR5-0103 (7.71) > OICR-9429 (7.22) >
DS0415 (6.24) > DS0413 (4.49) > DS0233 (4.34) > MLL-Win (3.95) > DS0335 (2.29) > H3K4Me3-
B (1.99) > DS0277 (1.63) > DS0273 (1.12) > DS0334 (1.01) > S/N = 1 > DS0278 (0.61) > DS0324
(0.53) > RbBP5-DV (0.49) > OICR-0547 (0.30) > DS0234 (0.26) > DS0271 (0.14). The S/N of 1
indicates the statistical significance threshold for the characteristic peptide NEKYCIF (257-263).
As an indication of the limitations of this approach, this method incorrectly assigns RbBP5-DV as
a non-binder, which instead binds to the WDR5’s WBM site in an HDX-detectable manner (Figure
3).

The same formula can be applied using other peptides, such as the allosteric region,
SAALENDKTIKL (318-329), to rank signal intensity (Fig. C7). However, in this case, the S/N will
be strongly influenced by the strength of the allostery. This excludes DS0335, DS0273, and
DS0334 (and RbBP5-DV), below the S/N = 1 cut-off, despite statistical significance in other
peptides (Fig. 3.1-3.2). When this formula is applied, ideally the characteristic peptide chosen is

most commonly significant for all ligands, otherwise this threshold should be monitored closely.

Finally, to expand this ranking tool to libraries of molecules which may bind to distinct regions
of the protein or the same region with a distinct binding mode, and to therefore avoid false

outcomes using the characteristic peptide S/N approach, we explored use of the peptide with
Maximum S/N (ﬁ ) in as the ‘characteristic peptide’.
Nmax

; = [(li1se) = (ZloN)] + [(BiD) = (B )] (35)

NMaximum

Here, we monitor the peptide with the highest statistically significant difference signal, the

maximum peptide, and it may differ depending on the ligands. We take the quotient of this

peptide’s summed absolute difference signal S; and the summed noise N; across all timepoints
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evaluated (¢, initial / to final f). We then divide this by the quotient of the apo state peptide’s
summed relative fractional deuterium uptake D: and the sum of triple its standard deviation (30),
denoted as E; across all timepoints evaluated (¢, initial / to final f). Since this calculation may
involve distinct peptides between the data sets, we normalize using the apo state peptide uptake

to account for flexibility that can influence the difference signal magnitude.

The affinity ranking obtained here is (highest to lowest): Win-10mer-Ala (0.78) > OICR-9429
(0.53) > DS0415 (0.46) > MM-102 (0.44) > MLL-Win = DS0233 (0.38) > WDR5-0103 (0.35) >
DS0413 (0.33) > H3K4Me3-B (0.28) > RbBP5-DV (0.21) > DS0335 (0.17) > DS0227 (0.14) >
DS0273 (0.08) > DS0334 (0.07).

An advantage of this approach is that by definition, it is simpler because it excludes
compounds without significant AHDX signals. On the other hand, there is a risk that the selected
peptide may correspond to, for example, allostery beyond the direct binding interface which will
not necessarily reflect Kp of the binder (rather the conformational ‘lag’ of the protein).2°°2'° Direct
examination of the HDX kinetics can sometimes provide evidence as to the direct (binding) or
indirect (allostery) nature of the AHDX signal and this can help ascertain whether Maximum S/N
should be used for quantitation.?!" With respect to WDR5 residues 318-329, we have also shown
the importance of corroborating the HDX kinetics with other structural methods to discern between

allostery and direct binding interactions.
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Figure 3.3 | Correlation of SPR Kp and AHDX-MS S/N. (A) Cumulative S/N (formula 3.3), (B) Characteristic
S/N (formula 3.4), and (C) Maximum S/N (formula 3.5). The numbering of each data point corresponds to

compounds listed in Table 3.1.

The AHDX-MS S/N of the first 13 molecules with known SPR Kp values were used to form
calibration curves (Fig. 3.3, Table S1). Each plot was generated with a logarithmic x-axis for Kp

(uM) to yield a linear regression. This calibration curve offers a quantitative means to predict Kp
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for the additional WDR5-targeting molecules not yet assessed in-house using SPR. It is
necessary to note that our Coefficients of Determination (R?) are about 0.90, 0.80, and 0.78 for
each of the S/N methods, respectively, indicative of variability in the data, and therefore using this
line-of-best-fit to extrapolate the Kp will not offer an exact value, but certainly a reasonable
estimate. Also, using an alternate peptide, such as one involved in allostery, for the characteristic
S/N approach can generate a reasonable correlation (e.g., R? = 0.88 in Fig. C7), as long as the
choice is statistically significant for the majority of the samples tested. As mentioned earlier, this
strategy excludes more compounds from the affinity ranking, which, in this example conveniently
improves R?. In general, as more points are added to these any of these lines, and non-specific

SPR interactions are ruled out, the accuracy of Kp prediction will undoubtedly increase.

A good example of variability in our regression likely from SPR uncertainty is compound 6
(DS0278), whose AHDX S/N was weak despite an SPR Kp (2 pM) indicating substantially higher
affinity than most molecules tested. This could point to a poor theoretical fit for Kp determination
and/or a confounded measurement during SPR due to, for example, non-specific binding to the
chip surface (previously observed by Ruthenburg et al. 2006 to occur for WDR5 with immobilized
ligands).'" Indeed, consistent with AHDX-MS, extended SPR results (Figure S2) revealed that
DS0278 had low WDR5 binding response (27%), which would not be observed in a true high
affinity binder. In any event, to ensure the AHDX results were rigorously reproducible, DS0278
was rerun using experimentally identical conditions and again did not yield any significant
differences in AHDX-MS (Figure C8). In practice, instances where binding does not induce assay
response, such as the absence of thermal shift in Differential Scanning Fluorimetry (DSF) or
absence of signal in AHDX-MS, will benefit from further corroborative screening. On the other
hand, orthogonal validation using AHDX-MS S/N can highlight outliers in a focused collection of

small molecules while simultaneously characterizing structure.

Finally, using the Cumulative, Characteristic, and Maximum S/N calibration curves, we
predicted Kp for novel library additions. Cumulative S/N for WDR5-0103 and MM-102 yielded Kp
values of 0.001 and 0.002 pM, respectively. Similarly, Characteristic S/N generated for WDR5-
0103 and MM-102 yielded Kp values of 0.0012 and 0.0001 uM, respectively. These S/N values
fell outside of the data range of the plots A-C (Fig. 3.3); however, they compared moderately well
to reported high affinity Kp values of 0.45 uM (measured by isothermal calorimetry, ITC) for
WDR5-0103 and an ICso of 0.0024 uM for MM-102.189294 Note that Kp prediction for S/N values
such as these which fall outside the linear range of the calibration curve should be considered

only qualitatively informative rather than accurate. Moreover, Ko measurements are notoriously
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variable due to the conditions of a given biophysical method. These results demonstrate that
AHDX data can provide utility similar to (and in some cases exceeding) SPR methods in the
context of hit screening and should prove particularly attractive as an orthogonal method for Kp

validation when AHDX data have already been acquired for qualitative characterization.

To extend predicting power to peptide binders with larger interfacing at the WIN site,
Characteristic S/N can be used, while distinct binding sites can use Maximum S/N. For WIN-
10mer-Ala, MLL-Win, H3K4Me3-B, Characteristic S/N predicted Kp’'s of 0.0064, 0.32, and 5.87.
For RbBP5-DV Maximum S/N predicted 3.7 yM. Consulting the literature, although unavailable
for WIN-10mer-Ala and RbBP5-DV, our HDX-MS predicted values were very similar to ITC-
determined Kps obtained for MLL-WIN (1.7 uM) and H3K4Me3 (4.9 uM).2%0-205 Other studies have
reported various magnitude Kps of methylated H3 peptides dependent on concentration and
assay; however, these are of substantially shorter length than ours (11 residues) and untagged,
with the most similar study using a 14-residue long H3K4Me3 peptide and reporting an SPR-

measured Kp of 7.8 uM. 196197
3.5 Conclusion

In this work, a WDR5-targeting library was structurally characterized by AHDX-MS. The
magnitude of AHDX-MS intensity was quantified using 3 methods of S/N calculation (cumulative,
characteristic, and maximum). The HDX S/N enabled the relative affinity ranking of the library
and, when correlated to SPR-measured Kps, enabled the estimation of Kps for novel library
additions. We note that this method was developed using an exemplary model system; WDR5 is
well behaved, and most of the library of binders targeted the same binding site with a nearly
identical binding mode. For Kp prediction, the calibration curve dynamic range was courtesy of a
ligand pool aggregated and evolved over more than a decade. With that said, drug development
often follows a similar framework, and as more structural characterization is driven by HDX-MS,
S/N calculation is a highly amenable, simple tool to implement for affinity ranking, prediction,

validation as the required data is already built-in.
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E.W. conducted HDX-MS experiments and data analysis. Protein and PROTAC samples were
prepared by M.K.
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4.1 Summary

Proteasome targeting chimeras (PROTACs) are bifunctional molecules which enable
degradation of a target protein via proximity induced ubiquitination. Here, a PROTAC, UNC10088,
which targets cancer associated NSD2 for degradation, is revealed to recruit FBX022, an E3
ligase subunit. They form a ternary complex whose structural characterization is quickly achieved

using HDX-MS corroborated by AlphaFold models and crystals.
4.2 Introduction

Nuclear receptor binding SET Domain-containing 2 (NSD2) catalyzes histone 3 lysine-36
dimethylation (H3K36Me2), a ftranscription activating epigenetic marker, which, when
overexpressed, has been associated with various cancers.?'22'* The PWWP1 domain forms an
aromatic cage and is used by NSD2 to bind (“read”) H3K36Me2 marks, through cation-pi
interactions (Fig. 4.1a).2'#?'® To date, despite efforts (e.g., UNC6934 in Fig. 4.1b),26217
antagonism of the NSD2-PWWP1 domain has not been successful at inhibiting catalysis of

H3K36Me2 in vivo, suggesting the need for an alternative approach.
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Figure 4.1 | UNC6934 targets the PWWP1 domain of NSD2 and has potential as a PROTAC. (a)
linearized NSD2 sequence, (b) UNC6934 molecule and PWWP1-bound crystal structure (PDB 6XCG)?"7,
(c) general schematic of a PROTAC (bivalent degrader) for NSD2 degradation. Adapted with permission
from Hanley et al. (2023), copyright © 2023 American Chemical Society.218

Proteasome targeting chimeras (PROTACSs) are proximity induced pharmacological agents.
They are heterobifunctional/chimeric molecules that bind a degradation signal source (e.g., E3
ligase complex) with one end and a degradation target on the other (Fig. 4.1c). By directing
ubiquitination toward a particular target through ternary complex formation, dose-dependent
therapy can be achieved via proteasomal degradation. E3 ligases target proteins for degradation
by recognizing destabilizing N-terminal residues (N-recognin/N-degron system).?'® Particularly,

Type 1 N-degrons (basic residues: R, K, etc.), have been crystalized with ubiquitin recognition
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boxes (UBRs) of the UBR-dependent E3 ligases UBR1 and UBR2, and bind by charge

complementarity (i.e., UBR acidic residues).

UNCB8153, a PROTAC, was previously discovered by Hanley et al. (2023) to target NSD2 for
degradation, correspondingly reducing H3K36Me2 abundance.?'® Bifunctional UNC8153 bound
the PWWP1 domain via a chemical moiety derived from UNC6934 (Fig. 4.2a), highlighting the
utility of PROTACS in repurposing chemical probes that may have failed as drugs. Extended by
a 6-carbon linker, at the other terminus of UNC8153, a primary alkylamine served as the ubiquitin
ligase binder. In that work, Structure-Activity Relationship (SAR) studies revealed that a primary
alkylamine, rather than a basic residue, resulted in the highest affinity and degradation capacity
of NSD2. With this in mind, and after observing no impact on NSD2 degradation from UBR-
knockdown, UBR-dependent E3 ligases were ruled out as UNC8153-mediated degraders.

a . o b 5 o
LT, R vy s VISN
UNC8153 © M UNC8732 1(\/\/\

NH,

c 5 °N R o
oin]i))\A/\E:kﬁnm OH =i OINJQ)LA/Q(Q
= NM,SJO-M;' ¢ ° mM
UNC10088 © o Aldehyde  ©
Figure 4.2 | Evolution of NSD2 degrader. Chemical structures of (a) UNC8153, (b) UNC8732, (c)

UNC10088. UNC10088 undergoes hydrolysis to form an active aldehyde. Reproduced with permission
from bioRxiv preprint Nie et al. (2023).220

Present work by Nie et al. (2023),?% explores the development and characterization of a
PROTAC, UNC8732, evolved from UNC8153 (Fig. 4.2b). Particularly, BiolD, a proximity
biotinylation identification strategy (~10 nm radius), of NSD2 in the presence of UNC8732
detected F-box only protein 22 (FBXO22) which is the substrate-recognition subunit of the
SCF(SKP1-CUL1-F-box)-type E3 ubiquitin ligase complex. Also, upon LC-MS/MS confirmation
that the primary alkylamine of UNC8732 was converting to an aldehyde in cells, which enabled
the PROTAC to function in vivo. UNC10088, an aldehyde-bisulfite adduct (a-hydroxy sulfonate)
was synthesized to enable in vitro study of the aldehyde moiety by simple hydrolysis conversion
(Fig. 4.2c). The formation of the FBX022-UNC10088-NSD2 ternary complex was confirmed by
biolayer interferometry (BLI) and Size Exclusion Chromatography (SEC) co-elution, and in vitro
polyubiquitination of NSD2 was confirmed by gel shift (SDS-PAGE).
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This chapter will focus on the HDX-MS characterization of the structural interactions mediating
ternary complex formation. Notably, only a predicted AlphaFold model of FBXO22 is available
(AF-Q8NEZ5-F1). Co-purification (achieved by M.K.) of FBXO22 with SKP1 (of the SCF complex)
was necessary for in vitro stabilization of FBXO22. Using HDX-MS, UNC10088 was observed to
form binary complexes with both NSD2-PWWP1 and FBX022, and no interactions with SKP1.
The PWWP1/UNC10088 interface was consistent with the 3D structure of PWWP1 complexed
with UNC6934 (PDB 6XCG).2" The previously unknown FBX022/UNC10088 interface was
revealed to be narrowly localized to one face of FBX022 and to contain Cys326, which was
consistent with the possibility of covalent linkage to the activated aldehyde of UNC10088. This
was further supported by the abrogated binding to the FBX022 C326A mutant. Since the signal
intensity of C326-bearing peptides was not impacted in HDX-MS, it spoke to the possibility of a
reversible covalent linkage between FBXO22/UNC10088. HDX-MS of
FBXO22/UNC10088/PWWP1 (1:1:1) revealed additional structural changes to FBX022 and

changes in binding dynamics of PWWP1, evidence of ternary complex formation (1:1:1).
4.3 Materials and Methods

HDX-MS. 6 protein samples were prepared in buffer (20mM Tris pH 7.5, 200mM NaCl, 5%
glycerol, 1TmM TCEP, 2mM Benzamidine): (i) 7.5 uM SKP1/FBX022, (ii) 7.5 uyM SKP1/FBX022 +
7.5 uM PWWP1-NSD2, (iii) 7.5 uM SKP1/FBX022 + 7.5 yM PWWP1-NSD2 + 75 yM UNC10088,
(iv) 7.5 uM SKP1/FBX022 + 75 yM UNC10088, (v) 7.5 uM PWWP1-NSD2, (vi) 7.5 yM PWWP1-
NSD2 + 75 yM UNC10088. HDX labeling was performed in 87% D20 (10mM Phosphate Buffer
pD 7.5, 150 mM NaCl) at 20°C for 0, 1, 5, 10, 60, 180, 720 mins. Quenching took place for 2 mins
using 100 mM Phosphate Buffer at a pH 2.5 at 0 °C. The quenched sample was loaded onto a
mixed Nepenthensin-2:Pepsin (1:1) column (15°C ) and desalted on a short C18 column (0 °C) at
0.2 mL/min for 3 mins using a mobile phase A (0.1% formic acid in water). The trapped, desalted
peptides were then reverse phase separated using a long C18 column at 0.04 mL/min with a 12
min gradient from 35% to 85% of mobile phase B (0.1% formic acid in acetonitrile). The eluting
peptides were electrosprayed and analyzed using a single pass on the SELECT SERIES Cyclic
IMS (Waters Corp., U.K.) in HDMSe mode. Leu-Enk was used for lock mass (m/z axis calibration).
Peptides were identified using ProteinLynx Global Server 3.0.3. (Waters Corp., U.K.). HDX uptake
was determined using DynamX 3.0 (Waters Corp., U.K.). Cumulative HDX differences (AHDX-
MS) were calculated using Microsoft Excel and mapped using PyMOL. For a cumulative AHDX-
MS peptide signal to be considered statistically significant, it must have exceeded the cumulative

error (three times propagated error, technical triplicate).
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4 4 Results & Discussion
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Figure 4.3 | Structural Characterization of UNC10088 Binary and Ternary Complexes. AHDX-MS of
(a) FBXO22 + UNC10088, (b) FBX0O22 + UNC10088 + PWWP1, (c) PWWP1 + UNC10088, (d) PWWP1 +
UNC10088 + FBX022 and their cumulative heatmaps (e-h). AHDX-MS was performed at 1, 5, 10 mins
(yellow, orange, red) and 1, 3, 12 hrs (green, blue, purple). To be considered statistically significant,
summed signal must exceed three times the summed propagated error (dashed line). The FBX022
structure is an AlphaFold model and the NSD2-PWWP1 domain is a crystal structure with UNC6934 (PDB
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6XCG). Structure colouration (e-g) corresponds to cumulative AHDX-MS decreases (blue) and increases

(red), insignificant differences (white), and missing coverage (black).

UNC10088, an in vitro active PROTAC which enables NSD2 degradation, now known to be
FBX022-mediated, has been developed through years of collaboration (Fig. 4.1 & 4.2).216-218.220
To structurally characterize the binary and ternary complex formation mediated by UNC10088,
FBX022, and the NDS2-PWWP1 domain, AHDX-MS was used, spanning a timescale of 1 min to
12 hrs. A co-purified complex of FBX0O22/SKP1 was necessary to study FBXO22 in vitro. The
sequence coverage of FBX02213.403, SKP11.163, and NSD2-PWWP 1211350 was 91%, 96%, and
71%, respectively (Fig. D1-D3). As expected, no significant differences in deuterium uptake were
observed between SKP1/UNC10088, or FBX0O22-SKP1/PWWP1 (Fig. D4).

Upon addition of UNC10088 (1:1), FBXO22 exhibited decreases in deuterium uptake from
324-333, 358-367, and 387-394, all localized to one area of the AlphaFold model (Fig. 4.3a,e).
This region makes up the FIST_C sensory domain (299-364), which is the first of its kind to be
discovered in the human proteome.??" Decreased HDX observed from 324-333 appeared
significantly at the earliest timepoint (1 min, yellow) and persisted for the entire 12 hr time course,
whereas regions 358-367 and 387-394 showed up slowly, significantly captured by the 1 hr
timepoint (green) or later. Consideration of these kinetics reveal that residues spanning 324-333
are likely making intermolecular bonds with UNC10088, whereas 358-367 and 387-394 undergo
decreased dynamics as a consequence of binding (i.e., “orthosteric effects”). Interestingly, the
terminal aldehyde of UNC10088, expected to bind FBX022, is considered reactive and this
identified C326 as a candidate for covalent linkage. AHDX-MS of UNC10088 with a C326A mutant
revealed total abrogated binding (Fig. D5). However, evidence of irreversible covalent linkage in
the form of peptide mass shift was not observed in the wildtype and mutant FBXO22/UNC10088
mass spectra. In other words, signal peaks corresponding to peptides spanning 324-333
covalently linked to UNC10088 were not observed, and signal intensity of peptides spanning 324-
333 was not reduced. These results were consistent with a reversible covalent linkage, such as
a hemithioacetal,?*? between C326 thiol and UNC10088 terminal aldehyde. A handful of covalent
PROTACs have been reported, and a reversible covalent linkage to FBX0O22 may help in
ubiquitination efficiency of the degrader without the expense of spatial isolation from the catalytic
E3 subunit.?®

The binary complex formed by UNC10088/PWWP1 (1:1) exhibited AHDX-MS consistent with
interfacing observed in the crystal structure PDB CXCG of PWWP1 with UNC6934 (Fig. 4.3c,g).
Incubation of UNC10088 with PWWP1 resulted in decreased deuterium uptake spanning mainly
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266-277 and 319-335. The uptake kinetics of these regions are particularly striking because 266-
277 exhibits decreased deuterium uptake from 1-10 minutes that becomes insignificant by 1 hr,
whereas 319-335 appears on the longer timescale (= 10 mins). This reveals that, consistent with
the UNC6834 crystal structure, the B-strand spanned by 266-277 makes direct contacts with
UNC10088 and whereas the conformational freedom of the helix spanned by 319-335 is reduced

due to the binding event.

The ternary complex (1:1:1) formation of FBX022/UNC10088/PWWP1 was evidenced by
newly populated AHDX-MS signals, distinct from those observed in binary complexes. To start,
FBXO22 (Fig. 4.3b,f) decreased in deuterium uptake in peptides spanning 222-242, 251-258,
and increased in deuterium uptake at 131-138. This may be due to new interfacing between
FBXO22/PWWP1 stabilized by UNC10088, or UNC10088 populating a conformation that
interfaces with FBX0O22 when PWWP1 is bound. Moreover, 131-138 is distinct from the localized
binding site (according to AlphaFold) which may point to an allosteric relationship. This is
evidenced by the timescale at which newly formed decreased 222-242 appear (1-10 mins) which
is the same as peptide 131-135, suggesting the structural changes are linked. Apparently, the
131-138 region (131-135, 134-138) is susceptible to destabilization given its high error relative to

the rest of the data set.

On the other hand, PWWP1 did not experience any new involvement from regions other than
some increased deuterium uptake around 282-292 and 308-320, indicative of subtly increased
flexibility (Fig. 4.3d,h). This marginal impact on binding footprint size is understandable given the
small size of the isolated PWWP1 domain. Instead, the same peptides which were impacted in
the binary complex displayed slower converging kinetics; they have higher magnitude differences,

and in the case of 266-277, the kinetics diverge for longer (1 hour, green).
4.5 Conclusion

This AHDX-MS enabled structural characterization helped corroborate ternary complex
formation. The prolonged, high intensity changes in deuterium uptake suggest very tight
interactions in both the binary and ternary complexes;—even—at—equimeolar—stoichiometries.
Moreover, AHDX-MS localized a putative covalent site (C326) which informed subsequent point
mutagenesis to better understand the binding mechanism of UNC10088. These data can also
provide a blueprint for future in silico modeling. To continue this study, since the isolated NSD2-
PWWP1 domain was used for structural characterization, more may be revealed by using full-

length NSD2. Given the capacity of bottom-up HDX to observe highly complex samples, in theory,
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even the reconstituted ubiquitin ligase complex could be studied. Another strategy employed in
the context of PROTACs is using AHDX-MS for SAR studies, such as observing how changing
linker length impacts ternary structure.??* Notably, at such high affinity, bifunctional molecules
sometimes undergo the hook effect, where both binary complexes saturate in place of ternary
complex formation.??® This highlights a need for structural characterization at low concentrations
as the hook effect becomes increasingly more significant with higher PROTAC concentrations.
The above work is a testament to the utility of using AHDX-MS for rapid structural characterization

of such dynamic structures and complexes.
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5.1 Summary

A focused small molecule screen targeting the Zinc-finger-ubiquitin binding domain (ZnF-
UBD) of USP3 was conducted, identifying ligand 59. Ubiquitin cleavage function of USP3 was
observed to be retained at a high concentration of 59, indicating that 59 does not inhibit catalytic
function. This is particularly useful in developing bifunctional molecules for proximity induced
pharmacology where the aim is to retain deubiquitylation capability. To complete characterization
of 59, HDX-MS was employed to determine the binding site. Parsing through the time-
dependence of peptide HDX revealed which regions underwent direct contacts and binding-

induced conformational change.

5.2 Introduction

Bifunctional molecules can facilitate proximity-induced pharmacology. For example, proximity
to deubiquitylases (DUBs), which remove ubiquitin from targets to prevent their degradation, can
increase target protein lifespan and abundance. Bifunctional molecules that have a DUB ligand,

and a target protein ligand are called DUBTACS: deubiquitylase-targeting chimeras.

Importantly, to serve as a DUBTAC, the ligand targeting the DUB must not impact catalytic
function. As such, the Zinc-finger ubiquitin binding domain (ZnF-UBD) can be targeted, which is
a noncatalytic domain that binds the C-terminal end of ubiquitin (RLRGG motif) in 12 ubiquitin
specific peptidases (USP). In an effort to find such DUB ligands, my coauthors conducted a screen
against 11 members of the USP family using a ligand pool based on the chemical scaffold of C-

terminus of ubiquitin.??

Ligand 59 was found to bind the USP3-ZnF-UBD with moderate selectivity compared to other
DUBs (e.g., Kpousp3=14 £ 4 pM while the next best affinity was Kpuspie= 72 £ 16 pM). Using a
fluorogenic ubiquitin rhodamine assay, USP3 was observed to retain DUB function in the
presence of up to 1 mM 59. Additionally, cleavage of a di-ubiquitin moiety was retained by full-
length USP3 in the presence of 59, whereas the isolated ZnF-UBD did not catalyze cleavage in
the presence of 59. This further confirmed that the ZnF-UBD was distinct from catalytic function,

corroborating that binding of 59 would not inactivate catalysis.

Despite various efforts, crystallization of apo USP3 and co-crystallization of USP3 with
ubiquitin or 59 was not achieved. Instead, this brief chapter explores how HDX-MS was used
orthogonally to rapidly confirm binding and characterize the binding interface of 59. Consistent
with the chemical screen evolved from the ubiquitin C-terminus, 59 was observed to perturb the

pocket occupied by ubiquitin in USP3 homologue USP5. The unique kinetic profiles of USP3 ZnF-
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UBD peptides revealed which regions of the pocket likely made direct contacts (e.g.,
intramolecular bonds, interfacing) with 59, and where binding-induced conformational changes
occurred. This was further supported by comparing to USP5 cocrystal with ligand ZQ1, an
analogue of 59, which has pi-stacking in the region where the earliest kinetic differences were

observed.

These results indicate that 59 can be a moderately selective chemical probe of USP3 which,
given the preservation of catalytic function, can serve as a starting point for DUBTAC

development.
5.3 Materials and Methods

HDX-MS. To begin, three samples were prepared and incubated for 30 min at 0 °C: 7.5 yM USP3
ZnF-UBD (apo), 7.5 uM USP3 ZnF-UBD and 75 uM 59 (1:10 complex), and 7.5 yM USP3 ZnF-
UBD and 150 uM 59 (1:20 complex). All samples were then held at 0 °C prior to mixing 8 L of
the sample with 52 pL of buffered D,O (10 mM phosphate buffer pD 7.5, 150 mM NaCl) to yield a
final D20 concentration of 87%. The HDX reaction was allowed to take place for 15, 60, or 600 s
at 20 °C. Then, 50 pL of the HDX reaction was quenched for 1 min at 0 °C with 50 yL Quench
buffer (100 mM phosphate buffer, pH 2.5) to stop the HDX reaction. Next, 50 uL (25 pmol) of the
quenched sample was loaded onto a mixed Nepenthensin-2 Pepsin (1:1) column (Affipro) and
desalted (ACQUITY UPLC BEH C18 VanGuard Precolumn, 130 A, 1.7 ym, 2.1 mm x 5 mm,
Waters) using Mobile Phase A (0.1% formic acid in water) at 200 yL/min for 3 min. The peptides
were then reverse-phase separated (ACQUITY UPLC BEH C18 Column, 130 A, 1.7 ym, 2.1 mm
x 50 mm, Waters) at 40 uL/min using a gradient from 5 to 35% Mobile Phase B (0.1% formic acid
in acetonitrile). Eluted peptides were electrosprayed into the Select Series Cyclic IMS (Q-IMS-
TOF, Waters) while Leu-Enk was used for lockspray. Fragmentation was conducted using
collision-induced dissociation in the HDMS® mode with a collisional energy ramp from 20 to 29 V
(in the transfer cell). To obtain undeuterated peptides, the above steps were followed except in
place of deuteration buffer, and an equilibration buffer was used (10 mM Phosphate Buffer pH
7.5, 150 mM NaCl). HDX was automated using the ACQUITY UPLC M-Class System with HDX
Technology (Waters) and PAL3 liquid handling (CTC Analytics AG). Peptide identification was
conducted using ProteinLynx Global Server 3.0.3 (PLGS, Waters). HDX analysis and visualization
were conducted using DynamX 3.0 (Waters) and PyMOL 2.5.0.
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5.4 Results

The structure of USP3 ZnF-UBD is not available from the PDB and, despite extensive
crystallization screening efforts, solution by X-ray crystallography was not obtained, in either its

apo form or in complex with ubiquitin or 59.
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Figure 5.1 | Mapping of the ligand binding site by HDX-MS. Top: the difference in deuterium fractional
uptake (%) between USP3 ZnF-UBD + 59 (1:10) and USP3 ZnF-UBD is plotted as a function of each time
point per peptide. The time points are 15 s (dark blue), 60 s (light blue), and 600 s (light grey). The error (3
times the propagated error) is shown as a dark gray area. If the bars exceed this gray area, they are
statistically significant. Bars pointing down indicate a decrease in the level of deuterium uptake in the
presence of the ligand. Bottom: Maximum HDX difference signals observed at 15 s (blue), 60 s (light blue),
and 600 s (light grey) are highlighted as spheres on an AlphaFold prediction of the USP3 ZnF-UBD structure
(center). For reference, a crystal structure of USP5 ZnF-UBD bound to ZQ1, analogue of 59 (PDB 7MS7)
(left) and a model of 59 docked to the USP3 ZnF-UBD AlphaFold model prediction (right). Reproduced with
permission from Mann et al. (2023), open access under CC BY-NC-ND 4.0 DEED.??5

To identify the binding site of 59 and characterize the binding event’s corresponding allosteric

effects, HDX-MS was used.??622” A sequence coverage of over 90% was obtained for USP3 ZnF-
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UBD with a peptide per amino acid redundancy of 5.24 (Table E1 and Fig. E1). HDX-MS analysis
was performed for USP3 ZnF-UBD alone and in complex with 59 (1:10 and 1:20) for 15, 60, and
600 s at 20 °C (Fig. 5.1 & E2).

Given the 14 uM equilibrium dissociation constant (Kp), the bound fractions in the 1:10 and
1:20 states upon D20 buffer addition were expected to be 40.1 and 58.1%, respectively. The HDX
data described here are differential (deuterium uptake of bound state minus unbound state), in
technical ftriplicate (n=3), and both the 1:10 and 1:20 ligand ratios show consistent results
(effectively n=6, Fig. E2). To be considered statistically significant, differences must have
exceeded triple the propagated standard error. Complexation resulted in significant attenuation of

deuterium uptake rates in 20 of 59 peptides, all localized to the same region (Fig. 5.1).

At the earliest time point (15 s), a high-intensity, negative uptake difference was observed at
residues 91-96 (YSTYCY), with the magnitude of the difference decreasing rapidly over the next
two time points (1 and 10 min). Significant uptake differences appear for peptides 5-10
(HLSSSVC) and 102-107 (VVNDTK) at the 1 min time point. Finally, residues 110-113 (LVQK)
exhibit a slowly evolving decreased deuterium uptake, whose magnitude becomes the dominant

difference signal at the longest measured time point (10 min).
5.5 Discussion

All HDX differences localized to one region of USP3, the same pocket observed in an
analogous USP5 structure, PDB 7MS7.22% There, the USP5 ZnF-UBD is bound to compound ZQ1
(N-{5-[4-(4-chlorophenyl)piperidine-1-sulfonyl]pyridine-2-carbonyl}glycine), which shares a
similar chemical scaffold to 59. This same USP5 pocket recognizes the of the C-terminus of

ubiquitin.?2°

When considering AHDX-MS peptide kinetics, reduced deuterium uptake in the presence of
a ligand can arise from (i) intermolecular contacts or (ii) binding induced intramolecular changes
(e.g., changes in dynamics at the binding site interfacial, or beyond, allosteric) in a time-
dependent manor.226:227:230231 \Whijle intermolecular contacts and interfacing appear at earlier
timepoints, relatively subtle conformational changes will appear later as they gradually build-up
deuteration difference. The HDX differences at 15 sec for residues 91-96 quickly disappear by
60 sec, which is consistent with the high/fast ko of 59 (as observed in the SPR sensorgrams, see
Fig. E3C). Indeed, this agrees with intermolecular bonding through critical t-stacking in the
docked model between the acetophenone group of 59 and Y94 (Fig. 5.1, bottom right). Analogous
to the HDX-supported 59/USP3 Y94 interaction, the 7MS7 USPS5 cocrystal has a close mr-stacking
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interaction between the pyridine moiety of ZQ1 and Y259. All other significant decreases in
uptake, corresponding to residues 5-10, 102-107, and 110-113, are near the predicted binding

pocket, but exhibit slower appearing uptake differences, indicative of induced, interfacing effects.
5.6 Conclusion

Structural characterization can be quickly achieved using HDX-MS for dynamic, weakly
populated systems, such as an enzyme domain or a compound with a moderately high Kp. Here,
USP3 ZnF-UBD was found to interact with focused molecule screen hit 59 at the conserved
ubiquitin C-terminus binding pocket. Although this was corroborated by USP5 crystal structures,
these types of data are not always available, and in their absence, it may be difficult to interpret
the HDX results. Therefore, it is useful to include shorter timepoints (15 sec), in addition to
relatively longer ones (10 mins), to capture distinctions in peptide uptake kinetics which in turn
provide clues about the putative binding site. With access to in silico predicted apo models, HDX
can then guide and corroborate small molecule docking studies, a convenient, appropriate

approach in the fast-paced early drug discovery environment.
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6.1 Summary

Icosagen recognized that antibody inhalation, in addition to being a non-invasive form of drug
therapy, has a particularly enticing application given that severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) replicates in areas involved in inhalation and can be used for
immunocompromised individuals who cannot be vaccinated.?*? Whilst conducting the necessary
testing and structural characterization (X-Ray Crystallography, Cryo-EM) of monoclonal antibody
(mAb) ICO-hu23, SARS-CoV-2 continued undergoing variant evolution, rendering the antibody
unusable as a therapeutic. Upon restarting and discovering ICO-hu104, HDX-MS was chosen as
a more rapid structural characterization method. Epitope comparison of ICO-hu23 and ICO-hu104
against the isolated Receptor Binding Domains (RBD) of Wuhan and Omicron revealed that the
two mAb binding sites were distinct, and that ICO-hu104 was binding to an area undergoing
minimal mutation. However, as we continue to see, the antigenic drift of SARS-CoV-2 has led to

a loss of utility in antibody-based therapy against it.
6.2 Introduction

The global pandemic of coronavirus disease 2019 (COVID-19) was caused by severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2), a lipid-enveloped, positive-sense, single
stranded mRNA virus which is made up of several structural proteins: nucleocapsid (N),
membrane (M), envelope (E), and spike (S) proteins (Fig. 6.1a). The remainder of the SARS-

CoV-2 proteome includes 16 non-structural proteins (NSPs) and 6 accessory proteins.?3
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Figure 6.1 | SARS-CoV-2 Virion and Spike Protein. (a) The enveloped viral particle has several structural
proteins which enclose genomic positive sense, single-stranded RNA: envelope (E), spike (S), membrane
(M), and nucleocapsid (N). (b) The spike protein has distinct domains, including a receptor binding domain
(RBD, green) and an N-terminal domain (NTD, blue). Itis cleaved into S1 and S2 during virion formation at
the S1/S2 site. S1 and S2 are noncovalently bound upon hACE2 recognition. (a) and (b) were reproduced
with permission from Pizzato et al. (2022) (Open access under CC BY 4.0 DEED) and Jackson et al.
(2021 )_234,235

The following discussion pertains to the spike glycoprotein, which is a homotrimer that
protrudes from the viral particle. The monomeric spike is subdivided into 2 regions S1 and S2
(Fig. 6.1b), due to furin protease cleavage at the S1/S2 site (res. RRAR) during virus maturation
in the Golgi apparatus of infected cells.?*®> S1 contains the N-terminal domain (NTD), receptor
binding domain (RBD), and 630 loop, while S2 contains an S2’ cleavage site, fusion peptide (FP),
heptad repeats 1 and 2 (HR1, HR2), and a transmembrane domain. For study in vitro, the
transmembrane domain is removed and the S1/S2 RRAR site is often inactivated (e.g., res.
GSAS), leaving the S1 and S2 covalently attached, whereas in physiological settings, non-

covalent interactions between S1 and S2 are necessary for infection.23®

The COVID-19 infection begins via human angiotensin-converting enzyme 2 (hACE2)
receptor-mediated SARS-CoV-2 endocytosis.?*® On the host cell surface hACE2 binds the spike
protein protruding from the viral particle at the RBD (Fig. 6.2). Particularly, the receptor binding
motif (RBM, res. 437-508) primarily interacts with the N-terminal helix (res. ~30-45) of hACE2.2%
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Figure 6.2 | SARS-CoV-2 bound to hACE2. Red residues of SARS-CoV-2 RBD (blue) interface with
hACE2 N-terminal peptidase domain (green). Disulfide bonds (yellow) appear in several areas of the RBD.

Reproduced with permission from Lan et al. (2020).2%6

At the plasma membrane, or once the viral particle has been engulfed into an endosome, the
non-covalently attached S1 is shed and S2 is free to extend, exposing the S2’ cleavage site. After
S2’ cleavage by host cell proteases including TMPRSS2 and cathepsins, the S2 inserts the FP
into the host plasma/endosome membrane and facilitates host-virion membrane fusion so that

the viral genome can enter the host cell.?®

To prevent COVID-19, it was largely believed that the best therapeutic approach involved the
disruption of Spike/hACE2 interaction. To do this, vaccine, drug, and antibody therapy
development of was targeted at the spike S1/RBD. Icosagen, an Estonia-based Contract
Research, Development, Manufacturing Organization (CRDMO), focused their efforts on
developing an inhalable antibody therapy.?*? The inhalation of antibodies was particularly
applicable with SARS-CoV-2 given the viruses replication in the respiratory tract, and could be an
alternative medication for those who could not be vaccinated or those seeking non-invasive
delivery. Icosagen screened patients who had recently overcome COVID-19, and isolated
monoclonal antibody (mAb) [ICO-hu23 for further product development. To structurally
characterize the ICO-hu23 interaction with the spike protein, they employed Cryo-EM and
Crystallography. Unfortunately, SARS-CoV-2 had other plans; the world watched as variants of
concern (VoC) began to spread and disease symptoms worsened. The spike protein accumulated
mutations, particularly at the RBD, which enabled its immune evasion from antibodies targeting
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previously existing epitopes. This mutational phenomenon, termed antigenic drift, rendered many

therapeutics less effective against the virus.

To restart, Icosagen newly identified ICO-hu104 and confirmed that it broadly neutralized
VoCs Wuhan, Alpha, Beta, Delta, and Omicron.?*? They proceeded to quickly pursue structural
characterization, this time using AHDX-MS. Epitope mapping using AHDX-MS has been a well-
known strategy, dating back to 2002,22-240 and, given the tightness of antibody-antigen
interactions, it requires little sample and binding is readily observable. In fact, HDX-MS was quite

widely used for rapid Spike protein structural studies during the COVID-19 pandemic.?4'-246

Using isolated RBDs of Wuhan and Omicron, the epitopes of ICO-hu23 and ICO-hu104 were
revealed to be distinct. Then, although beyond the scope/needs of the manuscript, HDX-MS was
further used to observe 1ICO-hu23 and ICO-hu104 impacts on the full-length Wuhan, Omicron,
and Delta spike trimer structure. ICO-hu23 seemed to globally impact the trimer, causing a
cascade of reduced conformational freedom along the length of the protein. On the other hand,
ICO-hu104 seemed to clearly impact the predicted epitope while increasing the flexibility in some
S2 regions. This increased S2 flexibility has been widely observed upon hACE2 binding?** but it
was interesting to see the distinction between ICO-hu104 and ICO-hu23, which did not clearly

exhibit increased flexibility.
6.3 Materials and Methods

Protein Preparation. Proteins were expressed in CHO cell lines and purified using Ni-NTA affinity
chromatography by our coauthors, Hermet et al. (2023),%%2 including the Wuhan RBD (res. 319-
541, Icosagen CAT#: P-307-100), Omicron RBD (B.1.1.529, res. 319-537, Icosagen CAT#: P-
3607-100), Trimeric Spike Omicron (B.1.1.529, res. 14-1211, Icosagen CAT#: P-369-100),
Trimeric Spike Delta (B.1.617.2, res. 14-1211, Icosagen CAT#: P-353-100), and Trimeric Spike
Wuhan (res. 14-1211, Icosagen CAT#: P-309-100). The trimers had inactivated S1/S1 cleavage
site (GSAS) and a C-terminal T4 fibritin trimerization sequence to improve in vitro stabilization of

the intact trimer.

HDX-MS Epitope Mapping. Hydrogen-deuterium exchange was carried out using the
commercial Waters HDX system. Briefly: samples were mixed and injected in a labeling time-
randomized order by a PAL3 Autosampler followed by UPLC separation and mass spectrometry
analysis using a Waters M-Class ACQUITY UPLC with peptides detected on a Waters Select
Series Cyclic IMS Mass Spectrometer. Labeling times of 1, 10, and 60 min at RT were used,
followed by quenching (7.5 M guanidine hydrochloride and 0.5M TCEP) at 0°C and digestion
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using an Enzymate BEH Pepsin column. The peptides were reverse-phase separated using an
ACQUITY UPLC BEH C18 column. Peptide identification was carried out using HDMSe with CID
fragmentation in the transfer cell and ProteinLynx Global Server (PLGS), followed by HDX

analysis using DynamX. Structures were visualized using PyMOL 2.5.
6.4 Results & Discussion
6.4.1 Determination of ICO-hu23 and ICO-hu104 epitopes using Spike RBDs.

Atomic resolution and explicit residue contacts were determined for ICO-hu23/Wuhan RBD
using Crystallography conducted by our coauthors. HDX-MS of ICO-hu104 was chosen mainly

for speed of characterization, at the expense of spatial resolution.

To characterize binding of ICO-hu23 and ICO-hu104 to the isolated RBD of Wuhan and
Omicron, AHDX-MS was conducted for 1, 10, and 60 mins. The RBD sequence coverage may
have been reduced due the presence of O/N-linked glycosylations (T323, S325, N331, N343)%47
or disulfide bonds (C336«+C361, C379+C432, C391-C525, C480-C488)%¢ which may
interfere with protease accessibility. In any case, to enhance unfolding in the presence of disulfide
bonds, a quench containing 7.5 M Gdn-HCI and 0.5M TCEP was used. This also ensured the
downstream desalting and separation columns were kept clean by reducing accumulation of

undigested protein.

The complexed state required only a 1:1 RBD-mAb stoichiometry given the tight sub-
nanomolar Kp's previously determined.?®? The ICO-hu23/Wuhan RBD state had a sequence
coverage of 78% and average redundancy of 4.59 (Fig. F1). Similarly, the ICO-hu104/Wuhan
RBD and ICO-hu104/Omicron RBD had sequence coverage of 72% and 84%, respectively, and

shared a peptide-per-residue redundancy of 2.97.

Upon binding ICO-hu23, the Wuhan RBD intensely decreased in deuterium uptake about
regions 472—-490 and 495-497 across the entire time course, and more moderate decreases were
observed in regions 433—449 and 516-533 at 10 and 60 mins (Fig. 6.2a). These results indicated
that the ICO-hu23/Wuhan epitope was situated on the RBM (res. 437-508), making ICO-hu23 an
orthosteric SARS-CoV-2 neutralizing antibody by competing with hACE2 binding,%®#¢ an

abundantly reported mechanism of action.?*
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Figure 6.3 | Localizing ICO-hu23 and ICO-hu104 epitopes. The AHDX-MS at 1 (yellow), 10 (red), and 60
mins (blue) of Wuhan RBD in the presence of (a) ICO-hu23, (b) ICO-hu104, and (c) Omicron RBD in the

presence of ICO-hu104. Although sequence coverage was above 75% for each system, the peptide lists

were not identical, so the general regions were grouped together across (a-c). The structures below (Wuhan
PDB 7DDN and Omicron PDB 7TGW) illustrate the 1 min AHDX-MS timepoint to reveal epitopes in dark
blue while absence of coverage is coloured black (see Fig. F2 for residue averaged maps). The gradient is

set to a minimum of -15%.

The RBD contains 13 dispersed Omicron mutations, with five spanning ICO-hu23 epitope
residues 472-497 (S477N, T478K, E484A, Q493R, and G496S). This is consistent with the lack
of affinity of ICO-hu23 for the Omicron RBD. In the case of broadly neutralizing ICO-hu104, the
Wuhan RBD underwent distinct decreases in deuterium uptake compared to ICO-hu23 (Fig.

6.2b). High intensity reduced uptake was observed in residues 433-441 at the earlier HDX

timepoints and later appearing decreases were observed at 504-512. This positioned the ICO-

hu104 epitope on a set of beta-strands farther from the ICO-hu23 epitope, but still orthosteric to
the hACEZ2 binding site. Similar behaviour was observed in the Omicron RBD; ICO-hu104 induced
high intensity deuterium uptake decreases around 433-443 and 497-502. Between the two RBDs

95



tested against ICO-hu104, residues 433-441 are similarly perturbed. Given this consistency, these

residues are likely primarily responsible for ICO-hu104 broad neutralizing capability.
6.4.2 ICO-hu23 and ICO-hu104 impacts on full-length Spike.

Beyond the work of the manuscript, we were interested to see the impact of antibody binding
on the full-length Spike trimer. Various classes of Spike-targeting antibodies have been identified,
including those that bind the RBD in the up position (Class 1), both the up and down position
(Class 2), and outside of the hACE2 binding interface (Class 3).2*° Our coauthors performed Cryo-
EM with 1CO-hu23 and full-length spike,?*? where they observed binding in the down RBD
confirmation for all three monomers, suggesting ICO-hu23 is in Class 2. Accordingly, using HDX-
MS, distinctions between Class 1 and 2 could then be revealed from long distance structural
conformational changes of the full-length Spike. However, given the nature of HDX-MS, the
impacts on the three spike monomers would be averaged, so we would not be able to observe

variable monomer binding in the way that Cryo-EM or Crystallography could.

As in our RBD exploration, the quench step required denaturant and reducing agent (Gdn-
HCI, TCEP). The timescale selected was 5, 10, 30 mins. All samples were treated identically: the
apo state was 15 uM and the complexed state was equimolar (1:1). In the presence of ICO-hu23
and ICO-hu104, the sequence coverage (and peptide-per-residue redundancy) of the Wuhan
Spike was 64% (2.74) and 68% (2.92), respectively (Fig. F3). These values were similar for
Omicron and Delta, at 62% (2.07) and 65% (2.92), respectively. Relative to the isolated RBD
experiments, the sequence coverage of the RBD dropped in the context of full-length spike: Delta
(67%), Wuhan (63% and 68%), and Omicron (66%). The sequence coverage (and signal
intensity) was likely reduced due to overloading of the pepsin column. Although the concentration
is necessary for MS sensitivity and confident isotopic distribution fitting, the total mass of protein

increases on column with the added spike sequence and mAb, reducing digestion efficiency.

Generally, ICO-hu23 induced the highest intensity AHDX-MS (Fig. F4) with a maximum
absolute cumulative difference signal of >70%. To aid in visualization of the remaining spikes, the
gradient in AHDX-MS Fig. 6.4 was set to a maximum cumulative signal of 9% and a minimum of
-30%. AHDX-MS revealed that, in addition to the RBD, ICO-hu23 induced decreased deuterium
uptake in various regions along the Wuhan trimer including the linker regions of the RBD and
NTD, and the S2 helices and helical hinges. Taken together, this suggests a globally reduced

conformational freedom which agrees with the previously mentioned Cryo-EM results.
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Figure 6.4 | Impacts of ICO-hu23 and ICO-hu104 on Spike Trimer. Cumulative AHDX-MS (f) of (a) ICO-
hu23/Wuhan Spike, and ICO-hu104 with (b) Wuhan Spike, (c) Omicron Spike, and (d) Delta Spike.
Structures of Wuhan Spike (PDB 7DDN), Omicron Spike (7TGW), Delta (7ZJL) coloured according to (f).
Gradient set to cumulative AHDX-MS min. (blue) of -30% and max. (red) of 9%. White indicates no
statistically significant cumulative signal (3 times the summed propagated error, Fig. F4) and black/grey

denotes missing sequence coverage.

Conversely, outside of the RBD, ICO-hu104 seemingly had the highest intensity impacts on
the coiled regions of the S2 stock, resulting in increased deuterium uptake. Given this unique
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profile relative to ICO-hu23, and the distinct location of the ICO-hu104 epitope, perhaps this is
indicative of the antibody preferentially binding the up RBD position. It is also possible that in
solution, the spike trimer was not fully occupied by the mAb, diminishing more subtle structural
changes, and leaving only the most significantly impacted regions to be observed.?*° Notably, as
stated earlier, the Spike construct used for in vitro study is distinct from the physiologically active
Spike, whose S1 and S2 domains are cleaved apart and noncovalently attached. With that said,
it is unclear whether this experimentally observed phenomenon would translate to infection

mechanism of action.
2.5 Conclusions

The development of therapeutics against SARS-CoV-2 was challenging given how quickly
VoCs were emerging. Particularly, the VoCs carrying mutations dispersed along the RBD
rendered many antibody-based therapies less effective due to changes in epitope. AHDX-MS was
used to quickly characterize the epitope ICO-hu104 after the original mAb, ICO-hu23, was
rendered ineffective due to antigenic drift. The epitope of ICO-hu104 was revealed to be
positioned distal to the ICO-hu23 epitope, and ICO-hu104 binding to the full-length Spike
seemingly increased flexibility in the S2 region, unlike ICO-hu23. Unfortunately, despite these
structural distinctions that may make ICO-hu104 resistant to decreases in efficacy as VoCs
continue to emerge, an alarming reduction in mAb neutralization of Omicron subvariants has been
observed.?'-25 Simultaneously, the affinity for hACE2 is mostly unchanged.?' Indeed, viral
evolution will select for mutations that improve fitness, such as immune evasion and, fortunately,
also reduced severity of disease symptoms. Perhaps, in this context, hACE2 would have been a

potential alternative direction for inhalation-delivered mAb therapy.
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CHAPTER 7
Conclusions and Future Work
7.1 Conclusions

This work aimed to convey the utility and applicability of using MS and HDX-MS as an
orthogonal means to resolve pertinent structural biology questions. Access to a variety of protein
systems was enabled through collaborators from across the world, including the lab of Bryan
Dickinson at the University of Chicago, the lab of Lindsey Ingerman-James at the University of
North Carolina at Chapel Hill, the Estonian research organization Icosagen, and the Structural
Genomics Consortium. Chapter 1 focused on the basics of MS interpretation, mass analyzers,
and how ions enter the gas phase through ESI. It went on to summarize the basics of protein
HDX-MS as a structural biology tool as well as the experimental considerations of the bottom-up
HDX workflow and TRESI.

Chapter 2 covered the structural study of superimposable proteins Bcl-2 and Mcl-1 using
various MS techniques and short HDX labeling times. Both apo proteins had comparable native
MS charge state distributions, consistent with their similar topology. Upon BH3 peptide addition,
Mcl-1 appeared to have a mixture of bound and unbound peaks compared to Bcl-2, suggesting
that Mcl-1 interacts with the peptides in a distinct manner. This was further supported by the IMS
mobiligrams observed for each protein in their bound and unbound states. Bottom-up, segment
averaged HDX-MS revealed that despite binding both distinct and shared peptide ligands, each
protein had unique conformational dynamics. These conformational changes appeared at the
same hotspots regardless of the peptide in complex with Bcl-2 or Mcl-1. In order to accommodate
ligand binding, Mcl-1 displayed broader conformational changes. Finally, these results were
compared to in silico derived homology models, revealing that perhaps Bcl-2 relies more on

charge compensation than Mcl-1 for complexation.

Chapter 3 delved into higher throughput HDX-MS used to study a focused library of 13 small
molecules targeting WDR5. The changes in deuterium uptake were largely comparable to the
interfaces observed in several crystal structures; however, some areas that were expected to be
perturbed remained HDX-silent or undetected. Further, HDX-MS revealed that the histone 3
methyl binding pocket was allosterically linked to intermolecular bond formation at the WIN site.
The library was then broadened to include commercially available ligands and peptides. These

data were aggregated to develop signal-to-noise affinity ranking methods: cumulative,
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characteristic, and maximum, each with their own optimal application. Finally, the S/N was plotted

against Kp to extract Kp of new additions to the library.

Chapter 4 described the characterization of a novel PROTAC, UNC10088, using an extended
HDX-MS timescale. The bifunctional molecule was observed to form binary complexes with
NSD2-PWWP1 and FBX0O22. Although the interaction of PWWP1/UNC6934 was previously
crystallized (UNC6934 being the target ‘handle’ of the PROTAC UNC10088), the peptide uptake
kinetics of FBXO22/PROTAC elucidated persistent contacts formed between FBX022 and
UNC10088. This helped inform mutational analysis by identifying C326 as a potential covalent
site for the PROTAC. Then, the ternary complex formation was both confirmed and characterized
using increases in the binding footprint area, as well as changes in HDX uptake rates. Given that
the only FBXO22 structure available was an in silico model, HDX-MS was an ideal candidate for

quick, attainable structural studies of this complex, PROTAC-mediated system.

Chapter 5 was a brief but satisfying example of using peptide uptake kinetics to categorize
structural components of binding between compound screen hit 59 and USP3. This was
corroborated by crystal structures of a protein analogue, USP5; however, in the absence of these
structures, the HDX-MS was sufficient to inform molecular docking. These results can pave the

way for developing DUBTACs by making a bifunctional molecule based on 59.

Chapter 6 explored the world of SARS-CoV-2 spike protein targeting mAbs that could be used
in inhalation-based therapy. It is a concise example/microcosm of the antigenic drift experienced
world-wide, both by those developing and using medicines. After identifying the epitopes of ICO-
hu23 and ICO-hu104 using the isolated RBD, the impacts of the mAb binding were further
explored using full-length Spike protein. ICO-hu23 was revealed to cause global decreases in
dynamics, whereas 1CO-hu104 induced increased flexibility in the S2 domain. This may

categorize them as class 2 and class 1 neutralizing mAbs, respectively.
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7.2 Future Work
7.2.1 The Potential of MS and HDX-MS to Study Complex Systems

The continued improvement in throughput, versatility, and robustness of MS, HDX-MS, and
front-end tools leaves so much potential for tackling increasingly larger, more dynamic, and more
complex biological systems. MS is one of the few biophysical tools that can report on all levels of
protein structure and interactions using mass, mass shift, fragmentation, footprinting techniques,
and collision-induced unfolding (to name a few).2%* The future of MS instrumentation is bright; it
has and will continue to evolve in various aspects, including user interface, forms of

fragmentation, sensitivity, and applications.

Front-end analytical separation enhances sensitivity (on-column concentration and partitioned
ionization) while simultaneously desalting analytes to be MS-compatible. It is no longer a
requirement for samples to be high purity, buffer exchanged into ammonium acetate, or available
in high concentrations. Sample matrices can include, for example, lipid environments for studying
membrane-associated proteins, such as nanodiscs, liposomes, or virus-like particles (VLPs).?%°
Lipids can be removed by introducing zirconium oxide.?*® In fact, lipid removal modules are
presently commercially available as add-ons to robotic tool change systems (e.g., LEAP X-
Press).?%” LC pump and valve-based fluid delivery are also modular, enabling introduction of
secondary analytical columns, such as SEC, prior to proteolysis which can be used to separate
the analyte from free lipids and detergents, even in acidic quench conditions.?®® There is also
evidence that higher flowrate pumping systems (e.g., Waters | Class UPLC) can yield comparable
or even improved separation for HDX-MS.2%° This is promising for reducing back-exchange and

duration of HDX experiments.

Moreover, IMS-MS instruments offer multiple dimensions of sample separation that yield low
complexity, interpretable mass spectra. Excitingly, the Select Series cIMS-MS has improved HDX-
MS sensitivity and separation compared to its predecessor.” This is beneficial to HDX and other
fields such as proteomics and metabolomics which can be extremely heterogenous and complex

within a narrow mass range.
7.2.2 Unexpected Limitations

A lived scenario that ties many of the preceding ideas together was the (attempt to conduct)

epitope mapping of a mAb targeting a membrane protein expressed on the surface of a virus-like
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particle (VLP).?¢° VLPs harness a viral structural protein (e.g., gag protein of HIV-1) to bud off of
a host cell, generating a host membrane-enveloped vehicle.?®' Accordingly, VLPs carry
endogenous host cell cargo, viral structural proteins, and a protein of interest (POI) that has been
overexpressed in a highly physiologically relevant membrane. A possible means to obtain epitope
information would be to conduct HDX-MS with and without the mAb, use SEC prior to proteolysis
to remove lipids/small contaminants, and rely on reverse phase peptide separation and cIMS to
detect POI peptides. In practice, the POl was not abundant enough relative to all the other matrix
components to get sufficiently proteolyzed for reasonable sequence coverage or MS signal
intensity. Then, sequence coverage was obtained by limited proteolysis, although none spanning
the surface exposed region of the POI (Fig. G1), which suggested the sample may have
degraded. Perhaps an alternative approach to epitope mapping would have required switching

out the VLPs for a simpler lipid model system, such as liposomes.
7.2.3 Where will we see HDX-MS next?

It is safe to say that HDX-MS has plenty to offer in the fast-paced early drug discovery
environment. A particular niche where HDX-MS and other solution phase protein footprinting are
highly amenabile is bifunctional molecule development, such as PROTACs and DUBTACs, where
the dynamic system requires dilute protein-ligand concentrations to prevent the hook effect.?23224
The hook effect occurs when both binary complexes saturate out with bifunctional molecule in
place of ternary complex formation. Since HDX-MS thrives amongst dilute, dynamic samples,
ternary complex formation could be simultaneously confirmed and structurally characterized using
changes in uptake kinetics or changes in footprint relative to the binary complex. SAR studies can
be conducted to observe how changes to ligand functional groups or linker length impact HDX
magnitudes. These results can be additionally corroborated using native or intact MS, provided

the complex is stable in ammonium acetate or water, etc., or in acidic conditions, respectively.

On the topic of massive, dynamic proteins that can be studied by HDX-MS, the Huntingtin
(HTT) / HTT-associated protein 40 (HAP40) complex is nearly 400 kDa. Full-length HTT structure
was obtained for the first time in 2018 by Cryo-EM, in complex with HAP40, but has never been
crystallized.?®? Though the function of HTT is not well understood, mutant HTT is associated with
the onset of Huntington’s Disease (HD), particularly when its unstructured, dynamic polyglutamate
(polyQ) repeat exceeds a threshold of ~35 repeats.?®®* The neurodegenerative disorder is
debilitating, marked by uncontrolled movements and loss of cognitive function, eventually
resulting in death. Although medicines are available to target the symptoms of HD, and some

RNA/DNA and antibody therapies show promise, no HTT small molecule/drug antagonists are
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available.?®* Thus, HDX-MS provides a solution-phase structural characterization platform,
orthogonal to Cryo-EM, for early, preclinical drug screening. This was exemplified by the binding

characterization of 6 HTT-targeting macrocyclic peptides (an example in Fig. G2).

These are only two cases, but, without a doubt, MS and HDX-MS are becoming instrumental
in fast-paced environments alongside gold standard structural biology techniques. The
throughput, accessibility to HDX reagents, and straight forward data analysis make it particularly
appealing. Moreover, the structures of dynamic systems which evade crystallization efforts can
be obtained through other means, such as Cryo-EM, NMR, or increasingly common in silico
prediction, making HDX-MS interpretation by visualization more user friendly. The use of MS and
HDX-MS will continue to be more widespread as interdisciplinary collaboration grows and

instrumentation becomes less cost prohibitive.
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Appendices
Appendix A: Supplementary information for Chapter 1.

Table A1. L and R Factors for knw Determination reproduced from Bai et al. (1993) with

permission.®®

Logkex(X) — Logkex(Ala)
Acid catalysis | Base catalysis
L R L R

Ala 0 0 0 0

Arg | -0.59 | -0.32 | 0.08 0.22

Asn | -0.58 | -0.13 | 0.49 0.32
Asp(COO-) | -0.9 0.58 | -0.30 | -0.18
Asp(COOH) | (-0.9) | -0.12 | 0.69 -0.6
Cys | —0.54 | -0.46 | 0.62 0.55

Cys2 | -0.74 | -0.58 | 0.55 0.46

Gly | -0.22 | 0.22 0.27 0.17

Gin | -047 | -0.27 | 0.06 0.2
Glu(COO-) | (-0.9) | 0.31 -0.51 | -0.15
Glu(COOH) | (-0.6) | —0.27 | 0.24 0.39
His -0.10 | 0.14

His+ | (-0.8) | —-0.51 -0.8 0.83
lle| -0.91 | -0.59 | -0.73 | -0.23

Leu | -0.57 | -0.13 | -0.58 | -0.21

Lys | -0.56 | -0.29 | -0.04 | 0.12

Met | -0.64 | -0.28 | -0.01 0.11

Phe | -0.52 | -0.43 | -0.24 | 0.06
Pro(trans) -0.19 -0.24

Pro(cis) -0.85 0.6

Ser | -0.44 | -0.39 | 0.37 0.3

Thr | -0.79 | -0.47 | -0.07 0.2

Trp | 040 | -0.44 | -0.41 | -0.11

Tyr | -0.41 | -0.37 | -0.27 | 0.05

Val | -0.74 | -0.30 | -0.70 | -0.14

N-term (NH3+) -1.32 1.62
C-term (COO-) | 0.96 (-1.8)
C-term (COOH) | -0.05
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Appendix B: Supplementary information for Chapter 2.

Table B1. Sequences of Bcl-2 and Mcl-1.

173 aa 160aa
o . = <
2% 3 2.8 3|3
= | o m = |5 9 |= |5
5| O E 5| == =
T 5% T 5 215
Mi1(1 R | 70|110 E |139[179 G |1 225 1 |70 |237|294 L |139|306|363
Al2]|2 D 71111 Y |140|180| s|2 226 K | 71]238|295 V |140/307(364
H| 3|3 F | 72112 L |[141]181 G |3 227 N | 72 |239|296 K [141|308(365
Al4|4 A | 73113 N |142|182 S |4 228 E |73 |240|297 Q [142|309(366
G|5](5 E | 74114 R [143[183 D | 5 |172]|229 D | 74 |241|298 R |143|310[367
R|6 |6 3 M | 75115 H |144[184 E | 6 [173]230 D |75 |242|299 o7 G |144|311|368
T|7(7 $ |76 116 a6 | L [145/185 L | 7 [174]231 V | 76 |243|300 W [145]312|369
G|8 (8 S | 77 [117 H |146(186 Y | 8 [175]232 K | 77 |244/301 D |146(313|370
Y| 9]9 Q |78 |118 T |147|187 R | 9 176|233 S |78 245|302 G [147|314|371
D | 10|10 L | 79119 W (148|188 Q | 10 |177|234 ad | L |79 |246|303 F |148|315|372
N 11|11 H | 80120 1 [149|189 S |11 [178|235 S | 80 247|304 V |149|316(373
R 12|12 L | 81121 Q 150|190 L |12 179|236 R | 81 |248|305 E |150|317|374
E |13]13 T | 82122 D |151]191 E |13 |180|237 V | 82 |249/306 F |151]318|375
1 [14]14 P | 83[123 N |152]192 1 |14 ]181|238 M | 83 |250|307 F |152|319|376
vV |15[15 F | 84124 G |153/193 al | 1 |15 182|239 1 |84 ]251]308 H |153|320(377
M| 1616 T | 85125 G 154|194 S |16 |183|240 H | 85 252|309 V |154|321|378
a K |17 |17 A | 86126 W 155|195 R |17 [184]241 V |86 |253(310 E [155]322|379
Y |18]18 R | 87 [127 D |156(196 Y | 18 [185]242 F |87 |254|311 D |156/323|380
1 [19]19 G |88 |128 A 157|197 L |19 |186|243 S | 88 |255/312 L |157|324|381
H | 20|20 R | 89 (129 af | F |158]198 R |20 |187|244 D |89 |256(313 E [158]325|382
Y 21|21 a4 | F | 90130 V 159|199 E |21 |188|245 G |90 |257|314 G |159/326(383
K|22]|22 A |91 131 E |160|200| Q |22 189|246 V |91 |258(315 G |160|327|384
L |23[23 T | 92132 L [161]201 A | 23 |190|247 T |92 |259(316
S |24(24 V |93 [133 Y |162|202 T |24 (191|248 N |93 |260|317
Q|25(25 V | 94 (134 G 163|203 G | 25 (192|249 W |94 |261|318
R | 26|26 E | 95[135 P 164 A |26 [193]250 G | 95 |262|319
G |27|27 E | 96136 S |165 K |27 |194|251 R | 96 |263|320
Y |28)28 L | 97 [137 M | 166 D |28 [195]252 1 |97 |264|321
E 29|29 F | 98138 R 167 T |29 |196|253 V |98 |265|322
W |30]30 R | 99139 H |168 K |30 |197|254 T |99 |266|323
D|31]31 D |100|140 H 169 P |31 198|255 L |100|267|324
A 3232 G [101]141 H 170 M | 32 |199|256 1 [101]268|325
G | 3333 V [102(142 H (171 G | 33 |200|257 S |102(269|326
D 34|34 N |103]143 H 172 R | 34 |201|258 s F |103|270|327
D |35]3% W 104|144 H 173 § |35 (202|259 G |104|271|328
V | 3636 G |105/145 G | 36 |203]260 A |105|272|329
E | 37|37 R |106|146 A | 37 |204|261 F |106|273|330
E |38])38 1 |107]147 T |38 |205/262 V |107|274|331
N | 39|39 V 108|148 S |39 206|263 A |108|275|332
R | 40| 40 A |109/149 R |40 |207|264 K [109]276|333
T 414 F |110[150 K | 41 |208|265 H |110|277|334
E 42|42 F |111]151 A | 42 |209|266 L |111]278|335
A | 43[43 E |112]{152 L |43 ]210(267 K |112|279/336
P 44|44 o5 F |113]153 E |44 |211|268 T |113]|280|337
E |45]|45 G |114/154 T |45 (212|269 1 [114]281]338
G |46 |46 G |115[155 a2 | L |46 213|270 N |115]282|339
T |47 47 V |116/156 R | 47 |214|271 Q |116]283|340
E | 48| 48 M |117[157 R |48 |215|272 E |117]|284|341
S [49(49 C |118]158 V |49 216|273 S |118|285/342
E | 50) 50 V |119/159 G | 50 |217|274 C |119]286/343
P |51])91 E 120|160 D |51 |218|275 1 [120]287|344
VvV |52(92 S |121]161 G | 52 |219|276 E |121]288|345
V |53[93 V 122|162 V |53 |220(277 P [122]|289|346
H | 54|94 N |123]163 Q | 54 |221|278 L |123]|290|347
L |55[95 R 124|164 R |55 222|279 A [124]291|348
T |56[9 E |125165 N | 56 |223|280 E |125]|292|349
L |57(97 M 126|166 H | 57 |224|281 = § |126]293|350
R | 58|98 $ |[127[167 E |58 |225|282 1 [127]294]351
Q | 59(99 P 128168 T |59 (226|283 T |128]295|352
@ A | 60 [100] L |129/169 A |60 |227|284 D [129]296|353
G | 61 [101 V [130[170 F |61 228|285 V |130[297|354
D | 62)102 D |131]171 Q | 62 |229|286 L |131]298|355
D | 63]103 ab | N [132]172 @ G |63 |230(287 V [132]299|356
F | 64 (104 1 [133]173 M | 64 |231|288 R |133|300|357
$ | 65105 A [134[174 L |65 (232|289 T |134]301|358
R | 66 |1068 L |135/175 R | 66 [233]290 K |135(302|359
R | 67107 W 136|176 K | 67 |234|291 R |136(303|360
Y | 68108 M 137|177 L |68 |235)292 D [137]304|361
R | 69]109 T |138[178 D | 69 |236|293 ‘ a7 | W |138]305(362

aThe starting residue (1) corresponds to the start of WT Bcl2 sequence and continues in Bcl-2 chimera until
the loop replacement (34), ®The sequence corresponding to WT Bcl-X. is denoted in red (35-50), °Note that
the sequence corresponding to the loop deletion is omitted which is why the sequence here skips from 51
to 90. ¢GSGS is an artifact after GST tag removal.
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Table B2. % Sequence Coverage and Redundancy

State % Coverage Redundancy

Bcl2 Only 75 2.28

Bcl2/Bid 69 2.22

Bcl2/Bim 61 1.67

Bcl2/Bad 62 1.76

Bcl2/Noxa 55 1.93

Mcl1 Only 92 211

Mcl1/Bid 85 1.54

Mcl1/Bim 84 2.05

Mcl1/Bad 77 1.71

Mcl1/Noxa 92 2.11

Table B3. Mcl1 Peptide List
Mcl-1
m/z z m Drift Sequence Start Stop
Time

676.8288 | 2 1351.642 | 3.255 SDELYRQSLEI MT2 181
589.8311 | 2 1178.655 | 2.604 EIISRYLRE 180 188
904.4791 | 1 903.4713 | 7.161 KPMGRSGAT 197 205
821.4367 | 3 2461.287 | 3.038 QATGAKDTKPMGRSGATSRKALET | 189 212
644.5959 | 4 2574.352 | 2.713 QATGAKDTKPMGRSGATSRKALETL | 189 213
581.2994 | 3 1741.884 | 2.007 RRVGDGVQRNHETAF 214 228
686.676 | 3 2057.004 | 2.333 RRVGDGVQRNHETAFQGM 214 231
447.2531 | 4 1785.992 | 2.224 LRKLDIKNEDDVKSL 232 246
710.071 | 3 2128.201 | 3.201 LRKLDIKNEDDVKSLSRV 232 249
672.377 | 3 2015.12 | 2.93 RKLDIKNEDDVKSLSRV 233 249
703.3295 | 2 1405.652 | 3.309 MIHVFSDGVTNW 250 261
637.8085 | 2 1274.609 | 2.875 IHVFSDGVTNW 251 261
682.3511 | 3 2045.036 | 2.604 MIHVFSDGVTNWGRIVTL 250 267
638.6748 | 3 1914.01 | 2.333 IHVFSDGVTNWGRIVTL 251 267
709.9061 | 2 1417.797 | 3.689 ISFGAFVAKHLKT 268 280
735.89 2 1470.773 | 3.58 VAKHLKTINQESC 274 286
861.428 | 1 861.428 | 6.835 SCIEPLAE 285 292
667.3611 | 3 2000.071 | 2.441 VRTKRDWLVKQRGWDG 299 314
537.5432 | 4 2147.149 | 217 VRTKRDWLVKQRGWDGF 299 315
1002.437 | 1 1002.439 | 8.354 FHVEDLEGG 319 327

129




Table B4. Bcl2 Peptide List

Bcl-2
m/z z|m Drift Time | Sequence Start | Stop
4495257 | 3 | 1345.554 | 2.062 AHAGRTGYDNRE 2 13
507.7625 | 4 | 2027.019 | 2.007 IVMKYIHYKLSQRGYE 14 29
812.7342 | 3 | 2435.179 | 2.984 VEENRTEAPEGTESEPVVHLTL *91 | 97
907.7771 | 3 | 2720.308 | 3.309 NRTEAPEGTESEPVVHLTLRQAGDD | *91 103
389.7483 | 2 | 777.4809 | 1.682 PVVHLTL 91 97
511.7341 | 2 | 1021.453 | 2.170 TLRQAGDDF 96 104
434.9001 | 3 | 1301.677 | 1.573 FSRRYRRDF 104 | 112
573.3018 | 3 | 1716.882 | 2.496 SSQLHLTPFTARGRF 116 130
434.9091 | 3 | 1301.704 | 1.953 HLTPFTARGRF 120 | 130
583.3159 | 2 | 1164.616 | 2.984 LTPFTARGRF 121 130
503.7474 | 2 | 1005.479 | 2.224 LFRDGVNW 137 | 144
825.4393 | 2 | 1648.863 | 4.325 LFRDGVNWGRIVAF 137 | 150
447.2057 | 2 | 892.3957 | 1.736 FRDGVNW 138 | 144
695.3737 | 2 | 1388.732 | 3.201 FRDGVNWGRIVA 138 | 149
512.9453 | 3 | 1535.812 | 2.116 FRDGVNWGRIVAF 138 | 150
789.3725 | 2 | 1576.729 | 3.580 CVESVNREMSPLVD 158 | 171
829.4379 | 2 | 1656.86 3.852 SVNREMSPLVDNIAL 161 175
534.2533 | 3 | 1599.736 | 2.007 WMTEYLNRHLHT 176 | 187
800.887 | 2 | 1599.758 | 4.120 MTEYLNRHLHTW 177 | 188
654.7814 | 2 | 1307.547 | 2.930 WIQDNGGWDAF 188 | 198
469.2087 | 4 | 1872.803 | 2.007 VELYGPSMRHHHHHH 199 | 207-6His

Table B5. Locations of Hydrophobic and Conserved Residues in BH3 Peptides?

C —~ ~~

S - p i

8 — N o ()] <t

o T I T + T

.g DIM|R|P|E|I |W|I |A|IQ|E|L|R|R|I |[G|D|E NIA|Y| Y| AIR|R
'C%SQEDIIRNIARHLAQVGDSMDRSIPPG
}% NILIWAIAQIR|Y|G|IR|E|L|R|R|{M|S|D|E|F|V|D|S|F|K|K
m

©

é AlE|L|E|V|E|C|A|T|Q|IL|R|R|F|G|D|K|LIN|F|R|Q|K|L|L

aHydrophobic residues (H1-H4) of BH3 peptides embed in hydrophobic pockets (P1-P4) of the BH3 binding
groove in Bcl-2 and Mcl-1, D (i+9) is bolded to indicate conservation across these BH3 peptides.
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Figure B1. (Work completed by Jin Pu) Split RNA polymerase-based luciferase assay comparing WT (ATM)
Bcl-2 and Mcl-1 to Bcl-2 Chimera and Truncated Mcl-1 in E. coli. (A) E. coli vector system to detect the
interactions between Bcl-2 family proteins (e.g., Bcl-2, Mcl-1, Bcl-2 Chimera, Truncated Mcl-1 ) and BH3-
only proteins (e.g., BID, NOXA). (B) Schematic of split T7 RNA polymerase-based biosensors to monitor
Bcl-2 family PPIs using the vectors shown in (A). A Bcl2-family protein is fused to C-terminal split T7 RNA
polymerase (RNAPC), and a BH3-only protein is fused to an evolved proximity-dependent N-terminal T7
RNA polymerase variant (RNAPN). Interaction between the fused proteins lead to the assembly of the
RNAP and transcriptional signal of the luminescence reporter in E. coli. (C) Luminescence signal output of
split RNAPs with different Bcl2-family proteins interaction with either NOXA or BID assayed in E. coli using
the system described in (B). E. coli cells were induced for 3h with arabinose and then analyzed for
luminescence. Error bars are + sem, n = 3. Detailed methods for this experiment are provided in J. Am.
Chem. Soc. 2017, 139 (34), 11964.
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Figure B2. lon Mobility Chromatograms of Bcl-2 and Mcl-1. The relative signal intensity as a function of
drift time (milliseconds) for Mcl-1 (top left), Bcl-2 (top right), Mcl-1 + Bid (bottom left), and Bcl-2 + Bid (bottom
right) is shown for their 10+ charge state. These 10+ charge states are less abundant and lower intensity
(ion count).
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Figure B3. lon Mobility Chromatograms of Bcl-2 and Mcl-1 with all BH3 peptides. The relative signal
intensity as a function of drift time (milliseconds) for the 9+ charge states of Mcl-1 (top left), Bcl-2 (top right),
and remainder of bound complexes: Bcl2/Bim, Bcl2/Bad, Mcl1/Bim, and Mcl1/Noxa. Mcl-1 + Bid (bottom

left), and Bcl-2 + Bid (bottom right) is shown for their 10+ charge state.
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Figure B4. lon Mobility Chromatograms of unbound Mcl-1 in the “Mcl-1 only” and “Mcl-1/BAD” spectra. The
relative signal intensity is plotted as a function of drift time (milliseconds) for the 9+ charge state. The Mcl-
1 unbound 9+ peak in Mcl-1/BAD has an artifactual drift time peak at 6.06 which is a result of noise in the
sample acquisition (see heat map on the left) to observe noise across a 500 m/z window which does not
relate to the species of interest.
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Figure B5. lon Mobility Chromatograms of unbound Bcl-2 in the “Bcl-2 only” and “Bcl-2/NOXA” spectra.
The relative signal intensity is plotted as a function of drift time (milliseconds) for the 9+ charge state. The
majority peak of the Bcl2-only 9+ charge state was the same in both states (approximately 9.5 ms).
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Figure B6. Global TRESI-HDX of intact Bcl-2 and Mcl-1. The normalized relative observed uptake (%) was
plotted as a function of time in seconds. Normalized relative uptake was calculated by dividing the
deuterium uptake (Da) by the total number of exchangeable amide hydrogens for Bcl-2 and Mcl-1 (165 and
155, respectively). The blue triangles represent Bcl-2 and orange circles represent Mcl-1. The error bars
represent 2 sigma which was obtained from a minimum of n=11 charge states. Protection factors (PF) were
determined by taking the quotient of the whole protein average intrinsic exchange rate (kex,avg) Obtained by
averaging the intrinsic rates calculated by Sphere (https://repository.upenn.edu/ dissertations/AAI9532311/)
at pH 7.0, 20 °C and the observed rate of HDX (kobs) Which were extracted from the exponential trendline.
The PF of Mcl-1 is less than Bcl-2, indicating that Bcl-2 is more structured and protected from HDX than
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Figure B7. Bcl2 vs. Bcl2/Bid Deuterium Uptake Kinetics Plots.
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Figure B8. Bcl2 vs. Bcl2/Bim Deuterium Uptake Kinetics Plots.
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Figure B9. Bcl2 vs. Bcl2/Bad Deuterium Uptake Kinetics Plots.
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Figure B10. Bcl2 vs. Bcl2/Noxa Deuterium Uptake Kinetics Plots.
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Figure B11. Mcl1 vs. Mcl1/Bid Deuterium Uptake Kinetics Plots.
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Figure B12. Mcl1 vs. Mcl1/Bid Deuterium Uptake Kinetics Plots.

141




® PROTEIN ONLY ¢ COMPLEX

Log. (PROTEIN ONLY)

Log. (COMPLEX)

MCL1/BAD *172-181

»
a

©
8

8

Normalized Relative Uptake (%)
w &
] &

123456789101112131415161718
HDX Timepoint (seconds)

MCL1/BAD 197-205

Normalized Relative Uptake (%)
&
&

MCL1/BAD 180-188

1234567809101112131415161718
HDX Timepoint (seconds)

MCL1/BAD 214-228

g g
=55 2
Es0 250
H ]
545 % a5
€ g
B a0 3 20
3 g
Eas E3s
z 2
30 30
25 25
20 20
123456789101112131415161718 123456789101112131415161718
HDX Timepoint (seconds) HDX Timepoint (seconds)
MCL1/BAD 233-249 MCL1/BAD 250-267
70 70
65 65
60 60

Normalized Relative Uptake (%)
N
&

12345678 9101112131415161718
HDX Timepoint (seconds)

MCL1/BAD 285-292

8

Normalized Relative Uptake (%)
5
&

1234567809101112131415161718
HDX Timepoint (seconds)

Normalized Relative Uptake (%)

Normalized Relative Uptake (%)
&
&

25

20

1234567809101112131415161718
HDX Timepoint (seconds)

MCL1/BAD 299-314

55

w
3

&
&

8

w
@

w
g

N~
b

N
S

1234567809101112131415161718
HDX Timepoint (seconds)

"
k)

g

5

w
&

Normalized Relative Uptake (%)
>
&

% 8

w

5

Normalized Relative Uptake (%)

35

Normalized Relative Uptake (%)

30

25

20

o
38

Normalized Relative Uptake (%)
8 ow ow & oa
% 8 & & &

N
8

MCL1/BAD 191-198

12345678 9101112131415161718
HDX Timepoint (seconds)

MCL1/BAD 214-231

12345678 9101112131415161718
HDX Timepoint (seconds)

MCL1/BAD 251-267

1234567809101112131415161718
HDX Timepoint (seconds)

MCL1/BAD 299-315

12345678 9101112131415161718
HOX Timepoint (seconds)

Figure B13. Mcl1 vs. Mcl1/Bad Deuterium Uptake Kinetics Plots.
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Figure B14. Mcl1 vs. Mcl1/Noxa Deuterium Uptake Kinetics Plots.
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BCL2 vs. BCL2/BID: LFRDGVNW (137-144)

MCL1 vs. MCL1 /BID: MIHVFSDGVTNW (250-261)
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Figure B15. Raw Mass Spectra of Bcl-2 (left) and Mcl-1 (right) experiencing protection from HDX in the
presence of BID BH3 peptide. In each case, the peptide corresponding to the protein alone is grey, and the
bound protein is black. From top to bottom, the timepoints shown are 1, 2, 4, and 18 seconds. Note that
during analysis in MS Studio, spectra were fit using peaks not experiencing spectral overlap.
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BCLZ Chimera 1 MAHAGRTGYD---—- NREIVMKYIHYKLSQRGYEWDAGDDVEENRTEAPE 45

MCLl_Trunc 1 - —————- DELYRQSLEIISRYLR —————————— EQATGAKDTEFMGRS 31
BH3
BCLZ_Chimera 46 GTESEPVVHLTLRQAGDDFSRERYRRDFAEMSSQLHLTPFTARGRFATVVE 95
veL1 Tranc 1) CAEREALE TLRECD TR ARG RS 20
BH1
BCLZ_Chimera 9¢ ELFEDGV-NWGEIVAFFEFGGVMC--VESVNEE--MSPLVDNIALWMTEY 140
I — Bl DTG LV S E AT VAKH LT TNOESC P LA S oy 126
BCL2_Chimera 141 LNRHLHTWIQDNGGWDAFVELY-—————— GESMR 167
vCL Trunc 27 IR TEORGHDGEVE S HVED TGS 156

Aligned sequences: 2
Matrix: EBLOSUMG62
Gap penalty: 10.0
Extend penalty: 0.5

Length: 184

Identity: 447184 (23.9%)
Similarity: 727184 (39.1%)
Gaps: 45/184 (24.5%)

Score: 139.0

Figure B16. Sequence Alignment of Bcl-2 Chimera and Truncated Mcl-1. Sequences shown here are those
used in this work with cleavage artifacts and purification tags omitted. Sequence alignment completed using
EMBOSS Needle. Lines indicate sequence identity whereas dots indicate high (:) or moderate sequence
(.) similarity. Bcl-2 Homology domains colour-coded as follows: BH1 (cyan), BH2 (magenta), BH3 (yellow).
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Appendix C: Supplementary information for Chapter 3.

Table C1. SMILES and Sequences for 19 WDR5-targeting molecules

ChemiReg ID / Common Name SMILES or Amino Acid Sequence
C1=CC(=C(C=C1C1=C(C(=CC=C1)N1C)C=C1)NC(C1=CC=C
1 XS060584a/DS0227 OO ONICON(GE I
C1=CC(=C(C=C1C1=CN=C(C2=C1)C=CC=C2)NC(C1=CC=C
2 XS060479a/DS0233 OO mOINICONCE G
C1=CC(=C(C=C1C(=CN=C1)C(=C1C1)C=CC=1)NC(C1=CC=
3 XS060480a/DS0234 OGO OINCONIGONE
C1=CC(=C(C=C1C1=C(C=CC=C1)CN(CCOC1)C1)NC(C1=C
4 XS068123a/DS0271 (e N EOINICONIGONC
C1=CC(=C(C=C1C1C(=C2SC=1)C=CC=C2)NC(C1=CC=CC(=
5 XS068124a/DS0273 oo CoN(COn0
C1=CC(=C(C=C1[N+](=0)[O-
6 XS0681282/DS0278 JNC(C(=N1)C2=C(N1C)C=CC=C2)=0)N1CCN(CC1)C
C1=CC(=C(C=C1[N+](=0)[O-
! XS0833582/DS0324 JINC(C(=CC=C1)N2C1=CC=N2)=0)N1CCN(CC1)C
C1=CC(=C(C=C1[N+](=0)[O-
8 XS083452a/DS0334 JINC(=0)C(=CC(=N1)C)C2=C1C=CC(=C2)0)N1CCN(CC1)C
C1=CC(=C(C=C1[N+](=O)[O-
9 XS083453a/DS0335 JINC(=0)C1=CC(=C2C=C1)NN=C2)N1CCN(CC1)C
C1=CC(=C(C=C1C1=CC=C(N=C1)NC(C)=0)NC(C(=CNC(C1)
10 MT000951b/DS0413 ) P PPN GOMCen)E
C1=CC(=C(C=C1C1=CC(=C2C=C1)C=CN2)NC(C(=CNC(C1)
11 MT000953b/DS0415 O (P PO NI CORIGE G
] C1=CC(=C(C=C1C1=CC(=CC=C1)CN1CCOCC1)NC(C(=CNC
12 MT005481d/0ICR-9429 (G110 IC= TGP IFIF L OINICONIGEIC
] C1=CC(=CC(=C1)CN1CCOCC1)C1=CC=C(C(=C1)NC(=0)C(
13 MT000954a/0ICR-0547 =CNC(C1)=0)C=1C(F)(F)F)N1CCOCCH1
” V102 CCC(CC)(C(=0)NC(CCCN=C(N)N)C(=0)NC1(CCCC1)C(=0)
NC(C2=CC=C(C=C2)F)C3=CC=C(C=C3)F)NC(=0)C(C)C
" WDRE.0103 0=C(OC)C1=CC(NC(C2=CC=CC(OC)=C2)=0)=C(N3CCN(C)
CC3)C=C1
1 WIN-10mer-Ala Ac-384ARAEVHLRKS3773-Ahx-Ahx-K-NH2
(MLL1 Peptide, Q03164) Ac = acetylation, Ahx= 6-amino hexanoic acid
MLL-Win 3762 3773
17 (MLL1 Peptide, Q03164) GSARAEVHLRKS
18 H3K4Me3-B 2ARTK(Me3)QTARKSTGGKAPRKQLATKAA%K-B
(Histone H3.1 Peptide, P68431) Mes = Trimethylation, B = Biotinylation
RbBP5-DV o -
19 (RbBP5 Peptide, Q15291) YPPAAEDEEVDVTSVD
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Table C2. Signal-to-noise values for 19 WDRS5-targeting molecules.

ChemiReg ID / Common Name Kp SPR (uM) | Cumulative | Characteristic | Maximum
1 XS060584a/DS0227 100 0.18 1.63 0.14
2 XS060479a/DS0233 1+0 0.38
3 XS060480a/DS0234 ~11617 0.1 0.26 -
4 XS068123a/DS0271 7712 0.09 0.14 -
5 XS068124a/DS0273 510 0.17 1.12 0.08
6 XS068128a/DS0278 240 0.17 0.61 -
7 XS083358a/DS0324 22+2 0.11 0.53 -
8 XS083452a/DS0334 60+0 0.16 1.01 0.07
9 XS083453a/DS0335 370.7
10 MT000951b/DS0413 0.02+0.001
11 MT000953b/DS0415 0.03+0.002
12 MT005481d/OICR-9429* 0.02+0.001
13 MT000954a/OICR-0547** 461
14 MM-102 -
15 WDR5-0103 -
16 WIN-10mer-Ala (Peptide) -
17 MLL-Win (Peptide) -
18 H3K4Me3-B (Peptide) -
19 RbBP5-DV (Peptide) -
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Figure C2. Binding response data obtained by SPR (Performed by O.H.) (A) Response vs concentration
plots and (B) Raw sensorgram data profiles for concentrations ranging from 2.5 to 200 yM (compound
DS0271, DS0324, DS0334, OICR-0547), from 1.2 to 100 yM (compound DS0234, DS0335), from 0.25 to
20 yM (compound DS0227), from 0.12 to 10 yM (compound DS0273, DS0278), from 0.012 to 3 yM
(compound DS0233) and from 6.2 to 500 nM (compound DS0413, DS0415, OICR-9429). The 5-point
titration was performed with 3-fold serial dilution in duplicates. Binding response against WDRS5 protein
(blue and black) and against negative control NSD2-PWWP1 protein (red).
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Figure C3. Peptide coverage map of WDRS5. A total of 120 peptides were analyzed, yielding a
sequence coverage of 86.5% and peptide redundancy of 3.62. Peptides were generated using a
1:1 Nepenthesin-2 Pepsin column (Affipro).
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Figure C4. Summed Differences in Deuterium Uptake of Small Molecules with Undetected
Binding to WDR5. WDRS5 peptide sequences plotted against the extent of D uptake perturbation
(%) for each small molecule. To be statistically significant, the summed signal must exceed the
summed propagated error (black line). OICR-0547, DS0278, DS0324, DS0271, and DS0234 did
not have a statistically significant (HDX-detectable) effect on the WDR5 conformational ensemble.
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OICR-9429 Ds0415 DS0233 DS0335

PSSSATQSKPTPVKPNYALK (19-38)
FTLAGH (39-44|
AGHTK (42-06]
AVSSVKFSPNGEW (47-59)
SYKFSPNGEW (50-59)
VKFSPNGEW (51-59]
FSPNGE (53.58)
FSPNGEW (53-59)
WIASSSA (59-65]
WLASSSADKL (50-68]
WLASSSAOKLIK (59-70)
LASSSADKLIK (60-70]
ASSSADKLI (61-69)
IKIWGA (69-74)
IKIWGAYDGK (69-78)
KIWGA (70-74]
IWGAY (71-75)
INGAYDGK (71-78]
FEKTISGHKL (79-88]
FEKTISGHKLGISDV (79-93)
EKTISGHKLGISD (80-92)
TISGHKIGIS (82-91)
TISGHKLGISD (82.92)
ISGHKLGISD (83-92)
1G1SD (88-92]
DVAWSSOSNL (92-101)
VAWSSDSNL (93-101]
AWSSDSNI (94-101
WSSDSNL (95-101)
LVSASDDKIL {102-111)
LVSASDDKTLK (102-112}
SASDDKTLK (104-112)
SASDDKTLKIW (104-114)
TLKIW (110-114)
TLKIWDVSSGK (110-120)
IWDVSSGK (113-120]
IWDVSSGKC (113-121)
IWDVSSGKCL (113-122]
SSGKCL (117-122)
CLKTL (121125
KTUKGHSNYVF (123-133)
TLKGHSNYVE (124-133)
KGHSNYVF (126-133)
CCNFNPQSNI (134-143]
CNFNPOSNL (135-143)
FNPQSNL (137143
NPQSNL (138-143|
LIVSGSF (13-149)
IVSGSF (144-149)
IVSGSFD (144-150]
IVSGSFDE (L44-151)
IVSGSFDESVR (144-154)
SVRIWDVK (152-159]
VRIWDVK (153-159)
IWDVK (155-159)
TGKCL (160-164}
TGKCLKTLPAHSDPVSAVHF {160-179)
CLKTLPAHSDPVS (163-175)
CLKTLPAHSDPYSAVHF (163-179)
IKTIPAHSDPYSA (164-176]
KTLPAHSOPVS (165-175)
KTLPAHSDPVSA (165-176)
KTLPAHSDPYSAVHF (165-179]
PAHSDPVSAVHF (168-179)
AVHENRDGSL (176185
IVSSSY (186-191
IVSSSYDGL (186-194)
IVSSSYDGLCR (186-196)
CRIWDTASGQC (195-205)
CRIWDTASGOCL {195-206)
RIWDTASGQCL {186-206)
IWDTASGQCL (197-206)
ASGQCL (201-206)
KTLIDDDNPPVSF (207-219)
TUDDDNPPYSF (208-219)
LIDDDNPPYSF {209-219)
DDNPPVSF (212-219)
PPUSF (215-219)
VKFSPNGK (220-227)
VKFSPNGKY (220-228)
VKESPNGKYIL (220-230]
VKESPNGKYILA (220-231)
KESPNGKYIL (221-230)
AATLONT (231-237)
AATIDNTL (231-238|
AATLDNTLKL (231-240)
AATLDNTLKLW (231241
ATLDNTLKL (232-240)
TLONTLKL (233-240)
DNTLKL (235-240)
WOYSKGK (241-247)
WDYSKGKCL (241-249)
KTYTGHKNEKYCIF (250-263)
NEKYCIF (257-263)
SVTGGKW (267-273]
SVTGGKWIVSGSEDNL {267-282)
TGGKW (269-273)
WIVSGSEDNL (273-282)
IVSGSEDNL (274-282)
VYIWNL (283-288)
YIVONL (284-288)
IWNLOTK {285-291)
DWNLQTKE (285-282)
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DWVIST {202-307)
VVISTACHPTE (303-313)
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VVISTACHPTENIIA (202-217)
ACHPTENIIA (308-317)
ACHPTENIIASA (308-319)
NIIASA (314-319)
NIASAA (314-320]
NIIASAAL (314-321]
IASAA (315-320)
IIASAAL {315-321)
SAALENDKTIKL {318-329)
AMLENDKTIKL (319-329)
ALENDKTIKL (320-329)
LENDKTIKL (321-329)
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Figure C5. Summed Differences in Deuterium Uptake Aligned to Full Peptide List. To be
statistically significant, the summed signal of timepoints 0.25 (red), 1 (yellow), and 10 min (blue)
must exceed the summed propagated error (dashed line).
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MIN 0
PDB 4QL1 (OICR 9429) PDB SEAL (DS0233)

Figure C6. Summed HDX-MS Heatmaps of OICR-9429 (PDB 4QL1)'® and DS0233 (PBD
5EAL)'" bound WDR5. To be statistically significant, the summed signal must exceed the
summed propagated error (dashed line) and show up as shades of blue (XAHDX-MS < 0) or red
(ZAHDX-MS > 0) in the WDRS5 heatmaps. White corresponds to regions which are not statistically
significant and therefore exhibit no change (XAHDX-MS = 0), black indicates no peptide sequence
coverage). The loop bearing Cys-261 undergoes HDX-detectable changes in dynamics whereas
Ser-91 and Asp-107 are HDX-silent, despite crystal structures indicating their involvement in
hydrogen bonds.
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Figure C7. Example of Characteristic Peptide S/N approach using allosteric WDR5 peptide
SAALENDKTIKL (318-329). The affinity ranking presents as follows (highest to lowest): WDR-
0103 (6.14) > MM-102 (5.39) > OICR-9429 (4.69) > DS0413 (4.48) > DS0415 (4.11) > Win-10mer-
Ala (3.71) > DS0233 (1.63) > MLL-Win (1.47) > H3K4Me3-B (1.29) > S/N = 1 (statistical
significance cut-off, all S/N < 1 have insignificant allostery). The following molecules fall below the
cut-off: DS0227 (0.46) > DS0334 (0.32) > RbBP5-DV (0.29) > OICR-0547 (0.24) > DS0278 (0.22)
> DS0335 (0.15) > DS0273 (0.12) > DS0234 (0.08) > DS0271 (0.07) > DS0324 (0.00). Despite
the presence of statistically significant differences in the bar plots (Figure 2&3), RbBP5-DV falls
below the cut-off due to its distinct binding site, and DS0335, DS0273, and DS0334 are excluded
due to undetected allostery.
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WDRS + DS0278

Experiment 1

Experiment 2

Figure C8. Summed Differences in Deuterium Uptake of DS0278 (Compound 6). WDR5 peptide
sequences plotted against the extent of D uptake perturbation (%) for each small molecule. To be
statistically significant, the summed signal must exceed the summed propagated error (black line).

Formula C1. Derivation of bound fraction.

Here, K, is the small molecule’s SPR measured dissociation coefficient, Pog » Leg and PL.q are

the protein, ligand (small molecule), and the ligand-bound protein concentrations at equilibrium,
P, and L, are the initial concentrations of protein and ligand upon deuterium dilution of the sample
stock. All units of variables are kept the same (i.e., uM)."’

P Pog X Leq (Py = PLog)(Lo — PLeg)
P PLy, PLe,

0= (PLeg)? + (Py + Lo+ Kp)(PLeg) + Po Lo

Pyt Lo+ Kp £/(Po+ Lo+ Kp)? — 4P Lo
eq — 2

PL

PL
Ooq = P—:" x 100%
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Formula C2. Explanation of Summed Propagated Error Calculation.
Percent exchanged deuterium (x) of a peptide.

amide D exchanged

x . = _ %X 100 %
technical_measurement exchangeable amide D

Standard deviation (S) of a sample (s) at technical replicate of n=3.

Sample (s) is either unbound (apo) or bound state.

2
0. = \](xtechnicall - JE)2 + (xtechnicalz - f) + (xtechnical3 - x)Z
s =

n

Propagated error (P) of the difference in deuterium uptake (AHDX) of the bound state and
unbound state.

AHDXtimepoint = Xpound ~ Xunbound

— 2 2
PAHDXtimepoint = \/Ubound + Ounbound

Summed signal (S; = YAHDX) and summed propagated error (N;) where t = all timepoints
measured, in this case there were three timepoints (15, 60, 600 sec). Note that propagated error
is multiplied by 3 to achieve 3 deviations from the mean (99.7% confidence interval).

S, = ZAHDX = AHDX;sg0c + AHDXg050c + AHD Xg00sec

Ni = 3(Panpx,sg0, T PariDxgos0 T PaHDXg00500)

Summed propagated error (see /i) offers the ability to quickly visualize the summed signal in a
single bar plot, while retaining the significance of a signal from a single timepoint (AHDXimepoint)-

; —_ 2 2 2 2 2 2
(l) PAHDXtimepoint =3 (Jsbound,lssec + Sunbound,lSsec + \/SboundjOsec + Sunbaund,s()sec + \[Sbaund,GOOSec + SunboundjOOsec )

Alternatively, the practice of propagating all three timepoints together (all under one square root,
see ii) rather than summing each propagated error (see i), artificially reduces the total error,
making Summed signal (S; = YAHDX) significant when it should not be (i.e., the signals from the
individual timepoints are not significant). Particularly, because these technical timepoint
measurements are independent of one another (separate vials, separately loaded onto
digestion/LC columns, separately measured by MS). Please note that the formulas i and ii are not
equal.

. _ 2 2 2 2 2 2
(i) PrHDX timepoint = 3\/Sbaund_15sec + Sunbound_1ssec. + Shound_sosec. t Sunbound_60sec” T Shound_600sec. + Sunbound_s00sec
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Appendix D: Supplementary information for Chapter 4.
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Figure D1. FBX022 Sequence Coverage. Rectangles aligned to FBX022 primary sequence represent
peptides generated using Nep2-Pep proteolysis column. A total of 157 peptides were analyzed, resulting in

91.2% coverage of the protein construct and an average 4.17 peptides per residue.
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Figure D2. SKP1 Sequence Coverage. Rectangles aligned to SKP1 primary sequence represent peptides
generated using Nep2-Pep proteolysis column. A total of 67 peptides were analyzed, resulting in 95.7%

coverage of the protein construct and an average 4.09 peptides per residue.
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Figure D3. NSD2_PWWP1 Sequence Coverage. Rectangles aligned to NSD2 primary sequence
represent peptides generated using Nep2-Pep proteolysis column. A total of 40 peptides were analyzed,

resulting in 70.9% coverage of the protein construct and an average 3.49 peptides per residue.
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SKP1_FBX022+PROTAC+NSD2 PWWP1 MINUS SKP1 ONLY NSD2_PWWP1+FBX022 MINUS NSD2_PWWP1 ONLY
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CUMULATIVE BHDX-MS (%)
CUMULATIVE BHDX-MS (%)

SKP1 SEQUENCE NSD2 PWWP1 SEQUENCE

FBX022+NSD2_PWWP1 MINUS FBX022 ONLY

s ¥ 8888

CUMULATIVE 8HDXMS (%)

Figure D4. Insignificant AHDX-MS. (a) SKP1 vs. PWWP1/UNC10088, (b) PWWP1 vs. FBX022, (c)
FBX022 vs. PWWP1. HDX was conducted at 1 (yellow), 5 (orange), and 10 minutes (red). To be statistically
significant, the cumulative AHDX-MS signal must have exceeded the cumulative error (dashed line) by >1
%. Using this metric, no peptides in the above graphs undergo changes in dynamics, consistent with an

absence of interaction.

C326A + PROTAC + PWWP1 MINUS C326A

CSmiMe EEESMIn MG === SUMMED ERROR

Figure D5. UNC10088/C326A Mutant. The absence of statistically significant AHDX-MS upon incubation
of UNC10088 with FBX022 C326A mutant is indicative of abrogated interaction.
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Appendix E: Supplementary information for Chapter 5.

Table E1. PLGS filtering parameters. *

- .. [Min. sequence Max. Min. prod_ucts Minimum Max. MH+
Parameter | Min. intensity sequence per amino
length . score Error (ppm)
length acid
Value 20000 4 26 0.12 7 5

*Additional manual inclusion of several peptides which were initially filtered out resulted in 60 peptides
used out of 225 identified by PLGS. Manual inclusion was used to increase sequence coverage in regions

missing peptides.

MECPHLSSSYCIAPDSAKFRNGSPSSWOCSVORSNKSPWYCLTCESYHCGRY VNGHAKKHY EDADYRLTNHKKSEKODRYOHTYCMOCSSY STYCYRCDDFYVNDTKLG LVOKVRERLON LENSAFTADRH

5 i I n bl i i L L b 5 il 5] il I 1l B il N 1 O O T ]
I E— — . . E—
— I E— —— —— a————— |
I ——— a—————— — T |
— — — —
— — — —
I I — —
— — — ] —
— — —
—
—
—

Figure E1. Sequence coverage of USP3-ZnFBD (1-131). A total of 60 peptides yielded 93.9% sequence
coverage and a redundancy of 5.28. Black rectangles aligned to sequence represent peptides. Several
peptides including 52-86 (length 35) and 53-86 (length 34) were manually added after PLGS filtering to

obtain coverage from 53-60.

MECPHLSSSYCIAPDSAKFPNGSPSSWCCSVCRSNKSPWVCLTCSSYHCGRY YNGHAKKHY EDAQYPLTNHKKSEKQDKYQHTYCMDCSSY STYCYRCODFYVYNDTKLGLYQKVREHLONLENSAFTADRH
5 10 15 20 5 0 £ i & S0 % 1] ] ] I 80 % 90 % W 106 10 15 n 1% 10
|

025 min
] |
10min | | I

Rel ative Fractional Uptake: USP3-ZFB0_10L1GS - USP5-ZFB0

S0% S0%

MECPHLSSSVCIAPDSAKFPNGSPSSWCCSVCRSNKSPWYCLTCSSVHCGRY VNGHAKKHY EDAQYPLTNHKKSEKQDKYQHTYCMDCSSY STYCYRCODFYVYNDTKLGLYVOKVREHLONLENSAFTADRH

5 10 15 20 %5 0 £ 40 4 S0 % 2] ] ] ] 80 % 90 9% 100 108 10 115 10 5 1%
025 min |

10 min | |
Rel ative Fractional Uptake: USP2-ZFB0_20L1G38 - USP3-ZFB0
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Figure E2. Differential HDX Heatmaps. Differential fractional uptake is displayed as a per-residue
averaged heatmap aligned to USP3 primary sequence for USP3 Zf-UBD in complex with 59 at 1:10 (top)
and 1:20 (bottom) . The highest magnitude D decreases (-5 %) are blue and D increases (+5%) are red. A
limitation of this heatmap illustration (DynamX 3.0) is that is does not factor in the associated error for each

residue. Please refer to Figure 4 for a peptide-level differential HDX bar-plot with associated error.
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Figure E3. (Originally Figure 2 in publication, work performed by coauthors) Small molecule screen
identifies ZnF-UBD hits. (A) Heat map showing binding of 64 ligands to 11 ZnF-UBDs by SPR. A 4-fold 6-
point dilution series beginning at 200 uM was used for Ko determination with N = 1. (B) Summary of binding
data for compound 59 by SPR, N = 3. (C) Representative SPR binding curve from steady-state fit analysis
and sensorgrams for USP3 ZnF-UBD and 59. A Kb of 14 + 4 yM was obtained from the average of seven

independent measurements. Reproduced with permission from Mann et al. (2023), open access under CC
BY-NC-ND 4.0 DEED.225
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Appendix F: Supplementary information for Chapter 6.
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Figure F1. Sequence coverage maps of RBDs. (a) Wuhan RBD/ICO-hu23, (b) Wuhan RBD/ICO-hu104,

and (c) Omicron RBD/ICO-hu104. These domains had sequence coverage (and redundancy) of 76%

(3.66), 84% (2.97), and 84% (3.05), respectively.



a WUHAN RBD + I1CO-hu23
ASRVOPTES IVRFPNITNLCPFGEVFNATRFASVYAWNRKRISNCVADYSVLYNSASFSTFKCYGVSPTKLNDLCF TNVYADSF
320 325 330 335 340 345 350 355 360 365 370 375 380 385 390 395 401
1 min
60 min

VIRGDEVRQIAPGATGKIADYNYKLPDDF TGCVIAWNSNNLDSKVGGNYNYLYRLFRKSNLKPFERDISTEIYQAGS TPCNGVEGFNCYFPLAQSYGFQPT
405 410 415 420 425 430 435 440 445 450 455 460 465 470 475 480 485 400 405 50

1 min =]

60 min 1 s —— |

NGVGYQPYRVVVLSFELLHAPATVCGPKKS TNLVKNKCYNF HHHHHH
- 505 510 515 520 525 530 535 540 545
min

60 min

b WUHAN RBD + I1CO-hu104
SRVOQPTES IVRFPNITNLCPFGEVFNATRFASVYAWNRKR | S NCVADYSVLYNSASFSTFKCYGVSPTKLNDLCF TNVYADSF

320 325 330 3% 340 345 350 355 360 365 370 375 380 385 390 395 400
1 min

60 min

VIRGDEVRQIAPGATGKIADYNYKLPODFTGCYV I AWNSNNLDSKVGGNYNYLYRLFRKSNLKPFERDISTEIYQAGSTPCNGVEGFNCYFPLQSYGFQPT
405 410 415 420 425 430 435 440 445 450 455 460 465 470 475 480 435 400 405 501
e

e —

1 min
60 min

NGVGYQPYRVVVLSFELLHAPATVCGPKKS THLVKNKCWVNF HHHH
505 510 515 520 525 530 535 540 545

1 min
]
B0 min —

Cc OMICRON RBD + 1C0O-hu104

RVQPTES IVRFPNITNLCPFDEVFNATRFASVYAWNRKR I SNCVADYSVLYNLAPFFTFKCYGVSP TKLNDLCF TNVYADSF
320 325 330 335 340 345 350 355 360 365 370 375 380 385 300 395 400
1 min

B0 min

VIRGDEVRQIAPGOTGNIADYNYKLPODF TGCVIAWNSNKLDSKVSGNYNYLYRLFRKSNLKPFERDISTE | YQAGNKPCNGVAGFNCYFPLRSYSFRPT
405 410 415 420 415 430 435 440 445 450 455 460 465 470 475 430 485 480 405 50(
= =] —

1 min
. [ e— = —
60 min — -

YGVGHOPYRVVVLSFELLHAPATVCGPKKS THNLVKNKGS GHHHHHH

505 510 515 520 525 530 535 540 545
1 min m— = m

60 min

-30.0% 30.0%

Figure F2. Heatmaps of ICO-hu23 and ICO-hu104 impacts on RBDs. The AHDX-MS heatmaps illustrate
Wuhan RBD in the presence of ICO-hu23 (a), ICO-hu104 (b), and Omicron RBD in the presence of ICO-
hu104 (c) with a gradient set to + 30% difference in relative fractional uptake. Redundant peptides have

been averaged and the timepoints (1, 10 , 60 mins) are stacked.
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a WuhanSpike_ICO-hu23 ¢ OmicronSpike_ICO-hu104

d DeltaSpike_ICO-hu104

Figure F3. Sequence coverage maps of Full-length Spike. (a) Wuhan/ICO-hu23, (b) Wuhan/ICO-hu104,
(c) Omicron/ICO-hu104, and (d) Delta/ICO-hu104. These proteins had sequence coverage (and
redundancy) of 64% (2.74), 68% (2.92), 62% (2.07), and 65% (2.92), respectively.
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Wuhan + ICO-hu23

Wuhan + ICO-hu104

Omicron + 1CO-hu104

Delta + ICO-hu104

Wuhan/ICO-
MS was conducted

(@)

-hu104

hu104. HDX-

MS of Full-Length Spike in the presence of ICO-hu23 and ICO

Figure F4. AHDX

hu23

and (d) Delta/ICO-

hu104,

(c) Omicron/ICO

hu104,

(b) Wuhan/ICO-

for 5 (yellow), 10 (blue), and 30 mins (green). To be considered statistically significant in Fig. 6.4, the

cumulative signal must have exceeded three times the summed propagated error (dashed line).
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Appendix G: Supplementary information for Chapter 7.
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Figure G1. Limited Proteolysis of POl GLUT1 embedded in VLP. The GLUT1 sequence is colour-coded
to show the extracellular regions in yellow, predicted trypsin digestion sites in black, the peptides generated
after 1 hour of limited proteolysis with trypsin in pink, and in green, the peptides generated after 3 hours of
proteolysis with Proteinase K. On the right, the GLUT1 transmembrane helices are labeled 1-12 and color

coded according to the rectangles aligned to the sequence (AlphaFold structure AF-P11166-F1).265266
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Figure G2. AHDX-MS of macrocyclic peptide HL5 targeting HTT with a polyQ expansion of 54 repeats
(HTT_Q54). Labeling at 30 sec, 5 min, and 30 min. Yield of 451 peptides, 73.3% sequence coverage, and
2.10 redundancy. Summed differences were plotted on PDB 6X90. HTTQ4 and macrocyclic peptides were
prepared by the labs of Dr. Rachel Harding (Structural Genomics Consortium) and Dr. Hiroaki Suga

(University of Tokyo).
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