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ABSTRACT

Proteins are susceptible to physical and chemical degradation in solution, which can lead to the
loss of therapeutic activity and increase the potential for immunogenic responses when
administered. Many degradation reactions are mediated by water, and therefore the proteins are
often formulated as solids in which degradation rates are slowed significantly. Lyophilization is
the most common method for producing solid protein formulations, which removes the water by
sublimation and desorption under vacuum from the frozen protein solutions. Lyophilization
requires excipients to protect the protein from the inherent stresses involved in the process.
Degradation can still occur during lyophilization and storage, and needs to be characterized in
order to develop a successful formulation with desired storage stability. The analytical techniques
to characterize solid-state proteins are limited, however, and many do not provide site-specific
information and lack the ability to predict stability beforehand.

Recently, solid-state hydrogen-deuterium exchange mass spectrometry (ssHDX-MS) has been
developed to characterize proteins in solid powders with peptide level resolution. The technique
was found to be sensitive to formulation and process changes. The ssHDX-MS metrics are highly
correlated to the long-term storage stability, suggesting that the method can serve as a formulation
screening tool. This dissertation aims to evaluate the factors affecting ssHDX Kkinetics and to
develop a mechanistic understanding of the exchange process in solid samples, which in turn will
support the solid-state protein development and enable it to be conducted in a more a cost and
time-effective way. First, the contribution of peptide-matrix interactions to deuterium
incorporation kinetics in the absence of higher-order structure was assessed using lyophilized poly-
D, L-alanine peptides. Deuterium incorporation depended on excipient type and D2O(g) activity in
the solid samples. A reversible pseudo-first-order kinetic model was proposed and validated using
the experimental data. Second, the reversibility of the hydrogen-deuterium exchange reaction in
the solid-state was evaluated to support the ssHDX mechanistic model further. The reaction was
found to be reversible irrespective of initial conditions and independent of the excipient type. Pre-
hydration of the peptide samples prior to deuterium labeling did not affect deuterium incorporation
in amorphous samples compared to the controls not subjected to pre-hydration. Third, the
contribution of peptide secondary structure to deuterium uptake kinetics was quantified using
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structured PDLA analogs. The deuterium incorporation in structured peptides was less than that of
the PDLA peptides suggesting that both peptide structure and peptide-matrix interactions
contribute to ssHDX-MS. Finally, a quantitative data analysis method was presented that allows
the interpretation of ssHDX-MS data of a protein relative to controls. Altogether, the findings
present a comprehensive mechanistic understanding of the ssHDX-MS of proteins that is relevant

to the industry.
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CHAPTER 1. INTRODUCTION

1.1 Therapeutic proteins

Proteins are an important class of therapeutic agents, which include hormones, enzymes, cytokines,
growth factors, monoclonal antibodies, and various vaccines.® Proteins provide effective and
unique therapy for a broad range of diseases including cancer, cardiovascular diseases, metabolic
and autoimmune disorders.? Since 1993, more than 150 protein-based drugs have been approved
by the Food and Drug Administration (FDA) for clinical use. ® In 2019 alone, approximately 21%
of newly approved drugs in the United States are based on proteins, and many more are in
development.® Globally, the current market for protein therapeutics is approximately 150 billion
USD and is expected to reach 240 billion USD by 2025. # The growing interest in protein-based
therapeutics can be attributed to their advantages over traditional small molecule drugs. Proteins
exhibit highly specific functions to treat complex diseases that cannot be treated by simple
chemical compounds.® Proteins possess less potential for adverse effects as the interference with
normal biological processes is minimized due to their high target specificity.® In addition, proteins
are less likely to induce immunogenic responses as many therapeutic proteins are naturally
produced in humans, such as insulin and glucagon. In terms of the economic benefits, the clinical
development and approval time frames are usually shorter by at least 1 year for proteins compared
to small molecule drugs.® The patent protection may also be far longer for proteins than for small

molecules as they exhibit unique structural conformations and biologic functions.®

Proteins are complex molecules containing hundreds of amino acids with molecular masses in the
range of ten to hundreds of kDa.® Proteins form three dimensional structures comprising primary,
secondary, tertiary, and quaternary levels, unlike the traditional low molecular weight drugs.
Modifications in any of these structural levels can negatively impact the safety and efficacy, due
to which the clinical development of these molecules is challenging.® Protein modifications can
arise due to physical (e.g., aggregation) and chemical instabilities (e.g., oxidation) in solution
because of the presence of water which acts as a medium, reactant or catalyst for many degradation
pathways. These reactions are drastically reduced if water is removed from the formulation. As a
result, proteins are often freeze-dried (lyophilized) to remove water, to reduce the propensity for

degradation and to achieve acceptable storage stability.’
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Lyophilization is a two-step batch drying technique most widely used to produce solid-state protein
pharmaceuticals to date. The first step is freezing of the protein solution under controlled
conditions, and the second step is drying of the frozen formulation under vacuum. The drying step
consists of two phases, including primary drying and secondary drying. The frozen bulk water is
removed via sublimation in primary drying, and the non-frozen "bound™ water is removed by
desorption in secondary drying.” The temperatures in the primary drying phase are typically less
than the product critical collapse temperatures (-10°C to -35°C). In contrast, secondary drying is
usually carried out at higher temperatures (25°C-35°C).

Even though lyophilization is a gentle drying process, it exerts various freezing and drying stresses
on proteins. The freezing stresses include cold denaturation, the formation of ice crystals, solute
concentration, pH changes, and the drying stresses include dehydration and removal of the
hydration shell of the protein molecules.” ® Lyophilization cycle parameters such as cooling rates
affect the size of the ice crystals formed during the freezing step. For example, rapid cooling results
in the formation of large ice crystals, while slow cooling results in small ice crystals with an
increased surface area, which in turn increases the adsorption of proteins on the ice interfaces.
Together, the freezing and drying stresses can denature the proteins to various degrees and lead to
the formation of aggregates. Therefore, to develop a successful formulation with desired storage
stability, certain excipients are required to minimize the stresses and stabilize proteins during the
freezing and drying processes. Since the stresses exerted by freezing and drying are different, the
mechanisms of excipient stabilization are also different. For example, proteins in solution are
stabilized by preferential interaction with water or by the preferential exclusion of excipients from
the protein surface. Similarly, excipients which are preferentially excluded from the surface of a
protein (e.g., sugars) are found to be effective during the freezing step.® Some excipients (e.g.,
surfactants) stabilize the proteins by reducing the surface tension or by modifying ice crystal
dimensions during the freezing process. During the drying process, the hydration layer of a protein
is removed, so the preferential interaction mechanism is not applicable to explain the stabilizing
effect of a lyoprotective excipient. In this case, the excipients stabilize proteins either by forming
an amorphous glass or by replacing interactions with water. According to the vitrification
hypothesis, proteins are stabilized by being trapped in a highly viscous amorphous glassy state,
which drastically reduces the conformational interconversion, thereby increasing protein

stability.X® In contrast, according to the water replacement hypothesis, stabilizing excipients
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replace water and form hydrogen bonds with the proteins at the end of the drying process and
preserve native structure by inhibiting interchain interactions.'* However, a single excipient may
not be sufficient to stabilize the protein adequately, and thus a combination of excipients in the
appropriate proportion is required to produce a stable formulation. In addition, the storage stability
of the formulations depends on the process parameters that are used, such as cooling or heating
rates, and temperature set points in primary and secondary drying. Therefore, it is imperative to
understand the degradation processes and characterize proteins in the solid-state to guide the
development of protein pharmaceuticals.

1.2 Protein instability in the solid-state

Protein degradation rates usually are significantly slower in the solid-state compared to solution
formulations. Nevertheless, degradation can still occur at rates sufficient to impact the safety and
efficacy due to the residual moisture, storage temperature, lack of optimum proportion or
combination of excipients or due to the lyophilization process parameters. Degradation in the
solid-state can be categorized as physical and chemical instabilities. However, the physical and
chemical instabilities are not mutually exclusive as physical instability can induce chemical

instability and vice versa.*?

1.2.1 Physical instability

Physical instability arises due to the changes in three-dimensional conformation and does not
involve any covalent modifications. Protein denaturation, non-covalent aggregation, phase
separation, and phase transition, are four types of physical degradation that occur in lyophilized

protein formulations.

Denaturation: Denaturation refers to the perturbation of protein three-dimensional native
structure. It can occur at both the secondary and tertiary structure levels and leads to the exposure
of hydrophobic residues from the core of a protein. Denaturation arises due to the stresses involved
in the lyophilization process such as low temperatures (i.e., cold denaturation), freeze
concentration, adsorption onto ice-liquid interfaces during the freezing step or due to the
dehydration in subsequent drying steps.’® The free energy of unfolding (AGunf) has a parabolic

relationship with temperature, suggesting that there is a specific temperature at which the protein
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has maximum stability. Therefore, the protein has decreased stability at high or low temperatures.
The lyophilization related stresses may also directly impact the AGunf, and thereby cause
perturbations in the three-dimensional protein structure.’® In addition to the process-related
stresses, proteins can be denatured during storage due to elevated temperatures (i.e., thermal
denaturation). The denaturation temperature (Tm) of a dried protein formulation is usually very
high (i.e., ~150° C), but the Tm can be lower (~65°C) for formulations with increased levels of

moisture.

Non-covalent aggregation: Non-covalent protein aggregation is a major physical instability in
the lyophilized protein formulation, which arises due to the association of partially unfolded or
misfolded proteins. These conformational changes are generally induced by lyophilization related
stresses and expose portions of protein hydrophobic core, leading to aggregation during
manufacturing, storage or upon reconstitution.'? Proteins adsorbed at ice-liquid interfaces may also
unfold to expose the hydrophobic groups leading to aggregation upon dissociation from the
interfaces. Such aggregation is driven by intermolecular hydrophobic interactions, which reduce
unfavorable interactions between water and hydrophobic amino acids. In addition, non-covalent
aggregation is also promoted by hydrogen bonding, ionic interactions, and van der Waals forces.
Several proteins such as bovine growth hormone (bGH), y-interferon, ovalbumin, tetanus toxoid,

and glucose oxidase are known to aggregate non-covalently.'5-18

Phase separation: Protein formulations produced by lyophilization exist in an amorphous phase
with a uniform distribution of the protein and excipients. The complete miscibility of proteins and
excipients is desirable to obtain a formulation with optimum storage stability. However, phase
separation can occur during manufacturing or storage due to the crystallization of buffer salts or
excipients, leading to the formation of protein-rich or excipient rich local domains. For example,
the dibasic form of the sodium phosphate buffer crystallizes during freezing, leaving only the
mono-basic form resulting in extremely low pH (~3.6) in the remaining liquid.*® Similarly, bulking
excipients such as mannitol or glycine also tend to crystallize during storage due to temperature
and moisture effects. Polymeric excipients such as polyethylene glycol (PEG) and dextran also
possess a tendency to phase separate conferring different levels of protection to proteins.?® 2! Phase
separation can exacerbate the destabilization of a protein and may also induce other physical or

chemical degradations.
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Phase transition: The amorphous solids produced by lyophilization present a dynamically
constrained "glassy" state for proteins in which molecular mobility is limited. Amorphous solids
have a glass transition temperature (T4) above which the proteins exist in a dynamically relaxed
viscoelastic state.?? The T4 depends on both the proportions of glass-forming components and
residual moisture in the formulation. Increased moisture levels can reduce the Tg significantly by
plasticizing effects. Phase transition occurs when the Tgis lowered below the storage temperature,
so that the amorphous glassy state becomes a viscoelastic state leading to increased conformational
flexibility of a protein.?® Degradation reactions which require mobility of water or protein are then

greatly enhanced in such phase transitioned systems.

1.2.2 Chemical instability

The chemical instability of a protein involves covalent modification of its residues via bond
formation, cleavage, or rearrangement. It may also include substitution of certain residues leading
to the formation of a new molecule. Protein hydrolysis, deamidation, oxidation, covalent
aggregation, and the Maillard reaction are common chemical instabilities that occur in lyophilized

protein formulations.

Hydrolysis: Lyophilized protein formulations are susceptible to hydrolytic reactions even though
the residual moisture levels are usually less than 1%. Hydrolysis involves chemical reaction with
water by which the covalent bonds connecting the amino acids (i.e., peptide bonds), or side chains
are broken.?* A low amount of residual moisture hinders the hydrolysis of peptide bonds. However,
either the N-terminal or C-terminal amide bonds adjacent to Asp residues are susceptible to peptide
bond hydrolysis. The mechanism of N-terminal peptide bond hydrolysis involves the formation of
a six-membered ring intermediate. In contrast, the C-terminal peptide bond hydrolysis proceeds
via a five-membered ring intermediate.?> Hydrolysis involving the side chain groups (e.g., the
hydroxyl group of Ser) has also been observed. The nucleophilic side chain group of an amino
acid may react with excipients such as glucose followed by the peptide bond hydrolysis. For
example, the loss of activity in lyophilized human relaxin was attributed to the glucose-induced
elimination of the C-terminal Ser residue on the B chain.?®

Deamidation: Deamidation arises due to the hydrolysis of the side chain amide groups of

asparagine (Asn) or glutamine (GIn) residues resulting in the formation of a free carboxylic acid.**
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2! Many proteins are susceptible to deamidation in the solid-state. For example, human insulin is
known to deamidate at AsnA21 and AsnB3 positions in the solid-state.?® The reaction proceeds
with the formation of a cyclic intermediate, which further reacts with water to form desamidoA21
insulin. The cyclic intermediate is also known to react with other insulin molecules resulting in the
formation of a covalent dimer. The deamidation mechanism in the solid-state was found to be
dependent on the pH of the solution before lyophilization.?® 3 For example, the deamidation of an
Asn-containing hexapeptide lyophilized from pH 3 solution proceeded via the direct hydrolysis of
the side chain. In contrast, de-amidation of the peptide lyophilized from a pH 5 solution proceeded
via the formation of a succinimidyl intermediate due to intramolecular reaction between the
carbonyl carbon of Asn side chain and amide nitrogen anion of the succeeding amino acid.?®
Lyophilized proteins such as human growth hormone (hGH), basic fibroblast growth factor (bFGF),
recombinant bovine somatotropin (rbSt) and interleukin-1 receptor antagonist (IL-1ra) have also

been found to be susceptible to deamidation during storage.3'-3*

Oxidation: The oxidation reaction in the solid-state can occur at the side chains of cysteine (Cys),
methionine (Met), histidine (His), tryptophan (Trp) and tyrosine (Tyr).% Oxidation at cysteine
residues yields sulfenic acid (-SOH), sulfinic acid (-SO2H), sulfonic acid (-SOsH), or disulfide (-
SSH) depending on the conditions such as the thiol group spatial position. In contrast, oxidation
at methionine residues leads to the formation of methionine sulfoxide.?* Proteins such as human
insulin-like growth factor 1 (hIGF-1) and interleukin 2 (IL-2) are known to oxidize at methionine
residues in the solid-state.33® Methionine oxidation can occur at low levels of oxygen as in
lyophilized human growth hormone (hGH), where the protein was oxidized at 0.4% of headspace
oxygen during storage.®® *° However, the presence of oxygen may not be the only cause for
oxidation as molecular oxygen is not reactive. Other factors such as peroxide contamination in
formulation excipients, photoactivation of molecular oxygen to reactive singlet oxygen (*O.), and
the presence of trace metals which can generate hydroxyl (*OH) and superoxide radicals (O2*)
may make a significant contribution to the oxidation in the solid-state.'® 26 Methionine oxidation
in lyophilized hIGF-1 was accelerated upon light exposure by a factor of 30 suggesting the
formation of photoactivated reactive oxygen species.® Oxidation was also found to be affected by
the physical nature of the solid. Peptides in the crystalline phase showed no oxidation, while
peptides in the amorphous phase degraded much faster than the corresponding crystalline

counterparts, presumably due to increased mobility in the amorphous phase.®
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Covalent aggregation: Covalent aggregation proceeds via intermolecular bond formation
between protein molecules. Covalent aggregation can be categorized into two types as reducible

and non-reducible aggregation.?’

Reducible covalent aggregation arises due to intermolecular disulfide exchange, which can be
dissociated using denaturants such as dithiothreitol (DTT). Intermolecular thiol-disulfide exchange
occurs when an ionized thiol on one protein molecule attacks the disulfide linkage on another
protein molecule resulting in a new intermolecular disulfide bond.?” Several lyophilized proteins
such as bovine serum albumin (BSA),* B-lactoglobulin,® B-galactosidase,*® recombinant human
albumin (rHA),** and humanized monoclonal antibodies (rhuMAb)* are known to aggregate
covalently via thiol-disulfide exchange. Temperature-induced protein denaturation also leads to
reducible covalent aggregation as a result of disulfide bond formation between non-covalent
aggregates.*> Moisture may also induce covalent aggregation in lyophilized solids if the proteins
contain free thiol groups and disulfide bonds. Covalent aggregation via disulfide exchange can
also occur in proteins that do not contain a free thiol group. For example, insulin does not contain
a free thiol group but possesses two interchain and one intrachain disulfide bonds. However,
cleavage of the sulfur-carbon bond (i.e., B-elimination) yields a free thiol which leads to disulfide

exchange followed by covalent reducible aggregation.*

Non-reducible covalent aggregation does not involve disulfide exchange, and aggregates do not
dissociate in the presence of denaturants. Non-reducible aggregation was observed in lyophilized
tumor necrosis factor (TNF) and human insulin.?® #° The first step in the insulin dimerization is
the formation of a cyclic anhydride intermediate through the deamidation of AsnA21 residue at
the C-terminal. The cyclic anhydride then reacts with the N-terminal free amine resulting in the
formation of dimers such as AspA21-PheB1 and AspA21-GlyA1.2 In contrast, the aggregation of

TNF results in the formation of dimers, trimers, and oligomers.*®

Maillard reaction: Non-enzymatic browning occurs through the Maillard reaction in which the
carbonyl group of a reducing sugar (e.g., glucose, maltose, lactose) reacts with the free amino
group of a basic amino acid (e.g., lysine, arginine, asparagine, and glutamine) leading to the
formation of an N-substituted glycosylamine. This carbohydrate adduct then converts to a Schiff
base and a molecule of water.?% 2" Subsequent rearrangement of the reaction end products leads to

the loss of protein activity and formation of derivatives that cause discoloration of the
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formulation.?® 27 Several lyophilized proteins are known to be susceptible to the Maillard reaction,
including human relaxin,?® acidic fibroblast growth factor (aFGF),*® basic fibroblast growth factor
(bFGF),*? and porcine pancreatic elastase. 4’ The Maillard reaction was also found to occur in
monoclonal antibodies such as lyophilized 1gG, “® and spray-dried anti-IgE.*® Formulations co-
lyophilized with non-reducing sugars such as sucrose may also show the Maillard reaction as the
sugar excipient can be hydrolyzed into reducing sugars, which can then react with the free amine
groups.® Lueckel et al. demonstrated such chemical degradation for lyophilized interleukin 6 (IL-

6) formulations containing sucrose.>

1.3 Solid-state protein characterization techniques

Proteins exhibit unique stability profiles due to their complex structures with chemical and
physical instabilities, which make the development process challenging and expensive. Therefore,
the characterization of the proteins in solid-state is essential to the development of a successful
formulation with acceptable storage stability. The critical parameters such as amorphous glass
dynamics, structural mobility, and conformational changes during storage are characterized using
several techniques discussed below.

Fourier transform infrared (FTIR) spectroscopy: Fourier transform infrared spectroscopy is
the most frequently used method to detect the secondary structural changes after lyophilization or
during storage. FTIR measures the absorption of infrared (IR) light due to vibrational motions of
protein molecules and produces characteristic absorption bands. Proteins possess several
vibrational modes, but only the amide | and amide Il regions are sensitive to structural changes.
The signal is produced mainly by the stretching vibrations of the C=0 groups of the peptide bond
in the amide I region (1600-1700 cm™) and in-plane bending vibrations of the N-H groups in the
amide Il region (1500-1600 cm™).52 5% Any changes in protein secondary structure due to process
or storage-related stresses result in differences in the FTIR spectrum. For example, protein
denaturation shifts amide | bands to higher wavenumbers and broadens the peaks.®* Similarly,
aggregation shows an increase in B-sheet content and is reflected in the FTIR signal.>® However,
the FTIR spectrum typically consists of several overlapping bands and requires mathematical
manipulations. The amide | and amide 11 spectral readings provide global protein conformational

information, but they do not provide information about local conformational changes, which are

29



critical for storage stability. Therefore, FTIR is considered to be a semi-quantitative and low-
resolution technique. It is also insensitive to aggregation caused by tertiary structural changes.
Moreover, FTIR measurements such as peak intensity, and peak position do not always correlate
with storage stability or degradation rates.>® This may be because there are several other factors,
in addition to the native structure preservation, that are not detected by FTIR but govern the protein

stability.

Near-infrared spectroscopy (NIR): Near-infrared spectroscopy is useful to assess the protein
conformation in the solid-state and measures the absorption of IR light by C-H, N-H, and O-H
bonds in the NIR region (i.e., 4000-13,000 cm™). The 4000-5000 cm™ frequency range is
considered as the combination spectral range, whereas the 5000-13000 cm™ frequency range is
known as the overtone spectral range.>® Structural changes, such as unfolding, are usually
associated with changes in intramolecular hydrogen bonding patterns. Any decrease in the
intramolecular hydrogen bonding results in an increase in the frequency of the combination band
in a typical NIR spectrum and vice versa.>® " The secondary structural elements such as o-helices
or B-sheets possess specific band positions, and NIR can monitor any changes in those structures.
For example, an increase in the B-sheet content of lyophilized bovine serum albumin (BSA) due
to aggregation was monitored with band positional changes in NIR spectra.®® NIR spectroscopy is
also useful to measure moisture content, molecular interactions, and crystallinity of the lyophilized
protein formulations.>® However, the assignment of the bands to specific structural elements is
challenging in NIR spectroscopy due to poor resolution and overlapping of the bands. Also, the

signal intensity is weak compared to FTIR spectroscopy.>® ¢

Raman spectroscopy: Raman spectroscopy is useful to probe protein structural changes and side-
chain environments. Raman spectroscopy is a complementary technique to IR spectroscopy as it
measures the inelastic scattering (i.e., Raman scattering) of photons from the polarizable groups.
The monochromatic incident light can be any type, such as visible, near UV, or near IR light
because the Raman effect is independent of the incident light wavelength. Several groups in the
proteins such as -CH, -CHa, aromatic amino acids, and disulfide bonds produce Raman bands.%°
Therefore, side-chain environments such as tyrosine hydrogen bonding and disulfide bridge
conformations can be probed with Raman spectroscopy.®* Raman spectroscopy can also be used
to measure structural perturbations due to process-related stresses and to screen excipients for

formulations. For example, the effects of lyophilization and spray drying on the structure of a
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monoclonal antibody were quantified using Raman spectroscopy, and the secondary structure
content was successfully correlated with storage stability.5? The disadvantages of this technique
include weak Raman scattering and the requirement of a large quantity of sample to obtain a
reliable spectrum. The heat generated during the analysis may also affect protein stability and the

background fluorescence signal might interfere with the Raman signal of the protein sample.*®

Solid-state fluorescence spectroscopy: The secondary structure of the protein, either a-helix or
[-sheet, comprises intramolecular hydrogen bonds. The secondary structural elements fold into a
three-dimensional tertiary structure due to the interactions of the side chains of amino acid residues.
Thus, minor changes in the secondary structure can lead to the loss of the tertiary structure of a
protein. Therefore, it is crucial to characterize the tertiary structure of a protein in a solid sample,
and solid-state fluorescence spectroscopy is an ideal technique for such purpose.® In this method,
the fluorescence of aromatic amino acids, such as tryptophan, is measured. When the aromatic
amino acids are exposed, as in unfolding, the emission maximum (i.e., Amax) Shifts to longer
wavelengths (i.e., redshift). For example, unfolding in lyophilized - lactoglobulin was identified
with the redshift in Amax Of tryptophan fluorescence.®® In another study, aggregation caused a
decrease in the fluorescence intensity of a lyophilized monoclonal antibody.% The disadvantages
of this technique include the interference of scattered light and the high optical density of solid

protein samples.

Differential scanning calorimetry (DSC): Differential scanning calorimetry measures the heat
capacity difference between a sample and a reference as a function of temperature. It is widely
used to measure the glass transition temperatures of amorphous solids.% Since lyophilization
usually produces amorphous protein samples, it is essential to obtain the T4 value of a formulation
as it defines the storage conditions. Because the molecular mobility of the protein is limited at
temperatures below the Ty, protein degradation rates are significantly reduced at these conditions.
The measured Ty values of proteins often act as a supplement to the spectroscopic or
chromatographic techniques. This technique has been used to evaluate the degradation of
lyophilized proteins such as human growth hormone (hGH), monoclonal antibodies and to study
phase separation during lyophilization and storage.® ¢’ Glass transition temperature measurements
may not be sufficient to design a formulation as they merely suggest a safe storage condition.
However, degradation still occurs temperatures below the T4 and the Tg values often correlate

poorly with storage stability.%®
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Solid-state nuclear magnetic resonance spectroscopy (SSNMR): Solid-state nuclear magnetic
resonance spectroscopy is a high-resolution analytical technique that measures the absorbance of
radiofrequency radiation by atomic nuclei (*H, *C, **N) in a magnetic field. Solid-state NMR
provides atomic-level information about protein structure and dynamics.%® It is also useful to study
the physical and chemical degradation of proteins in the solid-state. For example, sSNMR has been
used to study the effects of excipients on asparagine deamidation rates in model peptides.®® The
ssSNMR metrics such as the spin-lattice relaxation time (T1), and rotating frame spin-lattice
relaxation time (T1p) have been used to study the protein miscibility with excipients in lyophilized
solids.” The relaxation times have also been successfully correlated to long-term storage stability,
demonstrating the advantages of ssNMR.®* However, lyophilized solids are spatially
heterogeneous, and the molecular orientation of the protein is random, which makes it challenging
to obtain detailed structural information. Moreover, the sSNMR technique itself is complex, and
the peak assignments to obtain site-specific information for large proteins like monoclonal

antibodies may be challenging.

The techniques described in this section provide either global or local level structural information
and often lack the ability to predict storage stability. Thus, there is an unmet need for a high-
resolution analytical technique that can be used to characterize solid-state protein formulations
with the capability to predict storage stability. Such a technique would significantly advance
formulation development and enhance our understanding of the proteins in the solid-state. Solid-
state hydrogen-deuterium exchange mass spectrometry (ssSHDX-MS) has been promising in solid-

state protein characterization, as discussed in the following section.

1.4 Solid-state hydrogen-deuterium exchange mass spectrometry (ssHDX-MS)

Solid-state hydrogen-deuterium exchange mass spectrometry is a novel analytical technique that
measures protein structure and conformational dynamics in the solid-state. In ssHDX-MS, the
solid protein samples are exposed to vapor phase DO under controlled relative humidity and
temperature conditions.” The solid samples absorb D,O from the vapor phase due to their inherent
hygroscopicity. The absorbed D,O diffuses into the matrix leading to the interaction with amide
groups. The unprotected amide groups exchange faster and to a greater extent than the protected

amide groups. The deuterium uptake by the protein in the solid sample is measured by quenching
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and reconstituting the protein sample in a low pH and ice-cold buffer (pH ~ 2.7) followed by mass
spectrometric analysis. The deuterium uptake kinetics, such as the rate and extent, are obtained by
fitting the mass spectrometric data to a mono-exponential or bi-exponential model.”* The method
provides global (i.e., intact protein) and local (i.e., peptide/protein digest) structural information,

and therefore it is considered as a high-resolution technique.’ "

The extent of deuterium incorporation is related to the preservation of the native structure. Proteins
with well-preserved native structures show lower deuterium incorporation, and proteins with poor
structure preservation (e.g., partial unfolding) show increased levels of deuterium incorporation.
The extent of deuterium incorporation has been found to be highly correlated with the storage
stability of lyophilized proteins such as myoglobin, monoclonal antibodies, and antibody
fragments.”>" This suggests that ssHDX-MS can be used as an early read-out technique to screen
formulations in the development stage, reducing cost and time significantly.

ssHDX-MS can also be used to study the spatial or conformational heterogenicity of a protein in
solid samples by comparing the deconvoluted mass spectrum peak widths at the same deuteration
levels. The peak width is related to the heterogenicity in the solid protein samples, so that broad
peaks suggest higher heterogenicity than narrow peaks. For example, Wilson et al. recently
compared the deconvoluted mass spectral peak widths of myoglobin or bovine serum albumin co-
spray dried with or without excipients.”® The formulations containing dextran showed broader
peaks than the formulations with sucrose or trehalose, suggesting an increase in the heterogenicity
in dextran containing formulations.” Similarly, Moorthy et al. quantified the formulation
heterogenicity in myoglobin formulations by comparing the deconvoluted mass spectral peaks.
The formulations containing sodium chloride or without excipient showed broader peaks than
formulations containing sucrose, consistent with the increased spatial or conformational

heterogenicity.”

In the past ten-years, ssHDX-MS has been used extensively to study protein conformation and
dynamics in solid powders produced by lyophilization or spray drying. The method has shown
promising results and can act as a surrogate to the time consuming conventional long-term stability
studies. However, to date, the fundamental mechanisms of ssHDX-MS are not clear. Current
research addresses this knowledge gap and begins to develop a mechanistic understanding of the

solid-state hydrogen-deuterium exchange mass spectrometry of proteins.
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1.4.1 Fundamentals of hydrogen-deuterium exchange in solution

Proteins consist of several amino acids linked by amide bonds, each of which possesses an amide
proton except proline. A typical protein molecule contains three types of hydrogens from
hydrogen-deuterium exchange reaction perspective: (i) hydrogens attached to carbon (C), (ii)
hydrogens attached to oxygen (O), nitrogen (N) or sulfur (S) groups on side chains and (iii)
hydrogens attached to nitrogen (N) on amide groups.”” The hydrogen atoms attached to carbon do
not exchange and the hydrogens attached to O, N, or S groups on side chains exchange on the
millisecond time scale, which is not measurable with any analytical technique. The hydrogens

attached to the amide nitrogen group exchange on measurable time scales.”” 7

The primary reaction in hydrogen-deuterium exchange is the transfer of deuteron from D20 to
protein amide and the subsequent transfer of amide proton from protein to D>O. The hydrogen
exchange between DO and the protein amide groups is either base-catalyzed (OD") or acid-
catalyzed (Ds0O") in pH-dependent reactions (Figure 1.1).”° In the base-catalyzed reaction, the
amide proton is abducted by the nucleophilic attack of OD"resulting in the formation of an amidate
anion. Next, this anion is deuterated by excess D20 in the environment. On the other hand, the
acid-catalyzed mechanism involves the deuteration of either the amide nitrogen group or the amide
oxygen group by D3O". Given that an oxygen group is more basic than a nitrogen group, O-
deuteration is a predominant acid-catalysis hydrogen exchange mechanism. The O-deuteration of
amide groups by D3O" leads to the acidification of amide hydrogen, which is then abstracted by
excess D20 in the environment resulting in the formation of an imidic acid group. This group is
then deuterated by D30", leading to the formation of deuterated amide nitrogen. In contrast, N-
deuteration is simpler where the amide nitrogen group is deuterated by D3O*, and then the amide
proton is abstracted by excess D20 in the environment.

The hydrogen-deuterium exchange reaction is also catalyzed by water (i.e., D20). This reaction
involves the deuteration of the amide carbonyl group by water (D,0) followed by the NH group
proton removal by OD". Thus, for an unstructured peptide, the chemical exchange rate (ken) in a
D0 solution can be defined as: "

kcn = kinep[D30™] + kintop[0OD™] + Kine p,0[D20] (1.1)
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where ke is the chemical exchange rate and Ky p » Kint,op, Kine,p,0 @re acid-catalyzed, base-

catalyzed, and water catalyzed intrinsic exchange rate constants, respectively.
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Figure 1.1. Hydrogen-deuterium exchange reaction mechanisms in solution. (a) base catalysis,
(b) acid catalysis by N-protonation, and (c) acid catalysis by O-protonation (adapted from 81).

1.4.2 Hydrogen-deuterium exchange in proteins with higher-order structure

The hydrogen-deuterium exchange reaction in proteins with higher-order structure is complicated
since the amide hydrogens are not easily accessible to exchange catalysts. Some amide hydrogens
are distributed on the surface, and some are buried inside the hydrophobic core. Therefore, the
structural environment is non-homogeneous. Several factors, such as stearic inaccessibility,
internal hydrogen bonding, and local charge distributions, affect hydrogen exchange rates. There
are multiple mechanistic models available to explain hydrogen-deuterium exchange in folded
proteins (stable state), as discussed below.
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Local unfolding model: According to the local unfolding model,®? proteins in solution show local
conformational fluctuations. These fluctuations can be small scale, such as the breakage of a single
hydrogen bond or as large as the unfolding of a local segment in a structured protein. The
fluctuations lead to an "open" state of a protein in which the amide hydrogen groups are accessible
to the deuterium donor. One assumption in this model is that in the opened state, a protein is
considered to be an unstructured segment, so the hydrogen-deuterium exchange is thought to occur
outside the protein native state. The local fluctuations can occur in small segments (approximately
ten amino acid residues) of a protein due to the transient breakage of internal hydrogen bonds.
Since a segment is assumed to be unfolding, the exchange rates of all amide hydrogens in that
region are expected to be of the same order of magnitude. This is known as cooperative exchange
behavior. The local fluctuation model does not consider the depth of the burial of amide hydrogens
that can hinder the exchange rates by several folds.

Solvent penetration model: According to the solvent penetration model,® the hydrogen exchange
catalyst penetrates the core of a protein through channels formed by non-cooperative motions. The
exchange rate of a proton depends on the depth of burial and accessibility to the hydrogen exchange
catalyst. The amide hydrogens exposed on the surface and in channels exchange rapidly due to
high solvent accessibility. In contrast, the amide hydrogens in the core of a protein exchange
slowly because the solvent or catalyst has to diffuse through transient channels and cavities. The
protein motions which are assumed to create channels for solvent penetration occur on a small
scale. Unlike the local fluctuation model, the exchange rates of adjacent protons differ, and thus
the exchange is highly localized. As shown in Figure 1.2, the protein is in its native state, and the
deuteration catalyst (c) is in the bulk solution. In step Il, the formation of a channel leads to the
penetration of the catalyst into the protein where the internal diffusion of the catalyst leads to its

collision with amide protons resulting in hydrogen-deuterium exchange.
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Figure 1.2. Schematic representation of the solvent penetration model (adapted from 84).

Two notable differences with the local unfolding model are, i) hydrogen exchange occurs in the
protein interior, and ii) the exchange rates are non-cooperative, i.e., the neighboring residues
exchange independently.

Regional melting model: Kossiakoff proposed a variant of the local unfolding model in 1982.8°
According to this model, the local unfolding does not lead to the extrusion of the protein backbone
into solution. In contrast, cooperative intramolecular hydrogen bond breakage leads to localized
structural disruption of protein and forms small clefts on the surface. These clefts are then filled
with solvent molecules or deuteration catalysts, leading to hydrogen-deuterium exchange inside
the clefts.

Relayed imidic acid model: Tuchsen et al. proposed a variant of the solvent penetration model in
1985.8% This model addresses the critical issues of the solvent penetration model where the catalyst
ions must penetrate channels either in large-sized hydrated states or in energetically costly ionized
state. The relayed imidic acid model suggests that the hydronium ions need not pass through the
channels, but the charge delocalization through the hydrogen bond network can initiate exchange
in buried sites where water molecules are available. According to this model, hydrogen-deuterium
exchange occurs at the surface, and the charge delocalization results in the formation of imidic

acid intermediates, as shown in Figure 1.3.
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Figure 1.3. Schematic representation of the relayed imidic acid model (adapted from ).

Linderstrom-Lang model: The Linderstrom-Lang model of protein hydrogen-deuterium
exchange is widely accepted and is based on the unfolding model described earlier. This model
explains hydrogen-deuterium exchange as a two-step process in which the protein undergoes

breathing motions, i.e., transient opening and closing events in solution as a result of internal

hydrogen bond breakage and reformation (Figure 1
hydronium ions then access amide groups in the

exchange.
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Figure 1.4. Schematic representation of the Linderstrom-Lang model. (a) local unfolding events,

or (b) global unfolding events (adapted from &%).
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This model favors local fluctuations rather than the rare global unfolding events. Since it includes
opening and closing events in a protein, there are several kinetic processes in addition to the rate

of chemical hydrogen exchange (kcn) such as the rate of opening (kop) and the rate of reclosing
(Ker).
Thus, the hydrogen-deuterium exchange rate in a folded protein can be described by the following

equation:

kop X kcp
kop + ki + ken

kupx =
In the native state of a protein ko >> kop S0 that the above equation can be re-arranged as:

o kop X keen
HPX kcl + kch

In the Ex1 limit, where ko <<Kh, the hydrogen exchange rate depends only on the rate of opening

events, i.e., Knpx = Kop.

In the Ex2 limit, where ko >>kop, the hydrogen exchange rate depends on both the opening and

closing rates as shown below:

kop X Kep
kypx = k—
cl

1.4.3 Factors affecting hydrogen-deuterium exchange in solution

The hydrogen-deuterium exchange of a peptide or protein depends on several factors in addition

to the structural and conformational changes, as discussed below.

pH and temperature: The chemical hydrogen-deuterium exchange rate is pH dependent with a
minimum value in the range of 2.5-3.0 (pHmin). The pH vs. chemical hydrogen exchange rate
profile shows a V-shaped curve, as shown in Figure 1.5.
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Figure 1.5. Chemical hydrogen exchange rate vs. pH profile in a poly-D, L-alanine peptide
(adapted from 8187),

The reaction is base-catalyzed above pHmin and is acid-catalyzed below pHmin. The water catalyzed
reaction rates are often omitted from equation (1.1) because those values are much smaller than
the acid and base catalysis reaction rates. The water catalysis is predominant only in the pH range

of 2.5 -3.0, where both acid and base catalysis are equal.’® 8’

The chemical exchange rates are also temperature-dependent because the water ionization constant
(ko for D20) increases with temperature, which results in increased hydrogen exchange catalysis.
The exchange rates vary exponentially with temperature and decrease by 14- fold when the
temperature is decreased from 25° C to 0° C.”® Thus, the hydrogen exchange experiments typically
are carried out at 25° C and at physiological pH 7.0 where the exchange rates are high. The reaction
is then quenched by reducing the pH to pHmin, which is defined as the pH value where hydrogen
exchange rates are lowest (i.e., 2.5-3.0), and the temperature to close to zero, prior to analysis.

Amino acid side chains: In 1972, Molday et al. studied the effect of nearest-neighbor amino acid
side chains on adjacent amide hydrogen exchange rates in peptide derivatives.®® The electron-
withdrawing side chains increased the base-catalyzed reaction due to their inductive effects and
decreased the acid-catalyzed reaction rates relative to a reference compound. Positively charged
side chain groups increase the tendency of amide anion formation and thus increase the acidity of
the amide proton in the base-catalyzed mechanism. On the other hand, such side chain groups

inhibit the formation of cationic amide intermediate groups in acid-catalyzed hydrogen-deuterium
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exchange reactions. The increase in base-catalyzed reaction rate and decrease in acid-catalyzed
reaction rates are not equal, so the exchange rate at pHmin Varies with the type of side-chain group.
Charged amino acids, such as lysine and aspartic acid, were found to affect the acid-catalyzed
reaction, and other amino acids such as histidine, asparagine were found to affect the base-
catalyzed reaction. Amino acids with similar functional groups on their side chains (e.g., threonine,
serine) have been found to affect neighboring amide exchange rates. Overall, the nearest neighbor

amino acid groups affect adjacent amide hydrogen exchange rates.

In 1993, Bai et al. studied the effects of 20 amino acid side chains on neighboring alanine amide
group hydrogen exchange rates in dipeptide models.” The adjacent group's inductive and stearic
blocking effects on amide exchange were evident in model peptides tested, and these effects were
found to be additive. The polar side-chain groups, such as those in serine and cysteine, withdraw
electron density from neighboring groups leading to the increased acidity of amide hydrogens. As
a result, the base-catalyzed reaction rates increase, and the acid-catalyzed reaction rates decrease
because the addition of a proton to the acidic amide group is non-favorable. Thus, the pHmin, in the
V-shaped exchange rate vs. pH graph (Figure 1.5), shifts to lower pH values. Other side chains,
such as in leucine, tend to decrease both acid and base catalyzed exchange rates leading to a
reduction of kmin in the VV-shaped exchange rate vs. pH graph (Figure 1.5). This effect has been
attributed to the side-chain stearic blocking of neighboring amide groups and is predominant for
amino acids with beta-branched side chains. The stearic blocking effect of an amino acid on its
neighboring amide group is position-dependent, meaning that the N-terminal amide group tends
to have a greater blocking effect than the one on C-terminal side of an amino acid which has polar

or bulky side chains.”

Solvent composition: Solvent composition influences peptide amide hydrogen exchange. For
example, the hydrogen exchange of PDLA in 50% CH3CN or 50% dioxane showed lower base-
catalyzed rates than the corresponding rates in pure aqueous solutions.®* This effect has been
attributed to the decrease in water ionization constant (Kw) and subsequent decrease in the
concentration of hydroxyl ions due to the presence of organic solvents. In addition, the
denaturation effects of organic solvent on protein may contribute to changes in hydrogen exchange

parameters.
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Pressure: The effect of pressure on hydrogen exchange rates was studied by Carter et al. using
folded proteins (i.e., lysozyme and ribonuclease), and random coil peptides (i.e., poly-D, L-lysine
and oxidized ribonuclease-A).2° Pressure enhanced base-catalyzed hydrogen exchange in folded
proteins, but similar effects were not observed for random coil peptides. The effect of pressure on
hydrogen exchange was attributed to pressure-induced unfolding and increased solvent penetration
into folded proteins. In another study, hydrogen exchange rates of chymotrypsinogen-A increased
proportionally with an increase in pressure at room temperature.®® This effect was attributed to the
denaturing effects of pressure since the exchange rates were larger at high pressure where the

protein structure is completely perturbed.*

lonic strength: The effect of ionic strength on amide hydrogen exchange was studied by Baldwin
et al. using a neutrally charged poly-D, L-alanine, and positively charged poly-D, L-lysine (PDLL)
peptides in solutions varying in sodium chloride concentration.® The effect of salt concentration
on PDLA hydrogen exchange was negligible, but the acid-catalyzed PDLL hydrogen exchange
was increased by three-fold when salt concentration was increased from 60 mM to 1 M. On the
other hand, the base-catalyzed PDLL hydrogen exchange was decreased by fifty-fold when the
salt concentration increased from 2 mM to 1 M. The concentration of salt was also found to affect
the pHmin value. The changes in acid and base-catalyzed hydrogen exchange rates of PDLL are
associated with a shift in pHmin from 1.3 to 2.6 when the sodium chloride concentration increased
from 0 M to 2M. In another study, Tuchsen et al. found similar ionic strength effects on hydrogen
exchange rates of bovine pancreatic trypsin inhibitor (BPTI) in potassium chloride solutions
varying in concentration from 0.02 M to 0.43 M. However, the effect of ionic strength on hydrogen
exchange was dependent on the location of amino acids in BTPI due to varying local electrostatic
field.%

1.4.4 Mechanistic models for solid-state hydrogen-deuterium exchange

To date, there are no mechanistic models to explain the hydrogen-deuterium exchange kinetics in
the solid-state. The solution hydrogen-deuterium exchange models cannot be applied to the solid-
state as there are several fundamental differences between these methods, as described below.
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e The rate and extent of hydrogen exchange in the solid-state are affected by stabilizing
excipients. Unlike solution HDX, protein matrix interactions play a vital role in solid-state
HDX kinetics in addition to protein structure.®

e Protein mobility in the solid-state is limited, so the transient folding and unfolding events
which govern HDX in solution are very slow in solids.®* This suggests that rate processes that
are much slower than the ke, kop, and ken dominate in solid-state HDX.

e HDX in the solid-state involves additional mass transport processes such as vapor sorption and
diffusion. The Linderstrom-Lang model does not describe the effect of these processes on
HDX kinetics.

e The rate and extent of hydrogen-deuterium exchange are affected by the activity of sorbed
D20(g), Which is not included in the Linderstrom-Lang model.”?

e The Linderstrom-Lang model assumes that the chemical exchange process (Ken) is
irreversible.®® Since HDX in the solid-state is slower than HDX in solution, this assumption
may be violated on the longer timescales of ssHDX.

e Chemical exchange in solution is affected by both pH and temperature. However, pH is not
defined in the solid-state, and the interpretation of temperature effects is complicated by glass
transitions of amorphous solids.

e The physical nature of solids (amorphous or crystalline) and the spatial heterogeneity of protein
may affect hydrogen-deuterium exchange in the solid state. These parameters are not included
in the Linderstrom-Lang model.

e According to the Linderstrom-Lang model, HDX in solution is a sequential process, meaning
that the protein must unfold by the transient disruption of intramolecular hydrogen bonds

before exchange can occur. It is not clear if this assumption holds for ssHDX.

For these reasons, the mechanistic interpretation of the ssHDX is complicated. The current
research aims to evaluate the factors that influence the rate and extent of solid-state hydrogen-
deuterium exchange. The studies also present a reversible pseudo-first-order kinetic model and a
guantitative data analysis method that can be used to interpret the ssHDX-MS of therapeutic

proteins.
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1.5 Specific aims and hypotheses

The main objective of this research is to evaluate the factors affecting the kinetics of solid-state
hydrogen-deuterium exchange and to develop a mechanistic model to interpret the deuterium
incorporation Kinetic data of proteins in ssHDX. The studies reported here test the central
hypothesis that solid-state hydrogen-deuterium exchange is affected by protein structure, protein-
matrix interactions and by DO activity, and that the hydrogen-deuterium exchange reaction is
reversible on the experimental time scale. The following specific aims were proposed to test the

central hypothesis.

Specific Aim 1: To demonstrate that the rate and extent of deuteration in ssHDX-MS depend on
excipient type and D.O( activity in the absence of higher-order protein structure, using
unstructured poly-D, L- alanine (PDLA) peptides, and to develop a model that describes ssHDX-

MS kinetics in this system.

Protein amide hydrogen exchange rates are affected by intramolecular hydrogen bonds (i.e.,
structure) and by the extent of solvent shielding in solution. However, in the solid-state, protein-
matrix interactions may contribute to ssHDX kinetics in addition to protein structure, as described
earlier. To demonstrate that protein-matrix interactions play a role in ssHDX-MS, the ssHDX
kinetics must be evaluated in the absence of significant secondary structure. The unstructured poly-
D, L-alanine model peptides were selected for this reason. The PDLA peptides were co-lyophilized
with stabilizing or destabilizing excipients, and the deuterium incorporation was evaluated at
varying D2O(g) relative humidities to quantify the effects of excipient type and D20 activity on
the ssHDX-MS Kkinetics. The studies test the hypothesis that the rate and extent of deuterium
incorporation will be affected by excipient type and D20g) activity in sSSHDX-MS studies of PDLA,
effects that will not be observed in solution HDX controls.

Specific Aim 2: To evaluate the reversibility of deuterium incorporation in ssHDX-MS using fully
deuterated PDLA peptides transferred from a fixed RH in D20 to fixed RH in H20(g), to develop
a model that describes ssHDX-MS kinetics in this system, and to evaluate the effect of
prehydration on deuterium incorporation in ssHDX-MS using PDLA peptides prehydrated at a
fixed RH in H20(g) and transferred to a fixed RH in D20).

The chemical hydrogen-deuterium exchange reaction in the solution state is irreversible due to the

high deuterium activity (i.e., ap~ 1), dilution of the protons that are exchanged with deuterium,
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and short experimental time scales (milliseconds to minutes). However, this assumption may not
be valid on the longer time scales (hours to days) of ssHDX-MS as the D20O(g) activity in the solids
is usually less than 0.5. To demonstrate that the chemical exchange reaction is reversible in the
solid-state, the PDLA peptides were co-lyophilized with various excipients and maximally
deuterated at controlled D20 relative humidity conditions. The deuterated samples were then
transferred to corresponding H20 relative humidities, and the deuterium loss monitored over time.
The effects of pre-hydration on the rate and extent of deuterium incorporation was also evaluated
by pre-hydrating the PDLA formulations in controlled H,O RH followed by deuterium labeling in
the corresponding D2O RH conditions. The studies test the hypothesis that the hydrogen-deuterium
exchange reaction in the solid-state is reversible, that the reverse rate constants are independent
of excipient type and % RH D>0 on the experimental time scale and that deuteration kinetics are
not affected by pre-hydration prior to deuterium labeling.

Specific Aim 3: To demonstrate the effects of peptide secondary structure and peptide-matrix
interactions on the Kinetics of deuteration in ssHDX-MS of lyophilized peptide formulations using
analogs of PDLA with alpha-helical and beta-sheet structure, and to develop a quantitative data
analysis and interpretation method for the ssHDX-MS of proteins.

Two model peptides were chosen to determine the contribution of peptide secondary structure to
deuterium uptake kinetics in addition to peptide-matrix interactions: one peptide containing an a-
helix secondary structure and the second peptide with a p-sheet secondary structure. These
peptides were selected, ensuring that the comparisons between unstructured and structured
peptides can be made. The PDLA and the PDLA analog peptides were co-lyophilized with
stabilizing or destabilizing excipients, and deuterium incorporation was measured at two D20(g)
relative humidities (i.e., 11% and 23% RH) to quantify the effects of secondary structure, excipient
type and D2O(g) activity on the ssHDX-MS kinetics. The studies test the hypothesis that the rate
and extent of deuterium incorporation are affected by secondary structure, excipient type, and
D20 activity in ssHDX-MS studies of analogs of PDLA with alpha-helical and beta-sheet
structures, effects that will not be observed in solution HDX controls.
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1.6 Overall approach

Model peptides: The poly-D, L-alanine peptides were chosen as a model for unstructured peptides
as they lack higher-order structure in solution and solid-state due to the random arrangement of D-
and L-alanine residues. The PDLA peptides also possesses adequate solubility and are
commercially readily available. The PDLA peptides do not contain bulky side chains, which may
complicate the HDX analysis due to steric hindrance effects. In addition, PDLA is a mixture of
peptides ranging from 6 amino acids to 44 amino acids in length, making it possible to monitor
deuteration kinetics for peptides of varying length. The PDLA analogs, Peptide A and Peptide B,
were chosen as they contain o-helix and B-sheet secondary structures, respectively. Peptide A
consists of 16 amino acids (Ac-(AsK)3A-NH>), and Peptide B consists of 14 amino acids (Ac-
KA12K-NH>). Both are comprised mainly of alanine residues, allowing comparison of the ssHDX-
MS kinetic data with the corresponding length PDLA peptides. Peptide A and Peptide B also
contain a few lysine residues which impart the required aqueous solubility. The structured peptides

were acetylated at N-terminusl and amidated at the C-terminus based on previous reports.-8

Excipients for lyophilization: Several stabilizing and destabilizing excipients were selected for
lyophilization. Two sugar excipients (sucrose and trehalose) were chosen since they are known to
protect proteins during lyophilization either by water replacement or vitrification.'* ® Sucrose and
trehalose are similar in molecular size but have different glass transition temperatures. Since
sucrose has a lower glass transition temperature (T4) than trehalose, the extent of interaction
between the peptide and sucrose is expected to be greater than the interaction between the peptide
and trehalose.%® Another sugar, mannitol, was chosen because of its tendency to crystallize during
lyophilization and possess reduced interaction with the peptide. A common tonicity modifying
agent, sodium chloride, was used as a negative control since it is not capable of interacting with
the peptides through hydrogen bonding. A chaotropic agent, guanidine HCI, was selected as a
control since it does not protect the peptides. A control peptide-only formulation lyophilized

without any excipients was also used in the study.

Methods: A conservative lyophilization cycle was used to produce six different formulations of
PDLA, Peptide A and Peptide B. The peptide and the excipient ratio were 1:7 % w/w for all
formulations except the excipient-free formulation. The peptide structures were confirmed with

circular dichroism (CD) in solution, and Fourier transform infrared spectroscopy (FTIR) in the
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solid-state. The physical nature of the solid samples was characterized by powder X-ray diffraction
(PXRD). The glass transition temperatures of the peptide formulations were determined using
modulated differential scanning calorimetry (MDSC). Solution HDX-MS was carried out on pre-
lyophilization solution samples as a control. ssHDX-MS was carried out at varying D0 relative
humidities ranging from 6% RH to 97 % RH D20 (Specific Aim 1). The pre-hydration and the
reversibility ssHDX-MS experiments were carried out at 6% RH and 11% RH D,0O (Specific Aim
2). Similarly, the ssHDX-MS experiments of structured PDLA analogs were carried out at 11%
RH and 23% RH D.0O (Specific Aim 3).

Data analysis: The deuterium incorporation in each peptide formulation was determined using the
Mass Hunter-Bioconfirm software package (B.03.01, Agilent Technologies) and the HDExaminer
software (Version 2.0, Sierra Analytics). Deuteration data from the ssHDX-MS experiments were
fitted to a mono-exponential model, and the deuterium incorporation kinetic parameters were

calculated and statistically analyzed using GraphPad Prism software (Version 8.4.0).

D = Dy (1 — e_kt)

where D is the percent deuterium uptake at labeling time t, Dmax is the deuterium uptake at infinite
time, and k is an apparent first-order rate constant for deuterium incorporation. The deuterium
removal data in the reversibility ssHDX-MS experiments (Specific Aim 2) were fitted to a mono-
exponential decay equation, and the kinetic parameters were calculated and statistically analyzed
using GraphPad Prism software (Version 8.4.0).

D = Dy + (Dmax - Dmin)e_kt

where D is the percent deuterium (%) remaining at time t, Dmin iS the minimum deuterium
incorporation (%) at infinite time, Dmax is the initial deuteration (to), and k is an apparent first-order

rate constant for deuterium loss.
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CHAPTER 2. SOLID-STATE HYDROGEN-DEUTERIUM EXCHANGE
MASS SPECTROMETRY (ssHDX-MS) OF LYOPHILIZED POLY-D, L-
ALANINE

This chapter was published as a research article in Molecular Pharmaceutics (2019, 16 (7), 2935-
2946) and reproduced with permission. Copyright (2019) American Chemical Society.
DOI: 10.1021/acs.molpharmaceut.9b00162

2.1 Abstract

Solid-state hydrogen deuterium exchange mass spectrometry (sSSHDX-MS) has been developed to
study proteins in amorphous solids, but the relative contributions of protein structure and protein-
matrix interactions to exchange are not known. In this work, short unstructured poly-D,L-alanine
(PDLA) peptides were co-lyophilized with sucrose, trehalose, mannitol, sodium chloride or
guanidine hydrochloride to quantify the contributions of protein-matrix interactions to deuterium
uptake in ssHDX-MS in the absence of higher order structure. Deuterium incorporation differed
with excipient type and relative humidity (RH) in D2O), effects that were not observed in solution
controls and are not described by the Linderstrom-Lang model for solution HDX. A reversible
pseudo first-order kinetic model for deuterium uptake ssHDX-MS is proposed. The model agrees
with the experimentally observed dependences of apparent deuteration rate and plateau value on
RH in ssHDX-MS of PDLA, and reduces to the Linderstrom-Lang limit when the forward rate of

exchange is much greater than the reverse rate.
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2.2 Introduction

Many protein drugs are marketed as lyophilized solid powders to preserve their structure and
prolong shelf-life. Of the 107 protein drugs approved by the FDA in the last ten years, 46 (43%)
are marketed in solid forms. Excipients such as sucrose or trehalose are usually included in these
products, and are thought to stabilize proteins by forming hydrogen bonds with the protein® or by
producing a glassy solid of low molecular mobility.? To select excipients and develop the final
product, candidate excipients are evaluated in stability studies, which can take months or years to
complete. In principle, detailed physicochemical analysis of the lyophilized powders could be used
as an alternative to stability studies, reducing the time needed for product development. Stability
data are in fact supplemented with various physicochemical properties of the powders, including
the glass transition temperature (Tg), moisture content and protein secondary structure in the solid
state (e.g., by Fourier Transform Infrared Spectroscopy, FTIR). While these measurements provide
information about the solid-state properties of the drug product, they are usually poorly correlated
with storage stability, and stability studies therefore remain the benchmark. In order to accelerate
formulation development and improve our understanding of protein stability in amorphous solids,
there is an unmet need for a stability-indicating analytical method for proteins in the amorphous

solid state.

Over the past ten years, our group has developed solid-state hydrogen deuterium exchange with
mass spectrometric analysis (sSHDX-MS) as a novel analytical method for proteins in lyophilized
solids, providing high resolution information on protein structure and matrix interactions in the
amorphous solid state.>** In an ssHDX-MS experiment, vials containing a lyophilized protein are
placed uncapped in a sealed desiccator and exposed to D20 at constant temperature and D20
activity (i.e., relative humidity (RH) in D20). Vials are removed at various times, flash frozen in
liquid nitrogen and stored at -80°C prior to analysis. For analysis, vials are reconstituted under
guench conditions (pH 2.5, ~ 0 ° C) and quickly injected into a tandem liquid chromatography /
mass spectrometry system (e.g., ESI-MS). The number of deuterium atoms incorporated is
calculated from the deconvoluted m/z spectra by subtracting the native (non-deuterated) mass of
the protein from the mass value at each time point. Samples can also be subjected to proteolytic
digestion (e.g., using an in-line immobilized pepsin column) to enable the sites of deuterium
incorporation to be identified. The kinetics of exchange for the intact protein and each digest
peptide are fitted to mono-exponential or bi-exponential equations, as warranted by the data.
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Deuterium incorporation for the fragments can be mapped onto a three-dimensional structure or a
homology model to provide a visual representation of the sites of deuterium incorporation. Our
group has shown that ssHDX-MS is sensitive to changes in formulation,>%191213 moisture
content®® and processing method.*!! More recently, ssHDX-MS has also been shown to be highly
correlated with the storage stability of various formulations of myoglobin (Mb) and of a
monoclonal antibody (mAb),%° and thus shows promise as a stability-indicating analytical method.
To date, however, there is no mechanistic model that describes the ssHDX-MS and the factors
influencing the rate and extent of exchange. A mechanistic model would allow data to be better
analyzed and interpreted, and would advance our understanding of the amorphous solid state. The

studies presented here begin to address this gap.

HDX studies for proteins in solution are analyzed and interpreted using the model first introduced
by Lindstrom-Lang.'**® According to the Linderstrom-Lang model, HDX in solution is the result
of reversible protein unfolding (i.e., “opening” and “closing” events, with rate constants Kop and
ker), which may be global or local, followed by an irreversible chemical exchange reaction at free

amide groups (Kcn):

kop ken kcl
X — Hclosed 2X - Hopen —X - Dopen e X- Dclosed (2-1)
kcl kOP

The observed rate of hydrogen-deuterium exchange (knpx) for a native state folded protein,
subject to the assumptions that the open form (X-Hopen) is in steady-state and ke >> kop, is related

to the rates of opening, closing and chemical exchange by following equation:*®

kop XKcn
kei +kcn

kupx = (2-2)

When ki >>ken, the observed rate of exchange (knpx) reduces to the “EX2” limiting case, and is
given by:

kop Xkcn

EX?2 llmlt kHDX = X
cl

(2.3)
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In the EX2 limit, knpx is related to the chemical exchange rate and the equilibrium constant for
protein opening and closing events (i.e., kop/Ker), and the observed rate of exchange can be used to
estimate the equilibrium constant if kch is known. EX2 kinetics are generally observed in solution
HDX studies of native state proteins. In contrast, EX1 kinetics are relatively rare and are observed
when chemical exchange rates are much faster than the rate of structural closing (ke <<kcn). In the
EX1 limit:

and the observed rate of exchange is a measure of the rate of opening.

The effects of pH and temperature on kch are well established for solution HDX. Below pH 2.5,
exchange is acid catalyzed (HzO*/D30") and is base catalyzed above pH 3.0 (OH/0OD"), with a
minimum in the range of 2.5 — 3.0.2%% Slower exchange rates are observed at lower temperatures;
the rate of exchange decreases approximately 14-fold from 25 °C to 0 °C.?%%2 In a typical HDX
experiment, labelling is carried out at ambient temperature and pH ~7 followed by quenching at

low temperature and low pH.

Protein amide hydrogen exchange rates in solution are affected by intramolecular hydrogen bonds
and by the extent of solvent shielding, which are directly related to protein structure. The exchange
rates are quantified by fitting deuterium incorporation as a function of time to exponential models
(one-, two- or three component), in which the total number of exchangeable amide hydrogens is
divided into different pools based on their relative exchange rates.!3202-2 |n general, amide
hydrogens in the core of a protein exchange much more slowly than those on the surface,?®?

although intramolecular hydrogen bonding of surface amide groups may slow their exchange.?®

While it is reasonable to expect that hydrogen-bonding interactions are important in ssHDX-MS
as well as in solution HDX, a number of observations indicate that the Linderstrom-Lang model
does not adequately describe ssHDX-MS. For example, while both the rate and extent of ssHDX-
MS are strongly affected by stabilizing excipients,>® protein-excipient interactions are not
described by the Linderstrom-Lang model. Similarly, ssHDX-MS is affected by D,O(q) activity
(i.e., by the relative humidity in D,O), a parameter that is not relevant in most solution HDX studies
and is not included in the Linderstrom-Lang model. An ssHDX-MS experiment takes days to
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weeks to complete, far longer than solution HDX experiments. This suggests that rate processes
much slower than those identified by Linderstrom-Lang (i.e., Kei, Kop, keh) dominate ssHDX-MS,
or at the very least that the rate constants are greatly reduced in solids. The Linderstrom-Lang
assumption that chemical exchange (ken) is irreversible may also be violated on this time scale.
Finally, applying the Linderstrom-Lang model requires an independent measure of kch, which
depends on pH and temperature; pH is not defined in the solid state and glass transitions may

complicate the interpretation of any observed temperature dependences.

It is reasonable to expect that ssHDX-MS is affected not only by the intramolecular hydrogen
bonds that contribute to protein structure and are interrogated in solution HDX, but also by
intermolecular hydrogen bonds between the protein and the matrix. The amorphous solid matrix
can be viewed as an extended, hydrogen-bonded network of protein and excipient. Because
amorphous solids are spatially and dynamically heterogeneous,?*-3! “the protein” in a solid sample
is likely to be an ensemble in different environments and having different conformations and
dynamics. When the solid is exposed to D20 vapor in an ssHDX-MS experiment, D20 is first
sorbed into the solid, and hydrogen atoms are then exchanged for deuterium atoms at exchangeable
sites on both protein and excipient. In the exchange reaction, sorbed D>O competes with hydrogen
bonds of various strengths in this extended hydrogen-bond network. As in solution HDX, only
deuteration of the peptide bonds in the protein can be measured, however, since the reverse
reaction (“back exchange”) occurs rapidly at other exchangeable sites and usually cannot be
measured.1”?! Currently, the relative contributions of intra- and intermolecular hydrogen bonds to
the rate and extent of exchange in ssHDX-MS are not known. This limits our ability to interpret
ssHDX-MS data or to assign features of ssHDX-MS Kinetics to protein structure (i.e., to
intramolecular hydrogen bonds) or interactions with excipients (i.e., to intermolecular hydrogen
bonds).

The aim of the current study is to determine the contributions of peptide-matrix interactions to
ssHDX-MS in the absence of higher order protein structure. Unstructured poly-D,L-alanine
peptides were co-lyophilized with several excipients, exposed to D20 at various RH conditions,
and the extent of deuteration monitored over time. Deuterium incorporation in solid samples
differed with excipient type and relative humidity (RH) in D20, effects that were not observed
in solution controls and are not described by the Linderstrom-Lang model. A reversible pseudo

first-order kinetic model for deuterium uptake ssHDX-MS is proposed that describes the ssHDX-
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MS results and reduces to the Linderstrom-Lang limit when the forward rate of exchange is much
greater than the reverse rate. To our knowledge, this is the first reported kinetic model for ssHDX-
MS.

2.3 Materials and methods

Deuterium oxide (D20; 99.9 %) was purchased from Cambridge Isotope Laboratories (Andover,
MA) and poly-D,L-alanine peptides (PDLA; MW 1000-5000 Da, # P9003) were purchased from
Sigma Aldrich (St. Louis, MO). The salts used to prepare saturated solutions for controlling
relative humidity were purchased from Sigma Aldrich (LiBr, CH3CO2K), Fisher Scientific (LiCl,
NaCl, K2SO4; Hampton, NH) and VWR International (K2COz; Radnor, PA). The excipients were
purchased from Sigma Aldrich (sucrose, mannitol, guanidine HCI) and Fisher Scientific (trehalose,
NaCl). Dibasic and monobasic potassium phosphates were purchased from Sigma Aldrich.
Lyophilization vials (Wheaton™ serum tubing vials) were purchased from Fisher Scientific. All
LC-MS grade solvents (water, acetonitrile, formic acid) were purchased from Fisher Scientific
(Hampton, NH). All buffers and solutions were filtered through 0.22 pum sterile membrane syringe
filters (Millex GV, EMD Millipore, Burlington, MA) prior to use.

2.3.1 Sample preparation by lyophilization

Six lyophilized formulations of PDLA were prepared by dissolving the peptide (5 mg/mL) and
each of the excipients (35 mg/mL) in 2.5 mM potassium phosphate buffer (pH 7.4). Equal volumes
of the peptide and excipient solutions were then mixed to yield solutions of 2.5 mg/mL peptide,
17.5 mg/mL excipient and a total solids content of 20 mg/mL in buffer. Next, 250 uL of this
solution was aliquoted into 2 mL lyophilization vials and lyophilized using a benchtop freeze dryer
(Virtis Advantage Plus, SP Scientific, Warminster, PA). The lyophilization process was initiated
by pre-cooling the shelf to 5°C followed by freezing at -40°C, primary drying at -35°C for 28 h
under vacuum (80 mTorr), secondary drying at 25°C for 6 h under vacuum (80 mTorr), and

additional secondary drying at 5°C for another 6 h under vacuum (80 mTorr).
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2.3.2 Solution HDX-MS

The PDLA peptides were subjected to HDX-MS in solution, serving as controls for the ssHDX-
MS studies described below. Solutions of the PDLA peptide and excipients (sucrose, trehalose,
mannitol, NaCl and guanidine hydrochloride) were prepared as described above. The HDX
labelling solution was prepared by reconstituting lyophilized 2.5 mM potassium phosphate buffer
in D20. HDX labelling was carried out at room temperature by mixing the peptide-excipient
solution with deuterium labelling buffer at a ratio of 1:9 v/v. At pre-determined time intervals,
samples were quenched by diluting the samples with ice cold quench buffer (0.2 % formic acid,
5 % methanol in water, pH 2.5). Deuterium uptake in quenched samples was then measured by
LC-MS (Agilent 6520 QTOF, Agilent Technologies, Santa Clara, CA). The instrument was
equipped with a custom LC column refrigeration unit capable of maintaining the low temperatures
required for minimizing deuterium back exchange. The quenched, diluted samples were injected
and trapped onto a peptide micro trap (Michrom Biosources, Inc., Auburn, CA), de-salted for 1.7
min with 0.1 % formic acid in water at a flow rate of 0.2 mL/min (isocratic) and then eluted onto
an analytical column (Zorbax 300SB-C18; Agilent Technologies, Santa Clara, CA) using gradient
flow for 8.5 min (mobile phase A: 0.1 % formic acid in water, mobile phase B: 0.1 % formic acid

in acetonitrile). The mass spectra were obtained over the 100-1700 m/z range.

An un-deuterated control was used to obtain the peptide list using Mass Hunter Workstation
Software equipped with the Bioconfirm software package (B.03.01, Agilent Technologies). The
peptide list from un-deuterated samples was used as a reference to calculate deuterium uptake in
the labelled samples using HDExaminer software (Version 2.0, Sierra Analytics, Modesto, CA).
Graphing, regression analysis to calculate HDX kinetic parameters and statistical analysis were
performed using GraphPad Prism software (Version 7.03, La Jolla, CA).

2.3.3 Solid-state HDX-MS (ssHDX-MS)

In ssHDX-MS studies, deuterium labeling was initiated by placing lyophilized samples of the
peptides, in open vials, into sealed desiccators containing saturated solutions of various salts in
D,0. Samples were labelled at several RH conditions (i.e., RH equivalent in D20): 6% (produced
using a saturated solution of LiBr in D20), 11% (LiCl in D20), 23% (CH3CO:K in D.0), 43%
(K2COs3 in D20), 57% (NaBr in D20), 75% (NaCl in D20) and 97% (K2SO4 in D20O) at room

63



temperature.®> Uncapped lyophilized samples containing the solid powders were placed into
desiccators containing the saturated salt solutions and labeling was carried out for up to 10 days.
The vials were removed at pre-determined time intervals (1 h, 3 h, 6 h, 9 h, 12 h, 24 h, 3 days, 5
days and 10 days) capped and quenched by flash freezing (dropping into liquid N2). Labelled
samples were stored at -80°C until they were analyzed by LC-MS as described above for solution
state HDX-MS.

An undeuterated control sample for each formulation was used to obtain a peptide list using Mass
Hunter Workstation Software equipped with the Bioconfirm software package (B.03.01, Agilent
Technologies). The peptide list from the undeuterated control sample was then used to calculate
the percentage deuterium uptake for selected peptides using HDExaminer software (Version 2.0,
Sierra Analytics, Modesto, CA).

The percentage deuterium uptake data from ssHDX-MS experiments (<43% RH) was fitted to a
mono-exponential model and the kinetic parameters were calculated for the nine selected peptides

using GraphPad Prism version 7.03 for Windows (GraphPad Software, La Jolla California USA).

D = Dpmax(1 - e_kt) (2.9)

Here D is the deuterium uptake at labelling time t, Dmax IS the deuterium uptake at infinite time,

and Kk is an apparent first-order rate constant.

The percentage deuterium uptake data from high RH (>57% RH) ssHDX-MS experiments was
fitted to a horizontal line (Y = Mean + 0*X), a modified version of linear regression. Since the
earlier time points, i.e. < 12h, showed inconsistent and variable deuteration levels at high RH,
perhaps due to phase transformation from amorphous solid to viscous solution, deuteration data

beginning at 24h of labelling time was used to obtain Dmax values at high RH.

2.3.4 Dynamic vapor sorption

Dynamic vapor sorption (DVS Intrinsic, Surface Measurement Systems NA, Allentown, PA) was
used to measure the rate of water sorption and the moisture content in lyophilized PDLA
formulations under ssHDX-MS labelling conditions. Initially, approximately 5-7 mg of sample

was placed in the sample pan and equilibrated at 0% RH, 25°C to remove loosely bound moisture.
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The equilibration was carried out until the mass change was less than 0.002% for 10 min. After
the initial equilibration, the RH was increased stepwise (6%, 11%, 23%, 43% and 57%) and finally
reduced to 0% RH. At each RH condition, the sample was equilibrated until the signal was constant
(i.e., mass change < 0.002 % for 10 min; dm/dt stability time of at least 10 min) or for a maximum

time of 6 h (maximum dm/dt stability time of 360 min).

2.3.5 Powder X-ray diffraction (PXRD)

PXRD was used to characterize the physical state (amorphous or crystalline) of lyophilized peptide
formulations immediately after lyophilization. The X-ray diffractograms were collected using a
Rigaku SmartLab (XRD 6000) diffractometer (The Woodlands, TX) at 0.15405 nm wavelength.
The diffraction patterns were collected from 5°- 40° 20 at a step size of 0.02°.

2.3.6 Solid state FT-IR

Solid state FT-IR was used to confirm the lack of secondary structure for PDLA after
lyophilization. The FT-IR spectra were acquired using a Nexus FT-IR spectrometer (Thermo
Nicolet Corp., Madison, WI) equipped with a smart iTR single bounce attenuated total reflectance
(ATR) sampling accessory. Approximately 2 mg of solid sample was placed on the ATR crystal
and the spectra collected at a resolution of 4 cm™ with 128 scans. To reduce atmospheric moisture
interference, the instrument was continuously purged with nitrogen gas. For each sample, the
amide-I region (1720 cm™ to 1580 cm™) was extracted, the background spectra (128 scans at 4
cm? resolution) were subtracted, baseline corrected, and the area was normalized. Finally, the
second derivative spectra were generated using Opus software (Version 6.5, Brucker Optics,
Billerica, MA).

2.3.7 Modulated differential scanning calorimetry (MDSC)

Thermal analysis of lyophilized samples was performed using a differential scanning calorimeter
(DSC 25, TA Instruments, New Castle, DE) and the resulting data were analyzed using Trios
software (Version 4.2.1, TA Instruments). Approximately 5 mg of lyophilized solid sample was
placed in a Tzero pan and hermetically sealed using the Tzero hermetic lid. The samples were then

cooled to -5°C and equilibrated for 5 min isothermally. The temperature modulation was set to an
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amplitude of £ 1°C for every 60 s and the samples were then heated from -5°C to 150°C at a ramp
rate of 2°C/min under nitrogen gas flow. In all experiments, an empty aluminum pan, crimped in

the same way as the sample pans, was used as a reference.

2.4 Results
2.4.1 Physical characterization of lyophilized solids by PXRD

The crystallinity of lyophilized PDLA samples was characterized immediately following
lyophilization (t=0) using PXRD (Figure 2.1). The diffractograms of the sucrose, trehalose and
excipient free formulations showed smooth, broad and featureless spectra consistent with an
amorphous solid. In contrast, the diffractograms of the mannitol, sodium chloride and guanidine
HCI formulations showed sharp peaks of varying magnitudes, indicating the presence of crystalline
material. The compositions of the crystalline phases in the mannitol, sodium chloride and
guanidine hydrochloride samples cannot be determined from PXRD, and the presence of peptide
in these phases cannot be ruled out. It is reasonable to assume that excipient crystallization

produces a “peptide-rich” amorphous phase and a “peptide-poor” crystalline phase in each case.

\
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Figure 2.1. Powder X-ray diffraction profiles of lyophilized PDLA formulations show amorphous
characteristics for sucrose, trehalose and excipient-free formulations and crystalline characteristics
for mannitol, sodium chloride and guanidine HCI formulations.
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2.4.2 Thermal analysis of lyophilized samples by MDSC

Glass transition temperatures (Tg) were measured for the three amorphous formulations using
MDSC (Figure 2.2). The initial (t=0) T4 values for the sucrose, trehalose and excipient free samples
were ~ 68 °C, ~101 °C and ~107 °C, respectively. When stored at RH values of 43% or greater in
D20 (i.e., for ssHDX-MS), sucrose and trehalose containing samples showed deliquescence
consistent with a significant decrease in T4 due to plasticization by sorbed moisture. The excipient
free formulation had a T4 of approximately 55°C after 24 h at 43% RH. This Tg value is greater
than the room temperature deuterium labelling conditions. Other than melting transitions, thermal

transitions were not detected in the crystalline formulations.

1201
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Figure 2.2. T4 values of amorphous lyophilized PDLA formulations as a function of RH. Samples
showed deliquescence for Tg < 20°C (n=3, mean £ SD).

2.4.3 Secondary structure of peptides after lyophilization by FT-IR

Solid-state FT-IR spectra were generated for PDLA samples following lyophilization (Figure 2.3)
to confirm that the peptides have no appreciable secondary structure. The second derivative spectra
in the amide-1 region (1720 cm™to 1580 cm™) showed a band at 1645 cm for the excipient free
formulation consistent with the absence of higher order structure and a random coil/disordered
conformation.®® With the exception of the guanidine HCI formulation, this peak was slightly

broadened for the other formulations. The similarity of the FT-IR spectra among the formulations
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suggests similar random coil structures in the various lyophilized samples and indicates the
absence of significant structural differences. However, the FT-IR spectra of the guanidine HCI
formulation showed peaks at 1639 cm™ and 1673 cm™. While the peak at 1639 cm™ is consistent
with disordered structure, the peak at 1673 cm™ may suggest the presence of a beta-turn in this
formulation, or may indicate contributions to the spectrum by guanidine HCI despite background
correction (see Materials and Methods). With this exception, FT-IR spectra confirm the lack of

structure in the lyophilized peptide formulations.
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Figure 2.3. Solid state FT-IR spectra of PDLA peptides after lyophilization.

2.4.4 Residual moisture content by DVS

The residual moisture content in the lyophilized PDLA formulations was measured by DVS. The
sucrose, trehalose, mannitol, sodium chloride and guanidine HCI formulations showed comparable
residual moisture content (<4 % or <40 mg of water per 1 g of dry solid) (Figure 2.4). Low residual
moisture may be desirable, since over-drying is known to be detrimental to lyophilized
proteins.*%® The excipient free formulation showed the highest residual moisture content (~10 %)

of the formulations studied.

2.4.5 Vapor sorption by DVS

The vapor sorption behavior of the various formulations was evaluated by DVS (Figure 2.4). The

sucrose and trehalose formulations sorbed more moisture than the mannitol and sodium chloride
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formulations at each RH. Both the sucrose and trehalose formulations are amorphous and possess
high surface free energy and surface area, which may lead to greater moisture sorption than in
crystalline formulations such as mannitol and sodium chloride.®**® The guanidine HCI
formulation sorbed less moisture than the sucrose and trehalose formulations except at high RH,
i.e., 57 % RH. At high RH, the guanidine HCI formulation showed deliquescence and the
condensation of adsorbed moisture, which may be reflected in the mass change. The excipient
free formulation sorbed more moisture than all other formulations at each RH. Vapor sorption at
higher RH (>57 % RH) was not evaluated because all samples showed deliquescence and could

not be considered solids.
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Figure 2.4. Moisture content in lyophilized PDLA formulations measured with dynamic vapor
sorption (DVS): A) Residual moisture content in lyophilized poly-DL-alanine formulations at t=0,
B) Equilibrium moisture content at 6 % RH, 11 % RH and 23 % RH and C) Equilibrium moisture
content at 43 % RH, 57 % RH (n=1).
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2.4.6 Mass spectrometric characterization of PDLA

Initial mass spectrometric (MS) analysis of PDLA revealed a mixture of peptides ranging from 6
to 44 amino acids in length. Since authentic standards were not available, it was not possible to
quantify the amount of each peptide in the mixture and the oligomeric mixture was used as received
in both solution and solid formulations. In solution and solid state HDX-MS studies, deuterium
uptake was calculated for eight peptides from the mixture having the greatest signal intensity.
Appendix A - Table Al shows the list of peptides detected in the PDLA peptide mixture from

initial MS analysis.

2.4.7 Solution state HDX-MS

Solution state HDX-MS of PDLA formulations was carried out as a control for solid state HDX-
MS. Data were analyzed for eight peptides from the mixture and compared across formulations
for deuterium uptake (Figure 2.5). All peptides in all solution formulations showed approximately
85% of the theoretical maximum deuterium uptake within 2 min of the initiation of labelling,
consistent with a high degree of solvent accessibility of the amide hydrogens and a lack of higher
order structure. The percentage deuterium uptake was constant for all formulations and there was
no increase in deuterium uptake even at longer labelling times. Given that the peptides are
unstructured, the constant 85% labeling in solution may be taken as a measure of the extent of
back exchange (~15%) in these experiments. A back-exchange correction was not applied to the
solution and solid state HDX results reported in Figures 2.5 and 2.6, and the reported deuterium
incorporation values are those measured. However, a back exchange correction was applied when
fitting the data to the reversible first-order kinetic model (Figures 2.7 and 2.8) by using solution
HDX experiments as fully deuterated controls in HDExaminer software, as discussed below.
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Figure 2.5. Solution state hydrogen deuterium exchange mass spectrometry (HDX-MS) of PDLA
formulations containing: A) sucrose, B) trehalose, C) mannitol, D) sodium chloride, E) guanidine
hydrochloride or F) no excipient (“excipient free”). Deuterium incorporation data are shown for
eight PDLA peptides from the polydisperse mixture having different amino acid (AA) chain length:
15 AA (blue), 18 AA (red), 22 AA (green), 25 AA (purple), 27 AA (orange), 29 AA (black), 31
AA (brown) and 34 AA (dark blue). n=3, mean £ SD; error bars not shown when less than the
height of the symbol.
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2.4.8 Solid-state HDX-MS

Solid-state HDX-MS kinetic data for the various formulations and RH conditions for the 22-amino
acid (22 AA) PDLA peptide are presented in Figure 2.6, grouped according to excipient type.
Supplemental figures show the data grouped by RH (Appendix A - Figure Al), and present data
for other PDLA chain lengths (12 AA, 15AA, 18AA, 25AA, 27AA, 29AA, 31AA, 34AA) for
comparison (6% RH, Appendix A - Figure A2; 11% RH, Appendix A - Figure A3; 23% RH,
Appendix A - Figure A4; 43% RH, Appendix A - Figure A5; high RH, Appendix A - Figure A6).

On exposure to D2O(g) at 6% RH, deuterium incorporation for solid samples of the PDLA peptides
increased mono-exponentially with time (Figure 2.6, Appendix A - Figure Al and A2). Unlike
solution samples, deuterium incorporation in the solid samples depended on both formulation type
and time (Figure 2.6, Appendix A - Figure Al and A2). With the exception of the sodium chloride
and excipient-free formulations, deuterium incorporation values for solid samples were
significantly different from one another (p<0.0001, one-way ANOVA with Tukey’s multiple
comparison). Since the PDLA peptides are unstructured, these results suggest that the peptides
were protected from exchange in the solid state by their interactions with the solid matrix, and that

the degree of protection depended on solid composition.

The deuterium uptake curves at 6% RH show the same rank order for all peptides, regardless of
amino acid chain length (Appendix A - Figure A2). The guanidine HCI formulation showed the
greatest deuterium uptake (Dmax ~ 60 %) for all peptides (Appendix A - Figure A2). Though Dmax
values were slightly lower for peptides longer than 30 amino acids, the difference was not
significant. In contrast, the sucrose and trehalose formulations showed the lowest deuterium uptake,
with Dmax Values of approximately 20% and 24%, respectively (Appendix A - Figure A2). The low
deuterium incorporation for the sucrose and trehalose formulations suggests that interactions
between the peptide and the sugars in the solid state inhibit exchange. It is likely that these
interactions involve hydrogen bonds between the peptide bonds of PDLA and the hydroxyl groups
on the sugars. Deuterium incorporation values for the sucrose and trehalose formulations were
significantly different from one another (p<0.0001) (Figure 2.6 A, B, Appendix A - Figure A2),
suggesting that there are differences in the extent and/or strength of the hydrogen bonding
interactions in the two solids. Mannitol formulations showed greater deuteration than the trehalose

and sucrose formulations (Dmax=45%) (Figure 2.6A, B, D, Appendix A - Figure A2), consistent

73



with crystallization of mannitol (Figure 2.1) and limited interaction with the peptides. The sodium
chloride and excipient-free formulations showed identical deuterium uptake at 6% RH (p =0.8339)
with a Dmax Of approximately 30% (Appendix A - Figure A2), a value greater than in the sugar
formulations and less than in the mannitol formulations. Weak peptide-peptide interactions in the
excipient free formulation and ionic interactions with sodium chloride may provide some

protection from exchange.

The extent of deuterium incorporation (Dmax) for the various excipients (Figure 2.6) is not simply
related to the moisture content of the solid (Figure 2.4). For example, the sucrose and trehalose
formulations have the greatest moisture content among all the formulations at 6% RH (Figure 2.4)
and the lowest deuterium uptake (Figure 2.6, Appendix A - Figure A2). Similarly, vapor sorption
at each RH in DVS reached equilibrium in 6 h or less (see Materials and methods), while deuterium
incorporation in ssHDX-MS studies required more than 100 h to plateau for some formulations at
6% RH (Appendix A - Figure Al). These results indicate that the rate and extent of DO sorption
do not dominate deuterium incorporation in ssHDX-MS studies of these peptides when compared

across excipients, an observation made previously in ssHDX-MS studies of larger proteins.®
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249 Effect of RH on ssHDX-MS

ssHDX-MS analysis of the peptide formulations was conducted at higher RH (11-97%) to assess
the effects of D2O() activity on exchange. At 11% RH, the rate and extent of deuterium
incorporation were greater for all formulations than at 6% RH, though the shapes of the curves and
the rank order of Dmax vValues remained unchanged (Figure 2.6, Appendix A - Figure A3). At 23%
RH, the rate and extent of deuterium incorporation again increased, with disproportionate increases
for the sucrose formulation, so that the rank order of Dmax values differed at 6% and 11% RH
(Figure 2.6, Appendix A - Figure A4). At 43% RH, the sucrose, trehalose and guanidine HCI
formulations showed Dmax values of ~ 80%, approaching the solution state HDX value of ~ 85%
(Figure 2.6, Appendix A - Figure A5), and were greater than Dmax values of the sodium chloride,
mannitol and excipient-free formulations. This suggests that the sucrose, trehalose and guanidine
HCI formulations are in a solution-like environment at 43% RH, though deliquescence was not
observed visually. At the highest RH conditions (=57 % RH), deuterium incorporation was
variable and the rank order was often inconsistent from one time point to another (Appendix A -
Figure A6). Because formulations stored at >57 % RH exist in a highly concentrated viscous phase

and were not solid-like, they have been excluded from analysis of ssHDX-MS kinetics.

2.5 Discussion

In the studies presented here, unstructured PDLA peptides were co-lyophilized with various
excipients and subjected to ssHDX-MS by exposing the solids to DO vapor at different RH
conditions (i.e., different activity of D2O()). Lyophilized PDLA samples showed protection from
exchange in ssHDX-MS that depended on excipient type (Appendix A - Figure Al), an effect that
was not observed in solution controls (Figure 2.5). ssHDX in lyophilized PDLA samples also
depended on RH (Figure 2.6), a parameter that is not relevant in solution. Since PDLA is
unstructured (Figure 2.3), protection in ssHDX-MS cannot be attributed to protein structure or to
dynamic opening and closing events, as asserted by the Linderstrom-Lang model routinely used
to interpret solution HDX.'8 Instead, the results indicate that the solid matrix protects the peptide

from deuterium exchange, to different degrees under different conditions.
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We propose that, at RH < 43%, ssHDX-MS kinetics in the PDLA solids can be described by a

reversible pseudo first-order model:

where A is the number (or percentage) of exchangeable amide groups (i.e., still in protonated form),
B is the number (or percentage) of deuterated amide groups, and ks and k, are the forward and
reverse rate constants for deuterium incorporation, respectively. We describe the reaction as
“pseudo first-order” to indicate that, at a fixed D20O(g) activity (ap), the forward rate is proportional
to A and the reverse rate is proportional to B. We further assume that the forward reaction is first-
order in D20 activity (ap), measured experimentally as the relative humidity in D20 (RH), so
that:

ky = ki x (ap) (2.6)

where ki'is the forward rate constant in the absence of RH effects. We assume that ap in D20
solution is unaffected by solutes and is equal to 1, and that ap in solid samples is given
by %RH/100. In an ssHDX-MS experiment at fixed RH, ap ki and ks are constant; the dependence
of ks on ap only becomes important when comparing results at different RH. We further assume
that the rate constant for loss of deuterium label, ky, is independent of RH. We define Ap as the
total number (or percentage) of exchangeable amide groups in the PDLA peptide, a value equal to
the number (or percentage) still in protonated form at t = 0. With this model, and subject to the

initial conditions that A = Ag and B = 0 at t = 0, the extent of deuteration as a function of time is

given by:39-4
B = %{1 —elGarn)d 1 e (et (2.7)

where (Dmax) is the maximum deuterium incorporation at large t. In the limit kz X (ap) >> kb,

Dmax = Ao and the observed rate of deuteration is governed by the forward rate. This corresponds

to the Linderstrom-Lang model and describes the solution HDX results (Figure 2.5). Conversely,
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in the limit k¢ X (ap) << ko, Dmax = K (ap) Ao, where K'is a pseudo-equilibrium constant equal to
the ratio of the forward and reverse rate constants (i.e., K = ki'/ kp). In this limit, Dmax is linearly
related to ap. In the more general case, when neither the forward nor reverse rate dominates, Dmax

is related to ap by:

do 1+ 1(i) 2.8)

Dimax K \ap

where (Dmax /Ao) is the fraction of the total number of exchangeable amide groups deuterated at
large t. The reversible pseudo first-order kinetic model predicts that plots of (Ao/Dmax) Vvs. (1/ap)
will be linear and provide the value of K as the inverse of the slope. Similarly, the apparent rate
constant for deuterium incorporation measured in an ssHDX-MS experiment (Kap) is related to the

forward and reverse rate constants by:

kap = (kf X (ap)) + kp (2.9)

A linear relationship between kap and ap is predicted by the reversible first-order kinetic model,

and serves as a second test for the consistency of the model with experimental data.

Figure 2.7 shows linear regression of (Ao/Dmax) as a function of (1/ap) for ssHDX-MS data at RH
< 43% for the 22 amino acid PDLA peptide. Here, ap is taken as equal to the %RH in D2O.
Deuterium incorporation values were treated as percentages. The solution HDX data (Figure 2.5)
were used as fully deuterated controls in the HDExaminer software to apply a back exchange
correction to each deuterium uptake value of a particular formulation. Ao is taken as 100%.
Linearity is confirmed for all formulations tested, with R? values greater than 0.85, in agreement
with Equation 2.8 and the reversible pseudo first-order kinetic model. Linear regression of Dmax
vs. ap was also evaluated, as suggested by the k; x (ap) <<k limit of the reversible pseudo first-
order model (Appendix A - Figure A7). The resulting R? values are less than those in Figure 2.7,
suggesting that the k¢ X (ap) <<k limit is not valid here. Slopes of the lines range from 0.04 for
the guanidine HCI formulation to 0.33 for the sucrose formulation (Figure 2.7), indicating that
inverse of the equilibrium constant (i.e., 1/K) is less than one and the forward rate constant (ki) is

somewhat greater than the reverse rate constant (ko) in all formulations studied. Slopes are greater
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for the sucrose and trehalose formulations than for the other four formulations; the sucrose and
trehalose formulations are also amorphous (Figure 2.1) and generally thought to provide good
stabilization for lyophilized proteins. With the exception of the sucrose formulation, intercepts of

the regression lines are nearly equal to one, as predicted by the reversible first-order kinetic model
(Egn. 2.8).
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Figure 2.7. Ao/Dmax as a function of 1/ap for lyophilized PDLA peptides at RH < 50% in
formulations containing: A) sucrose, B) trehalose, C) mannitol, D) sodium chloride, E) guanidine
HCI or F) no excipient (excipient-free), where ap = (%RH/100) at equilibrium. Dmax Was calculated
from the back exchange corrected percentage deuterium uptake mono-exponential fits and Ao is
theoretical percentage of exchangeable amide groups (=100). Data shown for a 22 amino acid
peptide, n=3; dotted lines represent 95% CI of the best fit line.
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Figure 2.8 shows linear regression of kap as a function of ap for sSHDX-MS data at RH < 43%.
Again, linearity is confirmed for most formulations, in agreement with Equation 2.9 and the
reversible pseudo first-order kinetic model. Slopes of the lines are equal to k'and range from 0.33
to 2.4 hl (Eqn. 2.9, Figure 2.8). Samples with greater values of ki show stronger dependence of
the apparent forward exchange rate constant (i.e., ks X (ap)) on ap than those with smaller values;
here, the guanidine hydrochloride sample has the largest ki value while the sodium chloride sample
has the smallest k'value. In principle, the y-intercepts of the regressions in Figure 2.8 are equal to
the reverse rate constants, ky, but the intercepts are not significantly different from zero for any of
the samples studied here (Figure 2.8). kpvalues can also be estimated as the product of the slopes
of the lines in Figures 2.7 and 2.8 (i.e., ko = (1/K) k"), giving values in the range 0.03 to 0.23 h*
(sucrose: kp = 0.23 h't; trehalose: kp = 0.10 ht; mannitol: kp = 0.03 h; sodium chloride: k, = 0.06
h'; guanidine HCI: kp = 0.09 h't; excipient-free: k, = 0.08 h') corresponding to half-lives for the
reverse reaction between 3 and 23 hours. Since deuterium incorporation takes more than 100 hours
to plateau for some formulations and RH values (Figure 2.6), the estimated half-lives for the
reverse reaction suggest that it usually cannot be ignored on the typical ssHDX-MS time scale.
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Figure 2.8. Apparent exchange rate constant (ksp) as a function of ap for lyophilized PDLA
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sodium chloride, E) guanidine HCI or F) no excipient (“excipient-free”), where ap = (%RH/100)
at equilibrium. Data shown for a back exchange corrected 22 amino acid peptide, n=3, dotted lines
represent 95% CI of the best fit line.
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Figures 2.7 and 2.8 demonstrate that, for unstructured PDLA peptides in various formulations and
exposed to different ap environments, sSsHDX-MS kinetics is consistent with a reversible first-
order model. While agreement with the model does not “prove” a mechanism for ssHDX-MS, it
does suggest possible physicochemical interpretations. We envision that DO is first sorbed from
the vapor phase into the solid, rapidly (i.e., in 1-2 h) reaching an equilibrium in which the activity
of sorbed D20 is equal to that in the vapor phase. Because amorphous solids are spatially
heterogeneous?®! and proteins in the amorphous state undergo hydration non-uniformly at the
molecular scale,*>** we anticipate that sorbed D,0 is preferentially distributed to more hydrophilic
regions of the solid, including more hydrophilic domains of the protein. We expect that
unprotected peptide bonds and other exchangeable functional groups in these hydrated regions (i.e.,
those not involved in intra- or intermolecular hydrogen bonds) undergo exchange first, and then
can serve as deuterium donors to nearby undeuterated groups that might be more protected. In
serving as deuterium donors, they undergo the reverse exchange reaction described by the rate
constant ky. Excipients, buffer species and residual water in the matrix can also become deuterated
and serve as deuterium donors. In this way, deuterons penetrate the H-bond network in the solid
state, moving from unprotected functional groups to weakly protected groups, and finally (if ever)
to those involved in the strongest hydrogen bonds. Note that the structural “opening” and “closing”
events of the Linderstrom-Lang model need not be invoked to describe ssHDX-MS for
unstructured PDLA peptides, though neither are they precluded for structured peptides and
proteins by the PDLA results.

In the Linderstrom-Lang model of solution HDX, exchange is assumed to be irreversible, which
is reasonable given the high D20 activity in most solution HDX experiments (ap ~ 1), the short
duration of the experiments and the relatively dilute sources of proton for the reverse reaction (e.g.,
protein, excipients). In contrast, in sSSHDX-MS, D0 activity is lower, the experiment is longer
and there are abundant sources of proton for the reverse reaction. These include not only HOD
generated by the forward reaction, but also exchangeable hydrogen atoms on excipients (e.g.,
sucrose, trehalose, mannitol), on components of the buffer, in residual water remaining in the
matrix, and on the peptide or protein itself. These species contribute to a pool of hydrogen atoms
that can be shuttled through the solid matrix as the forward and reverse exchange reactions occur.

The maximum deuterium incorporation in sSSHDX-MS is usually much less than that achieved in
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solution HDX (see Figure 2.4 vs. Figure 2.5), which indicates that, even at the end of an ssHDX-

MS experiment, exchangeable hydrogen atoms are still present on the protein itself.

At the phenomenological level, ssHDX-MS kinetic data can be fitted to the exponential models
used for solution HDX (Figure 2.6). At the mechanistic level, however, the results presented here
demonstrate that the Linderstrom-Lang model for solution HDX does not adequately describe
ssHDX-MS and a different interpretation is required. Ongoing studies in our laboratories are
continuing to develop a mechanistic model for ssHDX-MS by examining the reverse exchange
reaction directly, by exploring the effects of pre-hydration of the solid prior to ssHDX-MS, and by
studying structured analogs of PDLA.

2.6 Conclusions

In ssHDX-MS of lyophilized unstructured PDLA peptides, solid samples showed protection from
exchange that depended on both RH and excipient type, effects that were not observed in solution
controls and cannot be described by the Linderstrom-Lang model. A reversible pseudo first-order
kinetic model for deuterium uptake ssHDX-MS is proposed, in which the apparent forward rate
constant (kr) depends linearly on the relative humidity (RH) in D20 (i.e., ks = kf X (ap). The

model is in agreement with the experimentally observed dependences of apparent deuteration rate
and plateau value on RH in ssHDX-MS studies of PDLA peptides and reduces to the Linderstrom-
Lang limit when the forward rate of exchange is much greater than the reverse rate (i.e.,
kr X (ap)>> ko).

2.7 Supporting information

Additional supporting information for this chapter is available in Appendix A: (i) sSSHDX-MS
kinetics of different formulations of a 22 amino-acid PDLA peptide, grouped by RH (Figure Al),
(i1) ssHDX-MS of different formulations of PDLA peptides of different chain length at RH values
from 6% to 43% (Figures A2-Ab), (iii) sSHDX-MS of different formulations of PDLA peptides of
22 amino acid chain length at RH values from 57% to 97% (Figure A6), (iv) linear regression of
Dmax Vs. ap for PDLA peptides at RH < 50%, with each formulation plotted individually (Figure
AT), (v) linear regression of Dmax Vs. ap for PDLA peptides at RH < 50%, with all formulations

plotted together (Figure A8), (vi) linear regression of AO/Dmax Vs. 1/ap, with all formulations
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plotted together (Figure A9), (vii) apparent ssHDX-MS rate constants (kap) for various
formulations, RH values and PDLA chain lengths (Figure A10), (viii) a list of PDLA peptides
detected on MS analysis (Table Al), and (ix) tables of statistical analysis (Tables A2-A3).
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CHAPTER 3. PRE-HYDRATION AND THE REVERSIBILITY OF
SOLID-STATE HYDROGEN-DEUTERIUM EXCHANGE

This chapter was published as a research article in Molecular Pharmaceutics (2020, 17 (9), 3541
3552) and reproduced with permission. Copyright (2020) American Chemical Society.
DOI: 10.1021/acs.molpharmaceut.0c00571

3.1 Abstract

The reversibility of solid-state hydrogen-deuterium exchange (ssHDX) and the effects of pre-
hydration on the rate and extent of deuterium incorporation were evaluated using poly-D, L-
alanine (PDLA) peptides co-lyophilized with various excipients. In pre-hydration studies, samples
were equilibrated at controlled relative humidity (6% or 11% RH) for 12 h and then transferred to
corresponding D20 humidity conditions (6% or 11% RD) for deuterium labeling. In amorphous
samples, the rate and extent of deuterium incorporation were similar in pre-hydrated samples and
controls not subjected to pre-hydration. In reversibility studies, PDLA samples were maximally
deuterated in controlled D>O humidity conditions (6% or 11% RD) and then transferred to
corresponding H2O relative humidity (0%, 6%, 11% or 43% RH). A hysteresis in deuterium
removal was observed when compared with the deuterium incorporation kinetics for all
formulations and conditions, confirming that the reaction is reversible in the solid state and that
the forward and reverse processes differ. The extent of deuterium loss reached a plateau that
depended on the de-labeling relative humidity. Reverse reaction rate constants were quantified
using a first-order kinetic model, a limiting case of the reversible first-order model applicable
under sink conditions. For other conditions, plateau (steady-state) deuteration levels were related
to forward and reverse rate constants in a reversible first-order kinetic model. The results support
a mechanistic interpretation of ssHDX Kkinetics as a reversible first-order process, in which the
forward (deuteration) rate depends on the activity of the deuterium donor.
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3.2 Introduction

Protein biologics are known to degrade physically (e.g., aggregation) and chemically (e.g.,
hydrolysis) in solution, which may lead to the loss of biological activity and increase the potential
for immunogenic responses in patients. 2 Maintaining the chemical and physical integrity of the
drug throughout its shelf-life is essential, and an ideal formulation should protect the protein drug
from the stresses related to processing, shipping and storage.? This can be challenging for solution
formulations since water is an active participant in many degradation processes. Moreover,
solution formulations may lack sufficient robustness to withstand temperature variations and
vibrational stresses associated with shipping. As a result, protein therapeutics are often marketed
in lyophilized (freeze-dried) forms to preserve their native conformation, to minimize exposure to
water, and to produce a robust formulation that can withstand various stresses the product may

experience before it is administered to the patient.

While lyophilization is often an effective formulation strategy, the lyophilization process itself
imposes stresses on the protein, and proteins are susceptible to degradation in the solid-state as
well. Maintaining the protein’s native structure in the lyophilized powder has long been considered
critical to ensuring stability.* Thus, characterizing protein structure in solid samples is essential in
developing a stable lyophilized protein drug formulation. Analytical methods to detect and
quantify protein structure in the solid state are limited, however.® For example, Fourier Transform
Infrared Spectroscopy (FTIR) is routinely used to characterize proteins in amorphous solids, but
the method can only provide global information about protein secondary structure. FTIR is semi-
quantitative at best, and FTIR metrics are often poorly predictive of protein stability on storage.’
Thermal analysis techniques such as differential scanning calorimetry (DSC) are often used to
characterize the physical and mechanical properties of the solid, and are valuable in developing
lyophilization cycles. However, like FTIR metrics, the glass transition temperatures (Tg) measured

by DSC are often poorly predictive of storage stability.®

Solid-state hydrogen-deuterium exchange mass spectrometry (ssHDX-MS) is a novel analytical
method for proteins in the solid state that provides high-resolution information about the protein
structure and matrix interactions. The method has been used to study local hydration,” & to probe
protein conformation,® to predict aggregation during storage,'® and to optimize formulations and

processes for antibody-based modalities.!* The lack of a mechanistic model for ssHDX-MS has
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hindered data analysis and interpretation, however, and has limited insights into the properties of

the solid that determine stability.

In solution, hydrogen-deuterium exchange refers to the process by which labile hydrogen atoms
in a protein exchange with deuterium. On exposure to a deuterium donor, typically D20, hydrogen
atoms in primary amine and side chain groups exchange rapidly. In contrast, backbone amide
hydrogen atoms exchange more slowly, and at rates which depend on protein conformation and
dynamics.?2 In pharmaceutical development, the conformational differences of a protein in
different solution formulations can be monitored by studying backbone amide hydrogen-deuterium
exchange, since exchange Kinetics are affected by the structural changes associated with
degradation in solution.’® Deuterium incorporation at side chain groups usually is rapidly

reversible, and generally is not monitored.

Proteins in solution are structurally dynamic and undergo reversible “opening” and “closing”
events. Labile amide hydrogen atoms, initially protected from the solvent by the protein structure,
are exposed to the solution when the intra-chain hydrogen bonds are transiently disrupted due to
the “opening events”. Such opening events are induced by local fluctuations or global unfolding.
Exposed amide hydrogens in the “open” form of a protein spontaneously exchange with deuterium,

as described by the Linderstrom-Lang model:416

kop ken kcl
ﬁ

X - Hclosed 2X- Hopen — X - Dopen =X - Dclosed
kcl kOP

where kop, ket and ken are the rate constants for “opening” events, “closing” events and chemical
hydrogen exchange, respectively. When the open form (X-Hopen) can be assumed to be in steady-
state and the rate of closing is much greater than the rate of opening (i.e., ke >> Kop), the observed

hydrogen exchange rate constant (krpx) is related to the individual rate constants by: 1/

" _ kop X kcn
HpX kcl + kch
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The observed rate of exchange can thus be related to protein folding if the intrinsic chemical rate

of exchange (ken) is known.

The Linderstrom-Lang model assumes that the chemical hydrogen exchange reaction is
irreversible, an assumption that is justified due to the high activity of D20 in solution (ap = 1) and
the abundance of deuterium sources from the labeling solution. Hydrogen atoms exchanged for
deuterium during the labeling process are diluted in the bulk solution, minimizing the activity of
proton for the reverse HDX reaction, particularly in the short duration of solution exchange
experiments (typically milliseconds to minutes).

The assumption that the chemical exchange reaction is irreversible may be violated in ssHDX-MS.
In ssHDX-MS, dried protein samples are exposed to D20 vapor in a controlled relative humidity
and temperature environment. The solid samples are hydrated by D,O and the amide groups then
undergo exchange. The excipients, buffer species and residual water in the matrix can also become
deuterated and can serve as deuterium donors. At equilibrium, the activity of sorbed D20 in the
solid is equal to that in the vapor phase. Because a typical ssHDX-MS experiment is conducted at
less than 50% RH in D2O(g), the D0 activity in the solid is less than 1. Due to relatively low D>O
activity and the lower molecular mobility of the solid state, the local activity of hydrogen atoms
near a protein amide group that has undergone exchange is likely to be greater than in solution.
Additional sources of hydrogen atoms for back exchange include exchangeable hydrogen atoms
on the buffer components, on excipient molecules (e.g., sugars), in residual water remaining in the
solid matrix, and on the protein itself. In addition, an ssHDX-MS experiment is typically conducted
on a longer time scale than solution HDX, typically lasting days to weeks, which enhances the

likelihood of the reverse reaction.

To provide a description of ssHDX-MS that incorporates these factors and other experimental
observations, a pseudo first order reversible model for ssHDX-MS has been proposed:*8

ke

A~—B

ke
Here A is the number or percentage of exchangeable amide groups, B is the number or percentage
of deuterated amide groups, and ks, and ky are the forward and reverse reaction rate constants,
respectively. The forward and reverse reaction rates are assumed to be proportional to the reactant
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concentrations, i.e., to be first-order in A and B, respectively. The forward reaction rate is also
assumed to be linearly related to the D2O) activity (ap), which can be held constant in a given

experiment, so that:

With this model, for studies at constant ap, the apparent deuterium incorporation rate constant (Kap)

depends on ap and on the forward and reverse reaction rate constants:

kap =k (ap) + kp (3.1)

where the k}‘ is the forward reaction rate in the absence of RH effects.

The model was tested using ssHDX-MS kinetic data for unstructured poly-D, L-alanine peptides
(PDLA) in lyophilized formulations containing various excipients. The model showed good

agreement with the data and estimates of k; were obtained from the relationship of apparent

deuterium incorporation rate constants to ap. However, while the model predicted that k; could
also be determined from this relationship, the k;values were not significantly different from zero
for any of the formulations studied, and k,; values had to be estimated indirectly. This indirect
estimate of k,, provided only weak support for the model assertion that the exchange reaction is
reversible in ssHDX.

The reverse reaction in sSSHDX-MS has been studied in greater detail in the studies reported here.
In the reversibility experiments, lyophilized samples containing the PDLA peptides were first
maximally deuterated (i.e., by exposure to D>O vapor for up to 15 days). The samples were then
removed from the DO vapor environment and transferred to a comparable H>O vapor environment,
and the loss of deuterium label monitored over time. sSsHDX-MS experiments typically are
conducted on samples with low residual moisture. While previous studies have shown that ssHDX-
MS kinetics are much slower than the rate of water vapor sorption® 1% 19  the concurrence of water
vapor sorption and exchange may complicate data interpretation and analysis, especially at early
time points. Accordingly, the effects of pre-hydration (i.e., equilibration of samples in a controlled
RH environment in H20) prior to initiation of an ssHDX-MS experiment were also investigated.
Because solid samples were exposed to both D2O vapor and H2O vapor environments, for clarity
we use the abbreviation “RH” to refer to the relative humidity of water vapor (i.e., its activity, aw)

and “RD” to refer to the relative humidity of D>O vapor (i.e., its activity, ap) hereinafter. The
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results demonstrate that pre-hydration has little effect on ssHDX kinetics and confirm that the
reverse reaction occurs at a rate that cannot be neglected on the time scale of an ssHDX-MS

experiment.

3.3 Materials and methods
3.3.1 Materials

Poly-DL-alanine (PDLA) peptides (P9003, MW 1000-5000 Da), lyophilization excipients
(sucrose, trehalose, mannitol, sodium chloride, guanidine hydrochloride), and dibasic and
monobasic potassium phosphates were purchased from Sigma-Aldrich (St. Louis, MO).
Lyophilization vials (Wheaton™ Type | Clear Glass 2 mL Serum Vials), stoppers (Wheaton™
Rubber Stoppers) and all liquid chromatography-mass spectrometry (LC-MS) grade solvents
(water, acetonitrile, formic acid, and methanol) were purchased from Fisher Scientific (Hanover
Park, IL). Deuterium oxide (D20, 99.9%) was purchased from Cambridge Isotope Laboratories
(Andover, MA). Sterile membrane filters (0.22 pm, Millex-GV) were purchased from EMD
Millipore (Burlington, MA). The salts used to prepare saturated solutions of D.O to control relative
humidity in sealed desiccators (LiBr, LiCl, and K2COs3) and Drierite (8 mesh) were purchased from

Fisher Scientific (Hanover Park, IL).

3.3.2 Lyophilization

The solid peptide formulations were produced by lyophilization as described previously*®. Briefly,
a solution containing a 1:7 % wi/w ratio of peptide and excipient was prepared by mixing equal
volumes of peptide (5 mg/mL) and excipient (35 mg/mL) in 2.5 mM potassium phosphate buffer
(pH 7.4). Then, 250 pL of this solution was aliquoted into 2 mL lyophilization vials and lyophilized
using a pilot-scale lyophilizer (LyoStar3, SP Scientific, Warminster, PA). A conservative
lyophilization cycle was used, with freezing at -40° C for 3 h followed by primary drying at -35°
C for 28 h (80 mTorr) and secondary drying at 25° C for 8 h (80 mTorr). Finally, samples were
backfilled with nitrogen gas under vacuum, stoppered, crimped, and stored at -80° C until further

use.
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3.3.3 Powder X-ray diffraction (PXRD)

PXRD studies were carried out on PDLA formulations immediately after lyophilization and after
pre-hydration (12 h at 6% RH or 11% RH) to monitor the pre-hydration-induced changes in the
physical nature of solid formulations. Diffractograms were collected from 5° to 40° 260 with a step
size of 0.02° at a wavelength of 0.15405 nm using Rigaku SmartLab (XRD 600) diffractometer
(The Woodlands, TX).

3.3.4 Pre-hydration and ssHDX-MS

The pre-hydration ssHDX-MS study was carried out in two steps: (i) pre-hydration of PDLA
formulations in an H20 desiccator followed by (ii) deuterium labeling of pre-hydrated samples in
a DO desiccator. The pre-hydration of lyophilized PDLA formulations was initiated by placing
open vials in sealed desiccators containing saturated salt solutions in H2O to produce a controlled
constant RH. Pre-hydration was carried out for 12 h at room temperature. The vials were
transferred to a sealed desiccator containing saturated salt solutions in D20, equilibrated to
maintain the desired RD. The study was carried out at two conditions, pre-hydration at 6% RH
followed by deuterium labeling at 6% RD (Case-1) and pre-hydration at 11% RH followed by
deuterium labeling at 11% RD (Case-2) (see Appendix B, Figure B1). Deuterium labeling was
carried out for up to 10 days and the vials were removed at pre-determined time intervals (i.e., 3
h,6h,9h, 12 h, 1 day, 3 days, 5 days, and 10 days). The samples were quenched by flash freezing
in liquid nitrogen and stored at -80° C until analyzed. To measure deuteration levels, the samples
were reconstituted in ice-cold quench buffer (0.2% formic acid, 5% methanol in water, pH 2.5)
and analyzed by LC-MS (Agilent 6520 TOF, Agilent Technologies, Santa Clara, CA). The system
was equipped with a custom made refrigerated-box capable of maintaining low temperatures to
minimize back exchange. The peptides were trapped onto a micro peptide trap (Michrom
Biosources, Inc., Auburn, CA) and desalted for 1.7 min using a 0.2 mL/min isocratic flow of 0.1 %
formic acid in water. The peptides were then eluted on to an LC column (Zorbax 300-SB-C18,
Agilent Technologies, Santa Clara, CA) using a gradient flow of 0.1 % formic acid in acetonitrile.
The mass spectra were collected over 100-1700 m/z range. An undeuterated control was analyzed
in a similar manner to obtain a peptide list using the Mass Hunter workstation equipped with

Bioconfirm software (B.03.01, Agilent Technologies). The peptide list was used as a reference to
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calculate the percentage deuterium uptake for selected peptides using the following formula in the

HDExaminer software (Version 2.0, Sierra Analytics, Modesto, CA).

. _ My — Mypp
Deuterium uptake (%) = — X 100 (3.2)

N = Lpeptide — Npro — 2

where M is the mass of a deuterated peptide after a labeling time “t”, Munp is the mass of the
undeuterated peptide, N is the theoretical number of exchangeable amide hydrogens, Lpeptice iS the
length of the peptide which is equal to the number of amino acids and npro is the number of proline
residues. The subtraction of 2 includes the N-terminal primary amine and the following amide

hydrogen, which undergo rapid back-exchange.?® 2*

Deuterium uptake was recorded for five peptides selected from the polydisperse mixture of PDLA.
The percentage deuterium uptake as a function of time as measured in prehydration ssHDX-MS
experiments was fitted to a mono-exponential equation and the kinetic parameters calculated using
GraphPad Prism software (Version 8.4.0, La Zolla, CA).

D = Dpyax (1 — e7k0) (3.3)

where D is the percent deuterium uptake at labeling time t, Dmax is the percent deuterium uptake

at infinite time, and k is an apparent first-order rate constant.

3.3.5 Reversibility of ssHDX-MS

The reversibility study was conducted in two steps, which essentially reverse the steps of the pre-
hydration study. In the reversibility study, the two steps were: (i) labeling of lyophilized PDLA
formulations with deuterium in a sealed D>O desiccator for up to 15 days followed by (ii)
deuterium removal in an H2O desiccator containing saturated salt solutions in H2O. Six sets of
reversibility experiments were carried out using various combinations of RD values for labeling
(6% or 11% RD) and de-labeling (0%, 6%, 11% or 43% RH) (see Appendix B, Figure B2). For
example, Case-3a involved deuterium labeling at 6% RD followed by de-labeling at 0% RH, while

96



Case-4b involved deuterium labeling at 11% RD followed by de-labeling at 11 % RH. Samples
were collected at pre-determined time intervals and quenched by flash freezing in liquid nitrogen,

then analyzed by mass spectrometry to measure deuteration levels, as described above.

Deuterium uptake was recorded for five peptides selected from the polydisperse mixture of PDLA.
The percentage deuterium uptake as a function of time in the reversibility ssHDX-MS experiments
was fitted to a mono-exponential decay equation and the kinetic parameters calculated using
GraphPad Prism software (Version 8.4.0, La Zolla, CA).

D = Dyin + (Dmax - Dmin)e_kt (3-4)

where D is the percent deuterium (%) remaining at time t, Dmin iS the minimum deuterium
incorporation (%) at infinite time, Dmax is the initial deuteration (to), and k is an apparent first-order

rate constant for deuterium loss.

3.3.6 Statistical analysis

Deuteration Kinetic data were analyzed using GraphPad Prism software (Version 8.4.0, La Zolla,
CA). The unpaired t-test with Welch's correction was used to evaluate the statistical differences in
the ssHDX-MS Kkinetic data of the pre-hydration study since two groups were compared
independently with other groups in a data set. A two-way ANOVA followed by Tukey’s multiple
comparison test was used to evaluate differences in the ssHDX Kkinetic data of the reversibility
studies by comparing the mean values (e.g., rate constant) of every peptide formulation with those

of every other peptide formulation.

3.4 Results
3.4.1 Physical characterization by PXRD

PXRD diffractograms were collected for the PDLA formulations immediately after lyophilization
(to), after 12 h of pre-hydration at 6% RH and after 12 h of pre-hydration at 11% RH. Immediately
after lyophilization, the sucrose, trehalose, and excipient-free formulations showed broad,
featureless spectra characteristic of amorphous material (Figure 3.1A, B, F). Similarly, the
diffractograms of these formulations after pre-hydration for 12 h at 6% RH or 11% RH showed

smooth spectra consistent with amorphous material and the lack of crystallinity after pre-hydration
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(Figure 3.1A, B, F). The diffractograms of mannitol, sodium chloride and guanidine HCI
formulations showed sharp peaks characteristic of crystalline material after lyophilization (to) and

the intensity and/or area of the peaks increased upon pre-hydration, suggesting an increase in

crystallinity (Figure 3.1C, D, E).
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Figure 3.1. PXRD diffractograms of PDLA formulations immediately after lyophilization (to),
after pre-hydration for 12 h at 6% RH or 11% RH: (A) sucrose, (B) trehalose, (C) mannitol, (D)

sodium chloride, (E) guanidine HCI, and (F) no excipient (“excipient free”).
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3.4.2 Effect of pre-hydration on ssHDX-MS kinetics

The kinetics of deuterium incorporation for an 18 amino acid PDLA peptide pre-hydrated at either
6% RH (Case-1) or 11% RH (Case-2) are shown in Figure 3.2, Appendix B - Figure B3, and
Appendix B — Figure B4. For pre-hydration at 6% RH, the Dmax values obtained from the mono-
exponential fit (Egn. 3.3) of non-prehydrated amorphous PDLA formulations (i.e. sucrose,
trehalose and excipient free) were approximately 17%, 22%, and 25% respectively (Figure 3.2A).
With pre-hydration, the Dmax values were slightly less (i.e., 15%, 21% and 23%) than the non-
prehydrated PDLA formulations, but the differences were not significant for the amorphous
formulations (Figure 3.2A). The crystalline PDLA formulations (i.e. mannitol, sodium chloride
and guanidine HCI) without pre-hydration showed Dmax values of approximately 42%, 26% and
56%, respectively under these conditions (Figure 3.2A). However, unlike the amorphous PDLA
formulations, the Dmax values were significantly lower after pre-hydration (i.e. 26%, 22% and 41%,
respectively) (p < 0.05, unpaired t-test with Welch's correction) (Figure 3.2A). For pre-hydration
at 11% RH, the Dmax Vvalues for the pre-hydrated sucrose and trehalose formulations were not
different than the non-prehydrated formulations (21% and 24%) (Figure 3.2B). The Dmax values
of pre-hydrated crystalline formulations (i.e. mannitol, sodium chloride and guanidine HCI) and
excipient-free formulation were significantly lower than non-prehydrated PDLA formulations
under these conditions (p < 0.05, unpaired t-test with Welch's correction) (Figure 3.2B). The
deuteration kinetic data before and after pre-hydration, in addition to PXRD results, suggest that
prehydration-induced crystallization reduces the extent of deuteration, with the exception of the
excipient-free formulation. The presence of moisture (i.e. H20) after pre-hydration may also
contribute to the reduction in deuteration levels, perhaps by hydrating backbone amide groups
thereby limiting hydrogen bonding with D20 and subsequent exchange.

The hydrogen-deuterium exchange rate constants (k) of pre-hydrated PDLA formulations were
also compared with rate constants for formulations that were not pre-hydrated. At 6% RH, the pre-
hydrated mannitol and sodium chloride formulations showed greater k values than the non-pre-
hydrated samples (Figure 3.2C). The excipient-free formulation showed a significantly lower k
value after pre-hydration (Figure 3.2C). The remaining three formulations showed no significant
differences in k values upon pre-hydration (Figure 3.2C). At 11% RH, the k values of pre-hydrated
crystalline mannitol and sodium chloride formulations were significantly greater than those of non-

pre-hydrated formulations (Figure 3.2D). The increased rate constants for crystalline formulations
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upon pre-hydration suggest that deuteration is faster when the peptide is not protected by
interactions with excipient in a relatively homogenous amorphous phase. The excipient-free
formulation at 6% RH and sucrose formulation at 11% RH showed significantly smaller
deuteration rate constant values for pre-hydrated samples than non-prehydrated samples,
suggesting that deuteration may be slower due to the presence of additional residual moisture. At
11% RH, rate constants for the trehalose and excipient-free formulations were not affected by pre-
hydration (Figure 3.2D).
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Figure 3.2. The maximum extent of deuterium (Dmax) and deuteration rate constant (k) values of
non-prehydrated (open bar) and pre-hydrated (hatched bar) PDLA formulations lyophilized with
various excipients. (A) Dmax at 6% RD (Case-1), (B) Dmax at 11% RD (Case-2), (C) k at 6% RD
(Case-1), (D) k at 11% RD (Case-2), Data shown for an 18 amino acid length PDLA peptide; n=3,
mean £ SE; error bars not shown when less than the height of the symbol.
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3.4.3 Reversibility of ssHDX-MS

The kinetics of deuterium removal for an 18 amino acid (18 AA) PDLA peptide deuterated at
either 6% RD (Case-3) or 11% RD (Case-4) are shown in Appendix B - Figure B5. The deuterium
content of all the PDLA samples decreased rapidly (Appendix B -Figure B5). For samples
deuterated at 6% RD (Case-3), the minimum extent of deuteration at long time (Dmin) decreased
from ~12% to ~2% as the de-labelling RH increased from 0% to 43% (Appendix B - Figure B5A,
B, C). The differences in Dmin Values were not significantly different among the formulations (p >
0.80). Similarly, for samples deuterated at 11% RD (Case-4), the Dmin values decreased from ~17%
to ~2% as the de-labelling RH increased from 0% to 43% with no significant differences among
formulations (p > 0.45) (Appendix B - Figure B5C, D, E). These results suggest that the ssHDX
reaction can be reversed rapidly, is independent of excipient type, and that the extent of deuterium

removal and the plateau deuteration level depend on the de-labelling RH.

3.4.4 Comparison of the forward and reverse ssHDX-MS reactions

The deuterium labeling and de-labeling kinetics for the various formulations and RH conditions
for an 18-amino acid (18 AA) PDLA peptide are shown in Figures 3.3-3.5 for samples deuterated
at 6% RD. Similar results for samples deuterated at 11% RD are presented in Appendix B - Figures
B6-B8.

Curves for the incorporation and loss of deuterium showed significant hysteresis for all
formulations and conditions (Figures 3.3-3.5, Appendix B - Figures B6-B8). On exposure to 6%
RD, deuterium incorporation for all PDLA solid samples increased mono-exponentially with time.
Deuterium incorporation depended on RD, formulation type and time. Deuterium removal from
the labeled PDLA samples followed a mono-exponential decay pattern showing hysteresis when
both forward and reverse ssHDX kinetic data were compared. Unlike the forward ssHDX reaction,
deuterium removal kinetics were generally independent of formulation, with ~12% deuterium
incorporation at infinite time (Dmin). The guanidine HCI formulation is an exception (Figures 3.3,
3.4) and showed lower Dmin values. When the reverse reaction RH increased to 43%, the Dmin
values were ~2% for all PDLA formulations (Figure 3.5). Similarly, for PDLA samples labeled at
11% RD, the deuterium incorporation levels were greater in the forward ssHDX reaction and the

kinetics depended on the excipient type and time (Appendix B - Figure B6). In the reverse reaction,
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the deuterium content in all PDLA samples decreased rapidly with a Dmin value of ~15% for all

PDLA formulations (Appendix B - Figure B6, B7). When the reverse reaction RH was increased

to 43%, the Dmin values decreased to ~2% (Appendix B - Figure B8).
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Figure 3.3. Comparison of the forward and reverse ssHDX-MS kinetics for PDLA formulations
deuterated at 6% RD (forward) followed by deuterium removal at 0% RH (reverse) (Case-3a).
Formulations contained (A) sucrose, (B) trehalose, (C) mannitol, (D) sodium chloride, (E)
guanidine HCI, and (F) no excipient (“excipient free”). Solid line indicates fit of the forward
ssHDX reaction to a mono-exponential association model, dotted line indicates fit of the reverse
ssHDX reaction to a mono-exponential decay model; see text for details. Data shown for an 18
amino acid length PDLA peptide, n=3, mean + SD. error bars not shown when less than the height
of the symbol.
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Figure 3.4. Comparison of the forward and reverse ssHDX-MS kinetics for PDLA formulations
deuterated at 6% RD (forward) followed by deuterium removal at 6% RH (reverse) (Case-3Db).
Formulations contained (A) sucrose, (B) trehalose, (C) mannitol, (D) sodium chloride, (E)
guanidine HCI, and (F) no excipient (“excipient free”). Solid line indicates fit of the forward
ssHDX reaction to a mono-exponential association model, dotted line indicates fit of the reverse
ssHDX reaction to a mono-exponential decay model; see text for details. Data shown for an 18
amino acid length PDLA peptide, n=3, mean + SD. error bars not shown when less than the height
of the symbol.
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Figure 3.5. Comparison of the forward and reverse ssHDX-MS kinetics for PDLA formulations
deuterated at 6% RD (forward) followed by deuterium removal at 43% RH (reverse) (Case-3c).
Formulations contained (A) sucrose, (B) trehalose, (C) mannitol, (D) sodium chloride, (E)
guanidine HCI, and (F) no excipient (“excipient free”). Solid line indicates fit of the forward
ssHDX reaction to a mono-exponential association model, dotted line indicates fit of the reverse
ssHDX reaction to a mono-exponential decay model; see text for details. Data shown for an 18
amino acid length PDLA peptide, n=3, mean + SD. error bars not shown when less than the height
of the symbol.
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3.5 Discussion
3.5.1 Pre-hydration and ssHDX-MS

Solid protein formulations typically contain low levels (<2%) of residual moisture. When an
ssHDX experiment is conducted on these samples as received, deuterium incorporation at early
time points may reflect the kinetics of mass transport and D>O vapor sorption into the powder, as
well as the exchange process itself. The pre-hydration studies reported here attempted to address
these confounding effects by pre-equilibrating the powders in an H.O vapor environment before
exposing them to DO vapor at the same activity (i.e., pre-hydration RH = deuteration RD). At
both 6% and 11% RH/RD, Dmax Values for the amorphous solids (i.e., sucrose, trehalose, excipient-
free) were identical in pre-hydrated samples and in controls that were not pre-hydrated, with the
exception of the excipient-free formulation at 11% RH/RD (Figure 3.2B). This indicates that total
deuterium incorporation is generally unaffected by pre-hydration in the amorphous samples.
Crystalline samples (mannitol, sodium chloride, guanidine hydrochloride) showed greater Dmax
values in samples that were not pre-hydrated (Figure 3.2A, B). Crystallization or partial
crystallization of excipients during pre-hydration may promote peptide-peptide interactions that
reduce deuterium incorporation in these samples. Similarly, with regard to deuterium incorporation
rate constants, k values for the amorphous solids (i.e., sucrose, trehalose, excipient-free) were
identical in pre-hydrated samples and their counterparts that were not pre-hydrated, with the
exception of the excipient-free formulation at 6% RH/RD and sucrose formulation at 11% RH/RD
(Figure 3.2C, D). In the crystalline solids (i.e., mannitol, sodium chloride, guanidine
hydrochloride), differences in k values were observed between pre-hydrated samples and in
controls that were not pre-hydrated (Figure 3.2C, D), which again can be attributed to
crystallization or partial crystallization during the pre-hydration step. Thus, pre-hydration has little
to no effect on the kinetics of deuterium incorporation for ssHDX-MS in the amorphous samples

studied here.

3.5.2 Reversibility of ssHDX-MS

The reverse (3.5) and forward (3.6) deuterium exchange reactions in the solid powder can be

written as;

B+XH+Zs—> A+Xe+7ZD (3.5)
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A+Xe+ZD— B+ XeH+Ze (3.6)

where B is the concentration of deuterated backbone amide groups on the peptide in the solid state,
A is the concentration of protonated backbone amide groups on the peptide in the solid state, X<H
is the concentration of proton donor groups in the solid state, X« is the concentration of proton
acceptor groups in the solid state, Z+D (= C) is the concentration of deuterium donor groups in the
solid state, and Ze is the concentration of deuterium acceptor groups in the solid state.

These reactions are simply the reverse of one another. We assume that the concentrations of
deuterium acceptor (Z¢), proton acceptor (X¢) and proton donor (X*H) groups in the solid powder
are large and constant, and do not vary with time during the course of the ssHDX experiment. The
rates of change of A and B then can be written as:

dB

dA

where ky, is the rate constant for the reverse reaction (i.e., for deuterium loss) and ks is the rate
constant for the forward reaction (i.e., for deuterium addition). The system is subject to the initial
conditions that at t = 0, A = Ao and B = Bo, and we make the additional observation that, for all

times:

A+B=A+Bo (3.9)

Using equation (3.9), equation (3.7) can be rewritten to eliminate A, giving:

& = —kyB + k;C[(Ag + Bo) — B (3.10)

3.5.3 Limiting solution for deuterated peptide concentration, high RH

When the concentration of deuterium donors in the solid state is zero (i.e., when C = Z«D = 0),
equation (3.10) simplifies to:
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dB

B = —k, B (3.11)
with the solution:
B = Bye Fnt (3.12)

Experimentally, this behavior was observed for the de-labeling study at 43% RH (Figures 3.5 and
Appendix B - B8). The reverse rate constant values, ky, were determined using equation (3.12) and
deuterium loss data at 43% RH (Figure 3.6).
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Figure 3.6. The reverse ssHDX reaction rate constant values, k,, for PDLA formulations
deuterated at 6% RD (open bar) or 11% RD (hatched bar) followed by deuterium removal at 43%
RH (Case-3c, Case-4c). Data shown for an 18 amino acid length PDLA peptide; n=3, mean + SE.
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The reverse reaction rate constant values (ko) at 43% RH (de-labeling) range from 0.13 to 0.28 h
L for all formulations except guanidine HCI for samples deuterated at both 6% RD and 11% RD
(Figure 3.6). For the guanidine HCI formulation, the ky, values were 0.90 h't at 6% RD and 1.14 h-
1 at 11% RD, respectively, and were significantly greater than the ky values of all other
formulations (p<0.0001, two-way ANOVA with Tukey’s multiple comparisons). The greater kp
values for the guanidine HCI formulation may suggest weak interactions between the peptide and
the excipient, so that the amide groups are readily available for exchange with either deuterons in
the forward reaction or protons in the reverse reaction. The ky, values for the remaining
formulations are not significantly different from one another (p>0.45, two-way ANOVA with
Tukey’s multiple comparisons) suggesting that these values do not depend on the excipient type

or initial deuterium content (i.e., labeling at either 6% RD or 11% RD).

The kp values were also compared with the forward reaction rate constants (k') obtained in the
forward ssHDX studies (Appendix B - Figure B9). The k¢* values were estimated using a series of
deuterium labeling studies conducted at different constant RD, as the slope of the apparent
deuterium incorporation rate constant (kap) as a function of ap (i.e., ap = % RD/100; Eqn. 3.1), as
reported previously.'® Note that ke* is a pseudo-first order rate constant valid in the absence of RD
effects (i.e., at constant RD; Eqn. 3.1), and should not be confused with ks, which is a second order
rate constant (Eqns. 3.7, 3.8). The k¢ values ranged from 0.3 to 2.3 h! and were greater than the
kp values by a factor 1.4 to 6 in a given formulation (Appendix B - Figure B9). However, the
differences between the ky and ki values were statistically significant only for the sucrose and
guanidine HCI formulations. That the kpand ki~ values are of the same order of magnitude suggests
that the rates of the forward and reverse ssHDX reactions can be comparable (Eqn. 3.7, 3.8), and
further supports the importance of including the reverse reaction in the pseudo-first order kinetic
model proposed previously. 8 These estimates of ky are strictly applicable only to de-labeling at

43% RH, and the relative values of ki* and k, may depend on conditions.

3.5.4 Steady-state solution for plateau level of deuterated peptide

At de-labeling conditions other than 43% RH (i.e., at desiccated, 6% RH or 11% RH conditions),

the concentration of deuterated peptide reaches a plateau at large time (Figures 3.3, 3.4, Appendix
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B - B6 and B7). An algebraic equation for the steady-state value of B (i.e., Bss) can be obtained by

setting the time derivative equal to zero in equation (3.10) and rearranging to solve for Bss:

Bss — kass (313)

A0+Bo kb + kaSS

where Css is the steady-state concentration of deuterium donors in the solid state. The left-hand
side of equation (3.13) is the fraction of total peptide (i.e., of Ag + Bo) present in deuterated form
at the plateau. The equation states that this fraction is related to the forward and reverse rate
constants for exchange (ks, ko) and to Css. The pool of deuterium donors may include deuterated
amide groups, excipients, and buffer species, as well as D20 or DHO. The total concentration of
these deuterium donors is unknown but is assumed to be constant at steady state. Equation (3.13)
can be re-arranged to express the ratio, (ko/kiCss), in terms of the plateau value and initial
conditions:

kp — (Ao+Bo—Bss)
kass Bss

(3.14)

The ko/kfCss values were determined using equation (3.14) and plateau values for deuterium loss
at low RH (i.e., 0%, 6% and 11%; Case-3 and Case-4) and are reported in Appendix B - Figure
B10. The kn/kiCss values were greater than 1, indicating that kj, is greater than k¢Css (i.€., ko > kiCss).
The ku/kfCss values generally ranged from 3.5 to 8.4, with the exception of the guanidine HCI
formulation, which showed values up to 23.5 (Appendix B - Figure B10). The values were similar
for all formulations and conditions (no significant differences, p > 0.05, two-way ANOVA with
Tukey’s multiple comparisons) except for the guanidine HCI formulation. The forward and reverse
rates are similar when DO vapor activity (ap) is constant (Appendix B - Figure B9). That the
reverse rate is greater here (i.e., kp > kfCss) suggests that the steady-state concentration of deuterium
donors (Css) is low.

A general feature of the de-labeling experiments is that a higher RH in the vapor phase is associated
with a lower plateau concentration of deuterated peptide (Figures 3.3-3.5 and Appendix B - Figures
B6-B8). This can be attributed to the greater formation of volatile deuterated products at high RH,
which can be removed from the solid (Figure 3.7). When the vapor phase RH is low, the

concentration of H2O in the solid powder is also low. Non-volatile species, such as excipient or
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buffer molecules, then act as the predominant deuterium acceptors due to their greater
concentration (Figure 3.7A). Deuterated excipient or buffer molecules, produced by the reverse
reaction (Eqgn. 3.5), cannot escape to the vapor phase, and remain trapped in the solid (Figure 3.7A).
This allows the forward reaction (Egn. 3.6) to occur. Conversely, when RH is high, the
concentration of H2O in the solid powder is also relatively high (Figure 3.7B). Under these
conditions, water is the predominant deuterium acceptor in the solid state (Ze¢ in equations (3.5),
(3.6)). When the de-labeling reaction occurs (Eqgn. 3.5), the deuterated peptide donates deuterium
to H»O as the most mobile and available acceptor, producing DHO and subsequently D.O. Because
DHO and D0 are volatile, and because their vapor phase concentrations are essentially zero (sink
conditions), these species can be removed from the solid. As a result, the solid phase concentration

of deuterium donors is low and the forward (labeling) reaction (Eqgn. 3.6) is hindered.

A) Low RH B) High RH

Vapor Vapor

2 H,0

PeD+Ee > PH + EeD PeD + H,0 - PH +( DHO!

H,0
Solid Solid

Figure 3.7. Effect of RH on the plateau level of deuterated peptide in de-labeling (reverse
exchange) experiments conducted at (A) low RH (0%, 6% or 11%) or (B) high RH (43%). P<D
represents deuterated peptide (B, Eqgn. 3.5), Ee represents a non-volatile excipient acting as a
deuterium acceptor (Ze, Eqn. 3.5), PH represents protonated peptide (A, Egn. 3.5) and E<D
represents deuterated excipient (Z+D, Eqn. 3.5). At low RH (A), non-volatile excipients serve as
deuterium acceptors during reverse exchange. These deuterated excipients remain in the solid and
can serve as deuterium donors for the forward reaction (Eqgn. 3.6; not shown). At high RH (B),
sorbed H20 serves as a deuterium acceptor and DHO (or DO, not shown) is generated as a reaction
product. Volatile DHO and/or D20 can be removed from the solid into the vapor phase, reducing
the concentration of deuterium donors for the forward reaction (Eqn. 3.6).
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3.6 Conclusions

The studies reported here have evaluated the reversibility of the ssHDX reaction and the effects of
pre-hydration on deuterium incorporation kinetics in lyophilized formulations of unstructured
PDLA peptides. In amorphous samples, pre-hydration had little to no effect on deuterium
incorporation Kinetics. In reversibility studies, the loss of deuterium label showed hysteresis when
compared with deuterium incorporation in the forward ssHDX reaction. The rate and extent of
deuterium removal depended on the de-labelling relative humidity but not on excipient type. The
reverse ssHDX reaction rate constants were quantified, and an interpretation of plateau levels of
deuterium incorporation was presented. The results support a mechanistic interpretation of ssHDX
kinetics as a reversible first-order process, in which the forward (deuteration) rate depends on the
activity of the deuterium donor.

3.7 Supporting information

Additional supporting information for this chapter is available in Appendix B: (i) pre-hydration
and ssHDX-MS study schematic diagram (Figure B1), (ii) reversibility of ssHDX-MS study
schematic diagram (Figure B2), (iii) comparison of pre-hydrated vs non-pre-hydrated ssHDX-MS
of different PDLA formulations (Figures B3-B4), (iv) reversibility of ssHDX-MS in PDLA
formulations lyophilized with various excipients (Figure B5), (v) comparison of the forward and
reverse ssHDX-MS kinetics for PDLA formulations deuterated at 11% RD (Figure B6-B8), (vi)
comparison of the reverse ssHDX reaction rate constant (kp) and forward reaction rate constant
(ks*) values of PDLA formulations (Figure B9), and (vii) comparison of the ku/kiCss values of
PDLA formulations (Figure B10).
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CHAPTER 4. EFFECTS OF PEPTIDE SECONDARY STRUCTURE ON
SOLID-STATE HYDROGEN-DEUTERIUM EXCHANGE

This chapter was published as a research article in Molecular Pharmaceutics (2020, 17 (9), 3501—
3512) and reproduced with permission. Copyright (2020) American Chemical Society.
DOI: 10.1021/acs.molpharmaceut.0c00521

4.1 Abstract

The effects of peptide secondary structure on the rate and extent of deuterium incorporation in
solid-state hydrogen deuterium exchange mass spectrometry (ssHDX-MS) were assessed.
Unstructured PDLA peptides, an a-helical model peptide (Peptide A) and a -sheet model peptide
(Peptide B) were co-lyophilized with various excipients. Peptide structures were confirmed in
solution using circular dichroism spectroscopy (CD) and in the solid state with Fourier transform
infrared spectroscopy (FTIR). ssHDX-MS was conducted at two relative humidities (11% and 23%
RH D-0) and deuterium uptake kinetics were monitored over 10 days. The relative contributions
of peptide secondary structure and matrix interactions to deuteration incorporation were evaluated
by comparing the ssHDX-MS kinetic data of Peptide A and Peptide B with PDLA of similar
molecular weight. The results demonstrate that both peptide secondary structure and interactions
with the solid matrix contribute to the protection from exchange in ssHDX-MS. A guantitative
data analysis and interpretation method is presented, in which the number of protected amide bonds
is calculated as the difference between the maximum deuterium incorporation in solution and in

solid samples.
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4.2 Introduction

Since its introduction in the 1950’s, hydrogen deuterium exchange (HDX) has become a widely
used analytical tool for characterizing protein folding and dynamics in solution.! 2 When coupled
with mass spectrometry (HDX-MS), the method measures the mass change of a protein upon
isotopic exchange of backbone amide hydrogen atoms with deuterium.®# The method typically
involves the dilution of a protein solution into high volumes of a deuterium labeling buffer (i.e.,
D20 buffer, ~pH 7) at room temperature followed by isotopic labeling for pre-determined time
intervals (milliseconds to hours). The reaction is then quenched by reducing the temperature and
pH to ~ 0° C and ~ 2.5 respectively and the deuterium uptake is then measured by mass
spectrometry.! HDX-MS has been used to evaluate protein folding mechanisms,®  to characterize
protein structure,’ for epitope mapping,® to probe protein-protein interactions,>® and in studies of
conformational changes in protein complexes.'® The technique also relates protein structure and
dynamics, and thus has been used in the discovery and development of protein biologics such as

monoclonal antibodies and antibody drug conjugates.'! 12

Although solution formulations of protein drugs are usually preferred for ease of administration
and the relatively low cost of manufacturing, the protein may be insufficiently stable in solution
to provide an adequate shelf life. Water promotes many protein degradation pathways such as
hydrolysis, oxidation, deamidation and aggregation by acting as a reactant, catalyst or solvent.?
To improve stability, it is often desirable to remove water and produce a solid formulation.*® Solid-
state protein formulations are generally produced by lyophilization and require the addition of
excipients, such as cryoprotectants (to protect from freezing stress) and lyoprotectants (to protect
from drying stress).}* In addition, excipients such as mannitol and sodium chloride may be
included to produce a formulation with acceptable physical appearance that maintains isotonicity
upon reconstitution.'* The combination and amount of these excipients is usually optimized using
long-term stability studies, aided by conventional biophysical characterization techniques such as
differential scanning calorimetry (DSC) and Fourier transform infrared spectroscopy (FTIR).
There is an unmet need for novel analytical methods that can reduce the dependence on time-

consuming stability studies in formulation and process development.

Recently, the HDX-MS technique has been applied to proteins in the solid-state, providing higher

resolution information on protein structure and interactions with the solid matrix. Termed solid-
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state hydrogen deuterium exchange mass spectrometry (ssHDX-MS), the method involves
isotopically labeling dried protein formulations by exposing them to D0 in the vapor phase at
controlled temperature and D.O relative humidity. After labeling for pre-determined time intervals
(hours to days), the samples are quenched by flash freezing and the deuterium content is analyzed
by mass spectrometry after reconstituting in an ice-cold, low pH buffer (pH 2.5).%° In several recent
studies, deuterium uptake during ssHDX-MS has been shown to be highly correlated with the
stability of the protein during long-term storage, suggesting that the method may be a cost and
time-effective alternative to stability studies. The correlation of deuterium uptake to long term
storage stability of small proteins, therapeutic antibodies and antibody fragments has been
demonstrated.®*8 More recently, ssHDX-MS has also been used to study the surface composition
of protein formulations produced by spray drying,° to optimize the lyophilization and formulation
process of an antibody fragment,® and to evaluate the effects of drying methods on storage stability
of protein formulations.?® 2! Despite these advances, the fundamental mechanisms and the factors
contributing to the kinetics of ssHDX-MS are not clear, limiting interpretation of ssHDX-MS
Kinetics.

The mechanism of hydrogen-deuterium exchange in solution is described by the Linderstrom-Lang
model 2%* which considers that a protein in solution exhibits transient folding and unfolding
events (i.e., protein dynamics) with the rate constants kop and K, respectively. The model asserts
that, when a protein is exposed to a deuterium source such as D.O, reversible protein folding is
followed by an irreversible chemical exchange reaction (ken) at backbone amide groups.

kop ch kcl
X — Hclosed 2X - Hopen — X - Dopen X - Dclosed
kcl kOP

For a protein in its native folded state, the observed hydrogen exchange rate (knpx) is given by the

following equation (assuming that the ke >> Kop): 2

" _ kop X kcn
HpX kcl + kch

According to this model, the kinetics of deuteration are governed by the protein structure (i.e.,
intramolecular hydrogen bonding), protein dynamics (i.e., transient folding and unfolding events)
and solvent accessibility of amide hydrogen atoms. The folded regions of a protein exhibit slower
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deuteration Kkinetics than the disordered regions due to intramolecular hydrogen bonding. Rapid
deuteration rates indicate high solvent exposure or facile structural opening in that region of the

protein molecule.?

Despite its success and wide acceptance in describing solution HDX, the Linderstrom-Lang model
fails to describe common experimental observations in ssHDX-MS, including the dependence of
the rate and extent of exchange on D0 activity and excipient type. In addition, the Linderstrom-
Lang model does not account for the complexity of the spatially and dynamically heterogeneous
amorphous matrix. These limitations have been described in our previous study. 2° At present, the
extent to which ssHDX-MS is a measure of protein structural conformation vs. protein-matrix
interactions is not clear, and the relative contributions of these two factors to ssHDX-MS kinetics
are not known. The effects of the physical state of the solid matrix (i.e., amorphous or crystalline)
on ssHDX-MS kinetics are also unknown.

To address these limitations and to begin to provide a mechanistic understanding of ssHDX-MS,
we have developed a model for ssHDX-MS kinetics.?® In the model, chemical exchange is treated
as a reversible chemical reaction, in which the forward rate is proportional to D20 activity. The
model successfully described ssHDX-MS kinetics for unstructured poly-D,L-alanine (PDLA)
peptides in various solid formulations. The applicability of the model to these peptides establishes
that peptide-matrix interactions contribute to the rate and extent of ssHDX-MS in the absence of
higher-order structure, an effect that was not observed (and would not be expected) in solution
HDX of these unstructured peptides. The model does not account for the effects of higher order
structure in ssHDX-MS, however, an attribute critical to the formulation and stability of
lyophilized protein therapeutics. The solid-state forms of these molecules are affected both by
intramolecular hydrogen bonds that contribute to their secondary structure and by intermolecular
hydrogen bonds with stabilizing excipients in the surrounding solid matrix. The aim of the current
study is to evaluate the relative contributions of secondary structure and matrix-interactions to
deuteration kinetics in ssHDX-MS, and to provide a more comprehensive mechanistic description
of ssHDX-MS relevant to the industry.

To achieve this goal, two model peptides were chosen, one containing an a-helical secondary
structure and the second with B-sheet secondary structure. The peptides were selected to allow

comparisons with the unstructured PDLA studied previously. A 16-amino acid length peptide
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(“Peptide A”, Ac-(AsK)3A-NH2) was selected as a model for the a-helix conformation and a 14-
amino acid length peptide (“Peptide B”, Ac-(KA12K)-NH2) was selected as a model for the B-sheet
conformation. 22 Unlike the PDLA peptides, peptides that contain only L-alanine would be
expected to be structured, but to have poor aqueous solubility and be difficult to synthesize and
purify. To overcome this challenge, lysine residues were introduced at the two termini of Peptide
B. The repeating alanine residues in the center of the sequence produce the B-sheet conformation
by hydrophobic interactions of methyl groups.?® Peptide A consists of three lysine residues
separated by four alanine residues. This spacing is necessary to avoid charge interactions between
the lysine side chains and to disrupt possible intermolecular interactions between peptides. The
lysine side chains are external to the helix and help solubilize the peptide. Both peptides were

acetylated at the N-terminus and amidated at the C-terminus. 2728

The peptides were co-lyophilized with various excipients, exposed to D>O vapor under controlled
conditions, and the deuteration kinetics monitored over a period of 10 days. The ssHDX-MS
kinetics of the two structured peptides were then compared with those of unstructured PDLA
peptides to assess the contributions of secondary structure to ssHDX-MS Kkinetics. The results
demonstrate that both peptide secondary structure and matrix interactions contribute to the
protection from exchange observed in ssHDX-MS. A data analysis and interpretation method is

presented that quantifies protection from exchange relative to controls.

4.3 Materials and methods
4.3.1 Materials

The model o-helical peptide (“Peptide A”, Ac-(AsK)3A-NH2, MW 1368.55 Da) and B-sheet
peptide (“Peptide B”, Ac-(KA12K)-NH2, MW 1169.30 Da) were custom synthesized by ABclonal
Science (Woburn, MA). Poly-D,L-alanine peptides (“PDLA”, P9003, MW 1000-5000 Da),
lyophilization excipients (sucrose, trehalose, mannitol, sodium chloride, guanidine hydrochloride),
dibasic and monobasic potassium phosphates were purchased from Sigma-Aldrich (St. Louis, MO).
Lyophilization vials (Wheaton™ Type | Clear Glass 2 mL Serum Vials), stoppers (Wheaton™
Rubber Stoppers), and all liquid chromatography mass spectrometry (LC-MS) grade solvents
(water, acetonitrile, formic acid, and methanol) were purchased from Fisher Scientific (Hanover

Park, IL). Deuterium oxide (D0, 99.9%) was purchased from Cambridge Isotope Laboratories
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(Andover, MA). Sterile membrane filters (0.22 um, Millex-GV) were purchased from EMD
Millipore (Burlington, MA). The salts used to prepare saturated solutions of DO to control relative
humidity in sealed desiccators (LiCl and CH3CO:K) were purchased from Fisher Scientific
(Hanover Park, IL). The Float-A-Lyzer™ G2 Dialysis Devices (molecular weight cut-off 0.1-0.5

kD) were purchased from Spectrum Laboratories, Inc. (Rancho Dominguez, CA).

4.3.2 Lyophilization

The lyophilized formulations were prepared as reported previously.?® Briefly, the peptides were
dissolved in 2.5 mM potassium phosphate buffer (pH 7.4) and exhaustively dialyzed using Float-
A-Lyzer™ G2 dialysis devices overnight at 4° C to remove salts and impurities remaining from
synthesis. After dialysis, peptides were diluted to 5 mg/mL concentration. The excipients were
also dissolved in 2.5 mM potassium phosphate buffer (pH 7.4) at 35 mg/mL concentrations. Equal
volumes of peptide and excipient solutions were then mixed to yield a final peptide concentration
of 2.5 mg/mL and an excipient concentration of 17.5 mg/mL (1:7 % w/w). Finally, 250 pL of
peptide-excipient solution was aliquoted into 2 mL lyophilization vials and lyophilized using a
pilot-scale freeze drier (LyoStar3, SP Scientific, Warminster, PA). A conservative lyophilization
cycle was used with freezing at -40° C for 3 h, followed by primary drying at -35° C for 28 h (80
mTorr) and secondary drying at 25° C for 8 h (80 mTorr). At the end of the lyophilization cycle,

samples were backfilled with nitrogen gas under vacuum, stoppered, and crimped.

4.3.3 Circular dichroism spectroscopy (CD)

The secondary structure of the peptides in solution was confirmed by far UV CD spectroscopy
using a JASCO J-815 spectrometer (JASCO Analytical Instruments, Easton, MD). The instrument
was purged continuously with nitrogen gas at a flow rate of 15 L/min and approximately 200 pL
of a 100 uM peptide sample in 2.5 mM potassium phosphate buffer was analyzed using a 1 mm
path length cell at 20° C. The spectra were acquired from 190 nm to 260 nm using a 1 nm

bandwidth at 50 nm/min scanning speed. An average of three scans was reported.
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4.3.4 Fourier transform infrared spectroscopy (FTIR)

The secondary structure of the peptides in lyophilized formulations was confirmed by solid-state
FTIR using a Nexus FTIR spectrometer (Thermo Nicolet Corp., Madison, WI) equipped with an
attenuated total reflectance (ATR) crystal. The instrument was purged with nitrogen gas to reduce
background moisture interference and 128 scans of the background spectra were acquired at a
resolution of 4 cm™. Approximately 5 mg of solid was placed on the ATR crystal and 128 scans
of the spectra were acquired at a resolution of 4 cm™. For each sample, the baseline was corrected,
background spectra were subtracted, the area was normalized for the amide-I region (1720-1580
cm™) and the second derivative spectra were generated using the Opus software (Version 6.5,
Brucker Optics, Billerica, MA).

4.3.5 Powder X-ray diffraction (PXRD)

The physical state of the formulations was characterized using a Rigaku SmartLab (XRD 600)
diffractometer (The Woodlands, TX). The diffractograms were collected at a wavelength of
0.15405 nm between 5° to 40° 20 with a step size of 0.02°.

4.3.6 Solution HDX-MS

The solution HDX-MS experiments were carried out on solution samples of unstructured PDLA,
Peptide A and Peptide B formulations prior to lyophilization as a control for ssHDX-MS. The
peptide formulations (i.e., 2.5 mg/mL peptide and 17.5 mg/mL excipient in 2.5 mM potassium
phosphate buffer, pH 7.4) were diluted with deuterium labeling buffer (2.5 mM potassium
phosphate buffer in D,O) at 1:9 (v/v). The deuterium labeling experiments were carried out at
room temperature and the samples were quenched at pre-determined time intervals by diluting
with an excess volume of ice-cold quench buffer (0.2% formic acid, 5% methanol in water, pH
2.5). The quenched samples were analyzed for deuterium content by LC-MS (Agilent 6520 TOF,
Agilent Technologies, Santa Clara, CA). The LC-MS system was equipped with a custom-made
refrigerated box capable of maintaining low temperatures to reduce back exchange. The peptide
was trapped onto a peptide trap (Michrom Biosources, Inc., Auburn, CA) and desalted for 1.7 min
using an isocratic flow of 0.1 % formic acid in water at 0.2 mL/min flow rate. The peptides were
eluted using an LC column (Zorbax 300-SB-C18, Agilent Technologies, Santa Clara, CA) with a
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gradient flow of 0.1 % formic acid in acetonitrile. The data were acquired from 100-1700 m/z and
an undeuterated sample was used as a reference to calculate the deuterium content in labeled
samples. A peptide list for the synthetic peptide consisting of an experimental mass, retention time
and m/z was generated using Mass Hunter workstation software equipped with the Bioconfirm
software package (B.03.01, Agilent Technologies). These reference parameters were then used to
calculate deuteration levels in labeled samples using HDExaminer software (Version 2.0, Sierra
Analytics, Modesto, CA).

4.3.7 Solid-state HDX-MS (ssHDX-MS)

The ssHDX-MS experiments for the PDLA, Peptide A and Peptide B formulations were carried
out at two relative humidity conditions (i.e., 11% RH D20 and 23% RH D:0). Solid samples in
open vials were placed in sealed desiccators containing saturated salt solutions in D>O at room
temperature (LiCl in D2O for 11% RH and CHzCO2K in D20 for 23% RH). Labeling was carried
out for up to 10 days and the samples were withdrawn at pre-determined time intervals (i.e., 3 h,
6 h,9h, 12 h, 1 day, 3 days, 5 days and 10 days). The samples were quenched by flash freezing in
liquid nitrogen and stored at -80° C until analyzed by LC-MS. The quenched samples were
reconstituted in ice-cold buffer (0.2 % formic acid, 5 % methanol in water, pH 2.5) and analyzed

on a mass spectrometer as described above.

The deuteration data were fitted to a mono-exponential equation:
D = Dypax(1 — e_kt) (4.1)

where D is the deuterium uptake at labeling time t, Dmax is the deuterium uptake at infinite time,
and k is an apparent first-order rate constant. The calculation of deuteration kinetic parameters and

statistical analysis were carried out using GraphPad Prism software (Version 8.3.0, La Zolla, CA).

4.3.8 Statistical analysis

Deuteration data were analyzed using GraphPad Prism software (Version 8.3.0, La Zolla, CA). A
two-way ANOVA followed by Tukey’s multiple comparison test was used to evaluate the
differences in solution HDX-MS data by comparing the mean deuteration levels of every peptide

formulation with those of every other peptide formulation. A two-way ANOVA followed by
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Sidak’s multiple comparisons was used to evaluate the ssHDX-MS data, since two groups were
compared independently with other groups in a data set. Maximum deuteration values or rate
constants for two different peptides in the same formulation at the same RH were compared

similarly.

4.4 Results
4.4.1 Peptide secondary structure in solution by CD

The secondary structures of the model peptides were evaluated in solution using CD spectroscopy
(Figure 4.1). Peptide A showed characteristic minima at 222 nm and 208 nm, as well as a maximum
at 190 nm, consistent with an a-helical structure.®® Peptide B showed a characteristic minimum at

218 nm and a maximum between 195 - 200 nm, consistent with p-sheet structure in solution.*
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Figure 4.1. Circular dichroism (CD) spectra of Peptide A (i.e., Ac-(AsK)3A-NH>) and Peptide B
(i.e., Ac-KA12K-NH?>) in solution show peaks characteristic of a-helix and B-sheet secondary
structures, respectively.

122



4.4.2 Peptide secondary structure after lyophilization

Solid-state FTIR was used to assess the secondary structure of the model peptides in lyophilized
formulations (Figure 4.2). The second derivative spectra in the amide-I region (1720-1580 cm™)
were extracted for Peptide A and Peptide B for each formulation. The sucrose, trehalose and
excipient-free formulations of Peptide A showed a band at 1652 cm™ while the mannitol and
sodium chloride formulations showed a band at 1658 cm™, consistent with retention of the
peptide’s a-helical structure in the solid-state (Figure 4.2). In contrast, the guanidine HCI
formulation showed peaks consistent with a random coil, suggesting that the a-helical structure
had been perturbed. The peak shifts of the mannitol and sodium chloride formulations, relative to
the other formulations that retained structure, can be attributed to partial crystallinity of these
excipients and reduced hydrogen bonding interactions between peptide and excipients.®! The small
peak at 1630 cm™ in the FTIR spectra of all formulations may be due to the signal produced by
lysine residue side chains, while the peaks at 1675 cm™ may suggest the presence of a p-turn like
structure.® The FTIR spectrum of Peptide A in the guanidine HCI formulation showed an
additional broad peak between 1620-1630 cm™* which can be attributed to interference from lysine

side chains and guanidine HCI despite background correction.

The second derivative FTIR spectra in the amide-I region of Peptide B formulations showed a
characteristic peak at 1625 cm™, consistent with the retention of B-sheet structure in all
formulations.®* The guanidine HCI formulation peak in this region is broadened, which may
indicate interference by the excipient and/or loss of secondary structure. With that exception, the
solid-state FTIR spectra suggest that Peptide A exists in an a-helical conformation and Peptide B

in a B-sheet conformation after lyophilization in all formulations except guanidine HCI.
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Figure 4.2. Solid-state FTIR spectra of (A) Peptide A (i.e., Ac-(AsK)3sA-NH2) and (B) Peptide B
(i.e., Ac-KA12K-NH?>) in lyophilized formulations show peaks characteristic of a-helix and B-sheet
structures, respectively.

4.4.3 Solid physical form by PXRD

The PXRD diffractograms of sucrose, trehalose, and excipient free formulations of Peptide A and
Peptide B showed featureless and broad spectra characteristic of amorphous material (Figure 4.3).
In contrast, the diffractograms of the mannitol, sodium chloride and guanidine HCI formulations
of the two peptides showed sharp peaks of varying magnitude, consistent with crystalline or

partially crystalline solids (Figure 4.3). To ensure that mechanistic inferences are made for solid
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materials of similar physical state, the remainder of this manuscript focuses on the amorphous
formulations (i.e., sucrose, trehalose, excipient-free, Figure 4.3). Corresponding data for the

crystalline or semi-crystalline formulations (i.e., mannitol, sodium chloride, guanidine HCI) are

presented in Appendix C.
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Figure 4.3. PXRD spectra of (A) Peptide A (i.e., Ac-(A4K)3A-NH>) and (B) Peptide B (i.e., Ac-
KA12K-NH?>) lyophilized formulations show characteristic amorphous bands for sucrose, trehalose,
excipient free formulations and crystalline bands for mannitol, sodium chloride, and guanidine

HCI formulations, respectively.
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4.4.4 Solution-state HDX-MS

Solution state HDX-MS of Peptide A formulations showed maximum deuteration (i.e., up to 14
Da, > 95% of theoretical maximum) within 2 min of the initiation of deuterium labeling (Figure
4.4A, Appendix C - Figure C1A). While minor differences in the extent of deuteration were
observed among the formulations, the differences are not significant (p > 0.10, two-way ANOVA
with Tukey’s multiple comparison). When Peptide A formulations are compared with unstructured
PDLA peptides of the same length, deuteration levels in Peptide A are significantly greater than
those of the PDLA peptides for all formulations (p < 0.0002, two-way ANOVA with Tukey’s
multiple comparison). This may be due to the N-terminal modification in Peptide A, which may
make the N-terminal amide hydrogen exchangeable and measurable. The result also suggests that,
in solution, the deuteration of Peptide A is not hindered by its a-helical structure, consistent with

facile unfolding and refolding.

In solution, Peptide B formulations showed lower deuteration than Peptide A (i.e., up to 8 Da,
approx. 62% of theoretical maximum) even after 60 min of labeling, perhaps due to its more rigid
B-sheet structure. The guanidine HCI and sodium chloride formulations of Peptide B showed
significantly lower deuteration than the sucrose, trehalose and excipient-free formulations at 2 min
of deuterium exposure; the differences were not significant at 60 min (Figure 4.4B, Appendix C -
Figure C1B). When Peptide B formulations are compared with PDLA peptides of the same length,
deuteration in Peptide B was significantly less than in the PDLA peptides (p < 0.0001, two-way
ANOVA with Tukey’s multiple comparison). This difference suggests that the [3-sheet structure
of Peptide B provides protection from exchange in solution, and that the extent of this protection

is equivalent to approximately five hydrogen bonds (Figure 4.4B).
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Figure 4.4. Solution HDX-MS of (A) Peptide A (i.e., Ac-(AsK)3A-NH2) vs. PDLA (16 aa) and
(B) Peptide B (i.e., Ac-KA12K-NH2) vs. PDLA (14 aa). The dotted line represents the maximum
possible theoretical deuteration level, n=3, mean £ SD, error bars are not shown when smaller than
the symbol.

Solid-state HDX-MS studies of Peptide A and Peptide B formulations were conducted at two RH
conditions (i.e., 11% and 23% RH) (Figures 4.5, Appendix C - Figures C2 and C3). Deuterium
incorporation in all amorphous Peptide A and Peptide B formulations increased mono-

exponentially with time (Figure 4.5). For a given formulation, deuterium incorporation for the




structured peptides (Peptides A, B) was less than or equal to that of the unstructured PLDA
peptides for all formulations and both RH conditions (Figure 4.5). The differences between the
structured and unstructured peptides were generally greater at the higher RH (23% vs. 11%, Figure
4.5A vs. 4.5B and Figure 4.5C vs. 4.5D). A detailed statistical comparison of the effects of RH

and secondary structure on ssHDX-MS is presented below.

At 11% RH, the sucrose and trehalose formulations of Peptide A showed the lowest deuteration
levels of the three amorphous formulations (Dmax = approximately 3.5 Da, Figure 4.5A). When
compared to the corresponding formulations of PDLA peptides, the amorphous formulations of
Peptide A showed somewhat lower deuteration (Figure 4.5A). Greater deuterium incorporation
was observed for the excipient-free formulations of PDLA and Peptide A under these conditions,
suggesting weaker intermolecular interactions than in the sucrose and trehalose formulations,
and/or some loss of Peptide A structure. At 23% RH, deuterium incorporation for the trehalose
formulation of Peptide A is approximately equal to that observed at 11% RH (Figure 4.5A, B),
suggesting that the overall hydrogen bond environments are similar. In contrast, deuterium
incorporation for both the sucrose and excipient-free formulations increases to ~ 6 Da at 23% RH
(Figure 4.5B). That the excipient-free and sucrose formulations of Peptide A show similar
deuteration at 23%RH suggests that the environments in the two formulations are similar, and may
indicate that sucrose provides very little protection from exchange under these conditions, perhaps
due to micro phase separation or partial crystallization. At23% RH, both the sucrose and trehalose
formulations of Peptide A show ~ 1.5 to 2 Da lower deuterium incorporation than their PDLA
counterparts (Figure 4.5B). Interestingly, excipient-free formulations of Peptide A and PLDA

show no differences in deuterium incorporation kinetics.

For Peptide B at 11% RH, the sucrose and trehalose formulations showed lower deuteration levels
(~2.0 and 2.4 Da, respectively) than the excipient-free formulation (~ 4.8 Da) consistent with
increased peptide-matrix interactions and/or more intact secondary structure (Figure 4.5C). At 23%
RH, deuterium incorporation for Peptide B formulations and its PDLA controls was generally
greater than at 11% RH, though the increase was less for the Peptide B formulations than for the
PDLA controls (Figure 4.5C, D). Peptide B formulations also showed a smaller increase in
deuterium incorporation with increasing RH than Peptide A formulations, suggesting that the

hydrogen bonds in the B-sheet structure are more resistant to exchange than the a-helix hydrogen
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bonds of Peptide A (Figure 4.5A-D). When compared to the deuteration levels in PDLA

formulations, Peptide B formulations showed lower deuteration levels in all cases.
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Figure 4.5. Solid-state HDX-MS of amorphous formulations (A) Peptide A (i.e., Ac-(AzK)3A-
NH2) vs PDLA (16 aa) at 11% RH D0, (B) Peptide A (i.e., Ac-(AsK)3A-NH2) vs PDLA (16 aa)
at 23% RH D20, (C) Peptide B (i.e., Ac-KA12K-NH2) vs PDLA (14 aa) at 11% RH D20 and (D)
Peptide B (i.e., Ac-KA12K-NH>) vs PDLA (14 aa) at 23% RH D20. n=3, mean + SD, error bars
are not shown when smaller than the symbol.
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446 Effect of RH on ssHDX-MS

The kinetics of deuterium incorporation were fitted to the mono-exponential model (Eqgn. 4.1) and
the effects of RH on the regression parameters (Dmax, K) were evaluated statistically (Figure 4.6,
Appendix C - Figure C4-C6; Appendix C - Tables C1, C2). Dmax values for all formulations of
Peptide A increased when the RH was increased from 11% to 23% RH. The increase in Dmax was
statistically significant for all formulations of Peptide A except the trehalose formulation (p > 0.99,
two-way ANOVA with Sidak’s multiple comparison test). Similarly, the Dmax Values of Peptide B
formulations increased when the RH was increased from 11% to 23%. However, this increase was
smaller than for the Peptide A formulations. The increase in Dmax Was statistically significant for

all formulations of Peptide B except the trehalose and excipient-free formulations.

The exchange rate constants (k) also increased slightly with RH for the Peptide A formulations,
but only the guanidine HCI formulation showed a statistically significant increase in the rate
constant (p=0.02; Appendix C - Figure C6). For Peptide B, the rate constants increased with RH,
but only the sodium chloride and guanidine HCI formulations showed a statistically significant
increase (p=0.03; Appendix C - Figure C6). Increases in rate constants with RH were not
significant for either Peptide A or Peptide B for any of the amorphous formulations except the

excipient free formulation of Peptide B (Figures 4.5, 4.6).
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Figure 4.6. Comparison of ssHDX-MS kinetics of amorphous peptide formulations at 11% RH
D20 (open bar) and 23% RH D,0 (hatched bar). (A) Dmax (Peptide A), (B) k (Peptide A), (C) Dmax
(Peptide B), and D) k (Peptide B), n=3, mean £ SE; error bars not shown when less than the height
of the symbol.

4.4.7 Effect of peptide secondary structure on ssHDX-MS

To quantify the effects of both structure and excipient type, the ssHDX-MS regression parameters
for Peptide A and Peptide B were compared to those of unstructured PDLA peptides of similar
length (Figures 4.7, 4.8 and Appendix C - Figures C7-C12). At 11% RH, Peptide A showed slightly
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lower Dmax values than the 16aa PDLA peptide in the various formulations, but the difference was
statistically significant only for the guanidine HCI formulation (p<0.0001, two-way ANOVA with
Sidak’s multiple comparisons; Appendix C - Figure C11A, Appendix C - Table C3) and was not
significant for any of the amorphous formulations (Figure 4.7A, Appendix C - Table C3). At 23%
RH, Dmax values for Peptide A were less than those of the 16aa PDLA peptide in the same
formulations, with the exception of the excipient free formulation (Figure 4.7B, Appendix C -
Table C3). At 11% RH, Dmax values for the Peptide B formulations were significantly less than
those of the corresponding 14aa PDLA formulations, except for the excipient-free formulation
(Figure 4.7C, Appendix C - Table C4). The differences between the Peptide B and PDLA
formulations were significant for all three formulations at 23% RH (Figure 4.7D, Appendix C -
Table C4).
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Figure 4.7. Comparison of maximum deuterium incorporation (Dmax) in sSHDX-MS for
unstructured PDLA peptides (open bar) vs structured Peptide A (a-helical) or Peptide B (B-sheet)
amorphous formulations (hatched bar). (A) 16aa PDLA vs Peptide A (Dmax at 11% RH D20), (B)
16aa PDLA vs Peptide A (Dmax at 23% RH D20), (C) 14aa PDLA vs Peptide B (Dmax at 11% RH
D20), and (D) 14aa PDLA vs Peptide B (Dmax at 23% RH D-0). n=3, mean + SE; error bars not
shown when less than the height of the symbol.

The effect of peptide secondary structure on the exchange rate constants (k) was also evaluated
(Figures 4.8, Appendix C - Figures C7-C10, C12; Appendix C - Tables C5, C6). At 11% RH, the
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k values for Peptide A were slightly less than those of 16aa PDLA in the sucrose and trehalose
formulations, though the differences were not significant (Figure 4.8A). At 23% RH, all Peptide
A formulations had k values comparable to those of 16aa PDLA in the corresponding formulations
(Figure 4.8B).

For Peptide B at 11% RH, the rate constants for the sucrose and trehalose formulations were
comparable to those of 14aa PDLA in the corresponding formulations (Figure 4.8C). However,
the value for the excipient-free formulation of Peptide B was significantly greater than in the
corresponding 14aa PDLA formulations (Figure 4.8C). A similar trend was observed for the
Peptide B formulations at 23% RH (Figure 4.8D).
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Figure 4.8. Comparison of ssHDX-MS kinetics of unstructured PDLA (open bar) vs structured
Peptide A or Peptide B amorphous formulations (hatched bar). (A) PDLA vs Peptide A (k at 11%
RH D20), (B) PDLA vs Peptide A (k at 23% RH D20), (C) PDLA vs Peptide B (k at 11% RH
D20), and (D) PDLA vs Peptide B (k at 23% RH D20), n=3, mean + SE; error bars not shown
when less than the height of the symbol.
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45 Discussion

The studies presented here have explored the effects of secondary structure on ssHDX-MS using
model peptides. The results demonstrate that both peptide structure and interactions between the
peptide and the matrix provide protection from exchange in ssHDX-MS. Unstructured PDLA
peptides were protected from exchange in ssHDX-MS to an extent that depended on solid
composition and the relative humidity of D,O vapor (RH) (Figure 4.5), as reported previously.?
The Linderstrom-Lang model, widely used to describe solution HDX, predicts that such
unstructured peptides would not be protected from exchange at all. In fact, the PDLA peptides are
not protected from exchange in solution on the time scale of these experiments (Figure 4.4). The
results further demonstrate that peptide secondary structure can provide additional protection from
exchange in ssHDX-MS. Peptide A and Peptide B have a-helical and B-sheet secondary structure,
respectively, both in solution and in lyophilized solids (Figures 4.1, 4.2). Peptides A and B showed
greater protection from exchange in ssHDX than unstructured PDLA peptides of similar length in
identical formulations (Figure 4.5). This finding demonstrates that higher order structure confers
protection from exchange in ssHDX-MS, as asserted by the Linderstrom-Lang model for proteins
in solution. At a broad qualitative level, then, the results demonstrate that both peptide structure

and matrix interactions can contribute to the protection from exchange observed in ssHDX-MS.

The extent of deuterium incorporation can be used to quantify the protected amide bonds in each
formulation, and to make comparisons. The total deuterium uptake for a given peptide in solution
is a measure of the maximum number of amide groups that can be deuterated and quantified
(Figure 4.4). Because the peptide undergoes back exchange during MS analysis, this value is
somewhat less than total number of amide bonds. For example, the 16aa PDLA peptide showed a
total deuterium uptake of 12 in solution (Figure 4.4A), suggesting that three of its amide bonds
have undergone back exchange. We assume that the maximum deuterium uptake measured in
solution is equal to the maximum number of amide groups that can be protected from exchange
and subsequently detected in ssHDX-MS. The difference between this value and the plateau level
of deuteration in ssHDX-MS is a measure of the number of amide groups that are protected under
particular conditions. For example, in the ssHDX-MS experiment at 23% RH, the 16aa PDLA
peptide had a plateau of 5.5 deuterons incorporated in the trehalose formulation (Figure 4.5B,

Appendix C - Table C3). The 16aa PDLA peptide then has an average of 6.5 protected amide
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groups (i.e., 12 — 5.5) under these conditions, corresponding to protection of ~58% of the total

exchangeable amide groups.

Table 4.1 shows the number of protected amide bonds for the four model peptides in the various
formulations, as measured in ssHDX-MS studies at 11% and 23% RH (Figure 4.5). Since the
number of exchangeable amide hydrogens differed somewhat for Peptides A and B and the

corresponding PDLA controls (Table 4.1, Row 1), the values are also reported as percentages.

Table 4.1. Number of protected amide bonds for model peptides in various formulations, as
measured in ssHDX-MS studies at 11% and 23% RH

Row Peptide A | PDLA 16 | PeptideB | PDLA 14

1 Number of exchangeable amide 14 12 8 10
hydrogens (Figure 4.4,
Appendix C - Figure C1)

Protected amide groups, ssHDX-MS at 11% RH (Figure 4.5A, C)

2 Sucrose formulation P 10.9 (78%) 8.7 6.0 7.0
(72%) (75%) (70%)

3 Trehalose formulation 10.4 (74%) 8.3 5.6 6.4
(69%) (70%) (64%)

4 Excipient-free formulation 9.3 6.7 3.2 5.4
(66%) (56%) (40%) (54%)

Protected amide groups, ssHDX-MS at 23% RH (Figure 4.5B, D)

5 Sucrose formulation 7.4 3.2 4.6 1.9
(53%) (27%) (58%) (19%)

6 Trehalose formulation 10.4 (74%) 6.5 5.1 4.9
(54%) (64%) (49%)

7 Excipient-free formulation 7.5 5.2 2.7 3.8
(54%) (43%) (34%) (38%)

& Number of protected amide groups is the difference between maximum deuteration levels in
solution (Dmax, Figure 4.4) and in ssHDX-MS (Figure 4.5). Approximate error +/- (0.5) (see
Figures. 4.4, 4.5, Appendix C - Tables C3, C4).

b Protected amide groups as a percentage of number of exchangeable amide hydrogens (Row 1)
shown in parentheses.
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In ssHDX-MS of Peptide A at 11% RH, approximately 10 of the 14 amide bonds are protected in
all three formations (Table 4.1, Rows 2-4). The value is somewhat lower for the excipient-free
formulation than for the sucrose and trehalose formulations, suggesting greater structural
perturbation and/or weaker interactions with the matrix. Peptide A is a 16aa a-helical peptide, and
thus has 12 intramolecular hydrogen bonds if the helix is fully intact (see Appendix C - Figure
C13). Approximately 10 amide bonds are protected at 11% RH, suggesting that at least two of the
hydrogen bonds of the a-helix are not protected. Since some protection may be provided by
intermolecular interactions with the matrix, it is possible that more than two a-helix hydrogen
bonds are not protected, and the value thus is a minimum. The number of protected amide
hydrogens in Peptide A is 5-10% greater than in the PDLA control at 11% RH, providing a measure
of the extent of protection provided by the helical structure of Peptide A. This difference represents
the net increase in protection, since some intermolecular hydrogen bonds that protect PDLA may
be lost in forming the structural hydrogen bonds of Peptide A. At 23% RH, the number of protected
hydrogen bonds in the sucrose and excipient-free formulations is less than at 11% RH (Table 4.1,
Rows 5-7), as expected due to the increased DO activity in the solid samples. However, the
trehalose formulation shows no such decrease, suggesting better retention of structure and/or
stronger interactions with the matrix. Differences between Peptide A and its PDLA control with
regard to the number of protected amide bonds are generally greater at 23% RH than at 11% RH
(Table 4.1, Rows 2-4 vs. Rows 5-7). This may reflect greater disruption of intermolecular
hydrogen bonds in PDLA.

In the carbohydrate-based formulations (i.e., sucrose and trehalose), amide-hydroxyl hydrogen
bonds probably dominate the intermolecular interactions between the peptide and the matrix.
These intermolecular hydrogen bonds can help protect the peptide from exchange. In contrast, the
intramolecular hydrogen bonds that contribute to peptide structure are amide-amide hydrogen
bonds; these, too, can help protect the peptide from exchange. Amide-amide hydrogen bonds are
generally somewhat stronger than amide-hydroxyl hydrogen bonds,*® though their strength can
vary with the medium 3435 and within the secondary structure.® For example, in solution, amide-
amide hydrogen bonds near the termini of an a-helix are generally weaker than those near its
center.® It is reasonable to expect that, in the carbohydrate-based formulations, the increase in
deuterium uptake with increasing RH is due to disruption of some of these weaker bonds. The

excipient-free formulations lack the abundant excipient hydroxyl groups of the carbohydrate-based

138



formulations. Peptide A and Peptide B are comprised primarily of alanine, an amino acid that does
not have hydrogen bond donor or acceptor groups in its side chain. In the excipient-free
formulations then, intermolecular interactions probably involve amide groups on neighboring
peptide molecules, though interactions involving the lysine groups cannot be ruled out. The lower
number of protected amide groups in the excipient-free formulations of Peptide A (Table 4.1,
Rows 4, 7) suggests that, while amide-amide hydrogen bonds are generally stronger than amide-
hydroxyl hydrogen bonds, any such interactions in the excipient-free formulations provide less
protection, perhaps because there are fewer of them.

Peptide B has 14 amide bonds, at least 13 of which are expected to be deuterated and measurable
(i.e., resistant to back exchange) in solution (see Appendix C - Figure C13). Only 8 sites of
deuteration are detected in solution (Figure 4.4, Table 4.1). This suggests that the amide bonds are
not fully accessible, and that some residual B-sheet structure remains, or that Peptide B does not
contain the expected number of amide bonds (e.g., due to non-amide linkages). Peptide B has CD
and FTIR spectra consistent with B-sheet secondary structure (Figures 4.1, 4.2B). If the B-sheet
structure is the result of intermolecular interactions, it may represent as many as 14 inter-strand
hydrogen bonds. If instead the B-sheet structure is the result of intramolecular interactions (e.g., a
B-hairpin), a maximum of 6 intra-strand hydrogen bonds could be formed (see Appendix C - Figure
C13). Thus, unlike Peptide A, Peptide B presents some uncertainties in the number of amide bonds
and in the theoretical number of hydrogen bonds in its secondary structure. Such uncertainty would
also be expected for larger proteins, in which the theoretical number of structural hydrogen bonds
may not be known precisely, though biophysical assays can give some indication of secondary
structure. We assume that the maximum number of structural hydrogen bonds that can be formed

and measured in Peptide B is equal to 8, the maximum deuteration measured in solution.

In Peptide B at 11% RH, the number of protected amide bonds ranges from 3.2 to 6.0, amounting
to 40 to 75% of the experimentally observed maximum value of 8 (Table 4.1, Rows 2-4). The
value is least for the excipient-free formulation, which suggests that secondary structure and/or
matrix interactions are poorest in this formulation. For the sucrose formulation, the result suggests
that at least two of the maximum of 8 structural hydrogen bonds have been disrupted. As with
Peptide A, this should be regarded as a minimum. Similar inferences can be made for the trehalose
and excipient-free formulations. As with Peptide A, the number of protected amide bonds is 5-10%

greater for Peptide B than for its PDLA control at 11%RH in both the sucrose and trehalose
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formulations, again providing a measure of the net protection from exchange provided by
secondary structure. Interestingly, in the excipient-free formulation, the PDLA control shows
greater protection from exchange than Peptide B (Table 4.1, Row 4). This suggests that structure
provides no additional protection in this formulation, perhaps because both inter- and
intramolecular hydrogen bonding interactions involve amide-amide interactions. At 23% RH, the
number of protected amide bonds was less than at 11%RH for all three formulations (Table 4.1,
Rows 2-6), as expected. For the sucrose and trehalose formulations, differences between Peptide
B and its PDLA control are greater at 23% RH than at 11% RH (Table 4.1, Rows 2, 3, 5, 6), which
may reflect disruption of intermolecular amide-hydroxyl hydrogen bonds with increasing D.O

activity.

A similar approach can be used to interpret ssHDX-MS data for large therapeutic proteins which
can contain hundreds of amino acids. The maximum number of exchangeable amide hydrogens
can be measured in solution HDX-MS experiments under denaturing conditions (Figure 4.4,
Appendix C - Figure C1). This value also represents an upper bound on the number of
intramolecular structural hydrogen bonds that can be formed and measured. The extent of
deuterium incorporation then can be measured in ssHDX-MS experiments for solids of interest
(Dmax, Figure 4.7). Dmax can be determined using non-linear regression of kinetic data, as reported
here, or estimated using deuterium incorporation at a single time point of deuterium exposure,
provided that measurement is made at sufficiently long time (e.g., 48-72 h). Solid formulations
containing PDLA, at comparable weight percentage to the protein of interest, can be used as
unstructured controls, allowing an estimate of the percentage protection provided by protein
structure, as in Table 4.1. Polydisperse PDLA with MW 1000-5000 is inexpensive and readily
available, and a single abundant chain length can be selected easily on MS analysis for use as a
control. To allow meaningful comparisons of the number of protected amide bonds, replicate
measurements of deuterium incorporation should be performed (Figure 4.7). For some proteins, it
also may be possible to estimate the number of structural hydrogen bonds using the protein
sequence structures in the Protein Data Bank (PDB). For example, myoglobin has eight a-helices
connected by loops or turns. The number and sequence of amino acids in each of these helices are
available from the protein sequence structures in the PDB. Combining this information with the
hydrogen bonding pattern in helices, the maximum number of structural hydrogen bonds can be

estimated (Appendix C - Table C7). Based on this information, a table quantifying the protected
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amide bonds can be generated for a specific protein in various solids and compared to controls on

a percentage basis. An example is presented for myoglobin in Appendix C - Table C8.

4.6 Conclusions

The studies reported here have evaluated the effects of peptide secondary structure on ssHDX-MS.
An a-helical model (Peptide A) and a B-sheet model (Peptide B) were lyophilized in various solid
formulations. Deuterium incorporation was measured in sSHDX-MS and compared with
unstructured PDLA peptides in the same formulations. At a qualitative level, the results
demonstrate that both peptide secondary structure and interactions with the solid matrix contribute
to the protection from exchange observed in ssSHDX-MS. A quantitative data analysis and
interpretation method is presented, in which the number of protected amide bonds is calculated as
the difference between the maximum deuterium incorporation in solution and in solid samples
during ssHDX-MS. The method allows quantitative comparison among solid samples, and

between samples and controls.

4.7 Supporting information

Additional supporting information for this chapter is available in Appendix C: (i) solution HDX-
MS of Peptide-A (i.e., Ac-(AsK)3A-NH2) vs PDLA (16 aa) and Peptide-B (i.e., Ac-KA12K-NH2)
vs PDLA (14 aa) (Figure C1), (ii) solid-state HDX-MS of crystalline formulations of Peptide-A,
Peptide-B vs PDLA at 11% RH D20, and 23% RH DO (Figure C2), (iii) solid-state HDX-MS of
Peptide-A, and Peptide-B at 11% RH D20 and 23% RH D20 (Figure C3), (iv) comparison of
ssHDX-MS of Peptide A formulations at 11% RH D.O and 23% RH D.O (Figure C4), (V)
comparison of ssHDX-MS of Peptide B formulations at 11% RH D20 and 23% RH D20 (Figure
C5), (vi) comparison of ssHDX-MS kinetics of Peptide A and Peptide B crystalline formulations
at 11% RH D20 and 23% RH D»O (Figure C6), (vii) comparison of ssHDX-MS of unstructured
PDLA (16 aa) vs a-helical Peptide A (Figures C7-C8), viii) comparison of ssHDX-MS of
unstructured PDLA (14 aa) vs B-sheet Peptide B (Figures C9-C10), ix) comparison of ssHDX-MS
kinetics of unstructured PDLA peptides vs structured Peptide A (a-helical) or Peptide B (B-sheet)
crystalline formulations (Figures C11-C12), x) Possible structures and H-bond patterns of Peptides
A and B, xi) effect of RH on the ssHDX-MS kinetics of Peptide A and Peptide B formulations
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(Table C1-C2), xi) effect of secondary structure on the ssHDX-MS kinetics of Peptide A or Peptide
B formulations in comparison with corresponding unstructured PDLA peptides (Table C3-C6), xii)
calculation of approximate number of structural H-bonds in myoglobin using protein sequence
structure information from PDB (Table C7), and xiii) number of protected amide bonds for

myoglobin in various formulations, as measured in ssHDX-MS studies (Table C8).
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CHAPTERSS. CONCLUSIONS

There is an unmet need for a high-resolution analytical technique that can probe protein structure
and conformation in solid powders to aid the pharmaceutical development process of solid-state
proteins. Solid-state hydrogen-deuterium exchange mass spectrometry (ssHDX-MS) has the
potential to fill this gap and has proven to be reliable in screening formulations according to their
storage stability. Previously reported studies from our group demonstrated that ssHDX-MS
kinetics correlate to long-term stability. However, the fundamental mechanisms and the factors
contributing to ssHDX-MS Kkinetics are not clear to date. The research conducted in this
dissertation has addressed these limitations and presented a mechanistic interpretation of ssHDX-

MS of proteins.

Chapter 1 discussed the background information about therapeutic protein formulations, possible
degradation pathways in the solid-state, and analytical techniques that are used to characterize
proteins. It also discussed the theory and applications of hydrogen-deuterium exchange mass
spectrometry in solution and the solid-state followed by the hydrogen-deuterium exchange models

and their limitations.

Chapter 2 presented research aiming to quantify the contribution of peptide-matrix interactions to
ssHDX-MS kinetics in the absence of higher-order structure. Poly-D, L-alanine (PDLA) peptides
were used as a model for unstructured peptides. ssHDX-MS studies as a function of D20 relative
humidity revealed the dependence of deuterium corporation on the excipient type and D20
activity. A reversible pseudo-first-order kinetic model was presented for the deuterium uptake in
ssHDX-MS in which the forward reaction rate depended linearly on the activity of D20). The
model was in agreement with the PDLA experimental data and provided a first in-depth insight
into the mechanism of ssHDX-MS.

The research reported in Chapter 3 evaluated pre-hydration effects and the reversibility of chemical
hydrogen-deuterium exchange reaction in the solid-state. Lyophilized PDLA peptides were used
for these studies. The pre-hydration of PDLA samples prior to deuterium labeling did not affect
the deuterium incorporation kinetics of the amorphous samples. However, according to the powder
X-ray diffraction studies, an increase in crystallinity was observed for the samples containing

crystallizing excipients after pre-hydration and the plateau level deuterium uptake reduced when
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compared with controls not subjected to pre-hydration. The reversibility studies revealed
hysteresis in the loss of deuterium label when compared with the forward reaction suggesting that
the ssHDX is reversible for all formulations and conditions studied here and that the forward and
reverse processes differ. Deuterium removal rate and extent depended on the de-labeling relative
humidity, and the rate constants were quantified using a first-order kinetic model applicable under
sink conditions. The steady-state plateau deuteration levels were also related to the forward and
reverse reaction rate constants. These findings further support the mechanistic interpretation of
ssHDX as a reversible first-order process, as presented in Chapter 2.

Therapeutic proteins often contain significant higher order structure that complicates the
interpretation of ssHDX-MS kinetics. The mechanistic model proposed in Chapter 2 successfully
explains the deuterium uptake kinetics of unstructured PDLA peptides. However, the model does
not account for the effects of peptide structure on deuterium uptake Kinetics. Therefore, the
research presented in Chapter 4 evaluated the contribution of peptide secondary structure to
ssHDX-MS kinetics using PDLA analog peptides with either a-helix or B-sheet structures. The
findings suggest that both the secondary structure and peptide-matrix interactions contribute to
deuterium incorporation kinetics. The relative contributions of peptide structure and peptide-
matrix interactions were quantified, and a comprehensive data analysis method that can be applied

to larger therapeutic proteins was presented.

ssHDX-MS is a promising technique for screening formulations and can give an indication of their
relative storage stability. However, establishing ssHDX-MS as a surrogate for long-term stability
studies require additional studies. For example, the effects of relative humidity on ssHDX-MS
were studied extensively, but the effects of temperature were not evaluated to a similar extent in
the work reported in this dissertation. The ssHDX-MS metrics have been shown to be highly
correlated to the protein aggregation obtained in the stability studies. Similar correlations between
the deuterium uptake and other types of degradation (e.g., deamidation or oxidation) must also be
established. In addition, there is a need for the development of internal standards that can be used
in solid protein samples while conducting ssHDX-MS. To date, the technique has been applied to
lyophilized and spray dried protein formulations, but it should be evaluated for its applicability to
solids produced by novel drying methods such as Microglassification™ and supercritical drying.
Currently, the deuterium labeling in ssHDX-MS is carried out in sealed desiccators containing

saturated salt solutions of D2O. The salts that produce constant relative humidity are limited.
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Moreover, the deuterated solid samples require reconstitution before the analysis, which makes it
a manual process. Therefore, automation of the entire deuterium labeling and sample analysis

process will be required to make ssHDX-MS an efficient technique from an industrial perspective.
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APPENDIX A.  SUPPORTING INFORMATION FOR CHAPTER 2
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Figure Al. ssHDX-MS Kkinetics of different formulations of a 22 amino-acid PDLA peptide,
grouped by RH A) 6% RH, B) 11% RH, C) 23% RH and D) 43% RH. n=3, mean + SD; error bars
not shown when less than the height of the symbol.
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Figure A2. ssHDX-MS of different formulations of PDLA peptides of different chain length at 6%
RH. Data are shown for eight PDLA peptides from the polydisperse mixture having different
amino acid (AA) chain length: A) 12AA, B) 15 AA, C) 18 AA, D) 25 AA E) 27 AA, F) 29 AA,
H) 34 AA. Colors indicate different formulations: sucrose (blue), trehalose (red),
excipient free (black), mannitol (green), sodium chloride (purple) and guanidine hydrochloride
(orange). n=3, mean + SD; error bars not shown when less than the height of the symbol.
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ssHDX-MS of poly-DL-alanine at 11 % RH
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Figure A3. ssHDX-MS of different formulations of PDLA peptides of different chain length at
11% RH. Data are shown for eight PDLA peptides from the polydisperse mixture having different
amino acid (AA) chain length: A) 12AA, B) 15 AA, C) 18 AA, D) 25 AA, E) 27 AA, F) 29 AA,
G) 31 AA, H) 34 AA. Colors indicate different formulations: sucrose (blue), trehalose (red),
excipient free (black), mannitol (green), sodium chloride (purple) and guanidine hydrochloride
(orange). n=3, mean £ SD; error bars not shown when less than the height of the symbol.
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ssHDX-MS of poly-DL-alanine at 23 % RH
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Figure A4. ssHDX-MS of different formulations of PDLA peptides of different chain length at
23% RH. Data are shown for eight PDLA peptides from the polydisperse mixture having different
amino acid (AA) chain length: A) 12AA, B) 15 AA, C) 18 AA, D) 25 AA, E) 27 AA, F) 29 AA,
G) 31 AA, H) 34 AA. Colors indicate different formulations: sucrose (blue), trehalose (red),
excipient free (black), mannitol (green), sodium chloride (purple) and guanidine hydrochloride
(orange). n=3, mean £ SD; error bars not shown when less than the height of the symbol.
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ssHDX-MS of poly-DL-alanine at 43 % RH
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Figure A5. ssHDX-MS of different formulations of PDLA peptides of different chain length at
43% RH. Data are shown for eight PDLA peptides from the polydisperse mixture having different
amino acid (AA) chain length: A) 12AA, B) 15 AA, C) 18 AA, D) 25 AA, E) 27 AA, F) 29 AA,
G) 31 AA, H) 34 AA. Colors indicate different formulations: sucrose (blue), trehalose (red),
excipient free (black), mannitol (green), sodium chloride (purple) and guanidine hydrochloride
(orange). n=3, mean £ SD; error bars not shown when less than the height of the symbol.
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Figure A6. ssHDX-MS of different formulations of PDLA peptides of 22 amino acid chain length
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peptide, n=3, mean x SD; error bars not shown when less than the height of the symbol.
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Figure A7. Linear regression of Dmax VvS. ap for PDLA peptides at RH < 50%, with each
formulation plotted individually, (A) sucrose, (B) trehalose, (C) mannitol, (D) sodium chloride,
(E) guanidine HCI or (F) no excipient (excipient-free). The Dmax Was calculated from the back
exchange corrected percentage deuterium uptake mono-exponential fits. Data shown for a 22
amino acid peptide, n=3, error bars not shown if smaller than the symbol.
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Figure A8. Linear regression of Dmax Vs. ap for PDLA peptides at RH < 50%, with all formulations
plotted together. Colors indicate different formulations: sucrose (blue), trehalose (red), excipient
free (black), mannitol (green), sodium chloride (purple) and guanidine hydrochloride (orange).
The Dmax Was calculated from the back exchange corrected percentage deuterium uptake mono-
exponential fits. Data shown for a 22 amino acid peptide, n=3, error bars not shown if smaller than
the symbol.
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mannitol (green), sodium chloride (purple) and guanidine hydrochloride (orange). The Dmax was
calculated from the back exchange corrected percentage deuterium uptake mono-exponential fits.
Data shown for a 22 amino acid peptide.
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Figure A10. Apparent ssHDX-MS rate constants (kap) for various formulations, RH values and
PDLA chain lengths. Data shown for 8 selected peptides, n=3, error bars not shown if smaller than
the symbol.
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Table Al. A list of PDLA peptides detected on MS analysis. Initial mass spec analysis data shows
the presence of several peptides (6 amino acid length to 44 amino acid length) and their
corresponding masses, m/z values and retention times are shown in below table-Al.

Compound Sequence Avg Mass | m/z RT
Location

Cpd 1: A(1-6) A(1-6) 444.40 44524 | 3.16
Cpd 2: A(1-7) A(1-7) 515.58 516.27 | 3.16
Cpd 3: A(1-8) A(1-8) 586.62 587.31 | 3.17
Cpd 4: A(1-9) A(1-9) 657.71 658.35 | 3.18
Cpd 5: A(1-10) A(1-10) 728.77 729.38 |[3.19
Cpd 6: A(1-11) A(1-11) 799.86 800.42 | 3.20
Cpd 7: A(1-12) A(1-12) 870.92 871.46 | 3.20
Cpd 8: A(1-13) A(1-13) 942.00 94250 |3.21
Cpd 9: A(1-14) A(1-14) 1013.07 | 101353 |3.22
Cpd 10: A(1-15) A(1-15) 1084.16 | 54279 |3.23
Cpd 11: A(1-16) A(1-16) 115523 |57831 |3.24
Cpd 12: A(1-17) A(1-17) 1226.31 |613.82 |3.25
Cpd 13: A(1-18) A(1-18) 1297.37 |649.34 [3.26
Cpd 14: A(1-19) A(1-19) 1368.47 | 684.86 |3.27
Cpd 15: A(1-20) A(1-20) 143952 | 72038 [3.28
Cpd 16: A(1-21) A(1-21) 1510.63 | 755.90 | 3.29
Cpd 17: A(1-22) A(1-22) 1581.67 |791.42 |[3.31
Cpd 18: A(1-23) A(1-23) 1652.80 |826.94 |3.32
Cpd 19: A(1-24) A(1-24) 1723.90 |862.45 |[3.34
Cpd 20: A(1-25) A(1-25) 1794.95 |897.97 [3.35
Cpd 21: A(1-26) A(1-26) 1866.01 | 93349 |3.36
Cpd 22: A(1-27) A(1-27) 1937.08 | 646.34 |3.36
Cpd 23: A(1-28) A(1-28) 2008.18 | 670.02 |3.38
Cpd 24: A(1-29) A(1-29) 2079.25 693.70 | 3.38
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Table Al. Continued

Cpd 25: A(1-30) | A(1-30) 215031 | 71738 |3.39
Cpd 26: A(1-31) | A(1-31) 222143 | 741.06 |3.41
Cpd 27: A(1-32) | A(1-32) 229247 | 76474 |3.40
Cpd 28: A(1-33) | A(1-33) 236351 | 788.42 |3.41
Cpd 29: A(1-34) | A(1-34) 243456 | 81209 |3.43
Cpd 30: A(1-35) | A(1-35) 250555 | 1253.16 | 3.42
Cpd 31: A(1-36) | A(1-36) 2576.68 | 859.45 | 3.46
Cpd 32: A(1-37) | A(1-37) 2647.77 | 883.13 |3.47
Cpd 33: A(1-38) | A(1-38) 2718.63 | 680.36 | 3.47
Cpd 34: A(1-39) | A(1-39) 2789.91 | 93049 |3.49
Cpd 35: A(1-40) | A(1-40) 2860.99 |954.17 |351
Cpd 36: A(1-41) | A(1-41) 293149 |977.85 |351
Cpd 37: A(1-42) | A(1-42) 3002.97 | 100153 |3.53
Cpd 38: A(1-43) | A(1-43) 3073.68 | 102521 |3.53
Cpd 39: A(1-44) | A(1-44) 314474 | 78691 |3.52

Table A2. Statistical analysis for ap VS Dmax
a. Is slope significantly non-zero?

Formulation P value Significantly Non-zero slope
Sucrose 0.0337 Significant

Trehalose 0.0253 Significant

Mannitol 0.1067 Non- significant

Sodium Chloride 0.0865 Non- significant

Guanidine HCI 0.2083 Non- significant

Excipient Free 0.0086 Significant

b. Are the slopes equal?

F=2.977, P=0.0564, Differences between the slopes are NOT significant.

c. Are the elevations or intercepts equal?
F=5.648, P=0.0030, Difference between the elevations or intercepts are very significant.
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Table A3. Statistical analysis for 1/ap vs Ao/Dmax
a. Is slope significantly non-zero?

Formulation P value Significantly Non-zero slope
Sucrose 0.0443 Significant

Trehalose 0.0735 Non- significant

Mannitol 0.0273 Significant

Sodium Chloride 0.0471 Significant

Guanidine HCI 0.0329 Significant

Excipient Free 0.0061 Significant

b. Are the slopes equal?

F=6.364, P=0.0041, Differences between the slopes are significant.

c. Are the elevations or intercepts equal?
Because slopes differ so much, it is not possible to test whether the intercepts differ

significantly.
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APPENDIX B. SUPPORTING INFORMATION FOR CHAPTER 3

Quench
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H,O Desiccator (X % RH) D,0 Desiccator (X % RD) MS Analysis
=== H,0, --=-D,0p4

Figure B1. Pre-hydration and ssHDX-MS study schematic diagram, Case-1: X=6 %, Case-2:
X=11 %.
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H,O Desiccator (Y % RH) MS Analysis
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Figure B2. Reversibility of ssHDX-MS study schematic diagram, Case-3a: X=6 %, Y= 0 %, Case-
3b: X=6 %, Y= 6 %, Case-3c: X=6 %, Y= 43 %, Case-4a: X=11 %, Y= 0 %, Case-4b: X=11 %,
Y=11 %, Case-4c: X=11 %, Y= 43 %.
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Figure B3. Comparison of pre-hydrated vs non-pre-hydrated ssHDX-MS of different PDLA
formulations at 6% RD (Case-1). A) sucrose, B) trehalose, C) mannitol, D) sodium chloride, E)
guanidine HCl, and F) no excipient (“excipient free”’). Colors indicate different conditions: Non-
prehydrated (blue), pre-hydrated (red). Data shown for an 18 amino acid length PDLA peptide,
n=3, mean = SD; error bars not shown when less than the height of the symbol.
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Figure B4. Comparison of pre-hydrated vs non-pre-hydrated ssHDX-MS of different PDLA
formulations at 11% RD (Case-2). A) sucrose, B) trehalose, C) mannitol, D) sodium chloride, E)
guanidine HCl, and F) no excipient (“excipient free”’). Colors indicate different conditions: Non-
prehydrated (blue), pre-hydrated (red). Data shown for an 18 amino acid length PDLA peptide,
n=3, mean = SD; error bars not shown when less than the height of the symbol.
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Figure B5. Reversibility of ssHDX-MS in PDLA formulations lyophilized with various excipients.
Formulations were first deuterated by exposure to D>O vapor at 6% (A, B, C) or 11% RD (D, E,
F). Deuterium removal was then accomplished at a controlled RH: (A, D) 0% RH (desiccated), (B,
E) 6% RH, (C, F) 43% RH. Data shown for an 18 amino acid length PDLA peptide, n=3, mean £
SD. error bars not shown when less than the height of the symbol.
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Figure B6. Comparison of the forward and reverse ssHDX-MS kinetics for PDLA formulations
deuterated at 11% RD (forward) followed by deuterium removal at 0% RH (reverse) (Case-4a).
Formulations contained (A) sucrose, (B) trehalose, (C) mannitol, (D) sodium chloride, (E)
guanidine HCI, and (F) no excipient (“excipient free”). Blue line indicates fit of the forward
ssHDX reaction to a mono-exponential association model, red line indicates fit of the reverse
ssHDX reaction to a mono-exponential decay model; see text for details. Data shown for an 18
amino acid length PDLA peptide, n=3, mean + SD. error bars not shown when less than the height
of the symbol.
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Figure B7. Comparison of the forward and reverse ssHDX-MS kinetics for PDLA formulations
deuterated at 11% RD (forward) followed by deuterium removal at 11% RH (reverse) (Case-4b).
Formulations contained (A) sucrose, (B) trehalose, (C) mannitol, (D) sodium chloride, (E)
guanidine HCI, and (F) no excipient (“excipient free”). Blue line indicates fit of the forward
ssHDX reaction to a mono-exponential association model, red line indicates fit of the reverse
ssHDX reaction to a mono-exponential decay model; see text for details. Data shown for an 18
amino acid length PDLA peptide, n=3, mean + SD. error bars not shown when less than the height
of the symbol.
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Figure B8. Comparison of the forward and reverse ssHDX-MS kinetics for PDLA formulations
deuterated at 11% RD (forward) followed by deuterium removal at 43% RH (reverse) (Case-4c).
Formulations contained (A) sucrose, (B) trehalose, (C) mannitol, (D) sodium chloride, (E)
guanidine HCI, and (F) no excipient (“excipient free”). Blue line indicates fit of the forward
ssHDX reaction to a mono-exponential association model, red line indicates fit of the reverse
ssHDX reaction to a mono-exponential decay model; see text for details. Data shown for an 18
amino acid length PDLA peptide, n=3, mean + SD. error bars not shown when less than the height
of the symbol.
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Sucrose 0.16 £ 0.02 0.19+£0.02 0.95+0.34
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Figure B9. Comparison of the reverse ssHDX reaction rate constant (k) and forward reaction rate
constant (k') values of PDLA formulations estimated using a series of deuterium labeling studies
conducted at (6%, 11%, 23%, and 43% RD), as the slope of the apparent deuterium incorporation
rate constant (kap) as a function of ap (given by % RD/100), as reported previously.! Data shown
for an 18 amino acid length PDLA peptide; n=3, mean + SE.
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Formulation 6% RD 11% RD

0% RH 6% RH 0% RH 11% RH
Sucrose 83+13 7609 52+0.7 5.8+0.7
Trehalose 6.4+£0.3 74+£08 45+04 55+£05
Mannitol 7.0+£0.7 72+24 74+11 35+04

Sodium chloride |6.5+0.4 6.0+£0.8 78+11 41+06
Guanidine HCI 196+35 [235+44 |13.0+£20 52%13
Excipient Free 7.1+0.3 6.6+0.8 8410 45+05

Figure B10. Comparison of the ku/k¢Css values of PDLA formulations deuterated at 6% RD (Case-
3) or 11% RD (Case-4) followed by deuterium removal at 0% RH, 6% RH or 11% RH. Data shown
for an 18 amino acid length PDLA peptide; n=3, mean + SE.

Reference:
1. Kammari, R.; Topp, E. M. Solid-state hydrogen-deuterium exchange mass spectrometry
(ssHDX-MS) of lyophilized poly-D, L-alanine. Mol. Pharmaceutics. 2019, 16, 2935-2946.
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APPENDIX C. SUPPORTING INFORMATION FOR CHAPTER 4

A) Peptide-A vs PDLA (16)

_ 161
8 144
= -o- Peptide A-Mannitol
O 124
x -@- PDLA (16)-Mannitol
+ 104
% g - Peptide A-Sodium Chloride
% - -3- PDLA (16)-Sodium Chloride
S 4 -+ Peptide A-GuanidineHCI
5, -A- PDLA (16)-GuanidineHClI
3 2-
D 0 T T 1

0 20 40 60

Time (min)

B) Peptide-B vs PDLA (14)
12_ .................................................

ojeEa-a----- S EELEEETEELEED @ e Peptide B-Mannitol
8_°—§—h - — -e- PDLA (14)-Mannitol

p:ﬁ_——:j;_:’::; -= Peptide B-Sodium Chloride
-3- PDLA (14)-Sodium Chloride

Deuterium Uptake (Da)
(o]

4 -+ Peptide B-Guanidine HCI
2 -A- PDLA (14)-GuanidineHCI
0 T T 1

0 20 40 60

Time (min)

Figure C1. Solution HDX-MS of A) Peptide-A (i.e., Ac-(AsK)3A-NH2) vs PDLA (16 aa) and B)
Peptide-B (i.e., Ac-KA12K-NH2) vs PDLA (14 aa). The dotted line represents the maximum
possible theoretical deuteration level, n=3, mean £ SD, error bars are not shown when smaller than
the symbol.
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A) Peptide-A vs PDLA (11%RH D,0) B) Peptide-A vs PDLA (23%RH D,0)
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Figure C2. Solid-state HDX-MS of crystalline formulations A) Peptide-A (i.e., Ac-(AsK)3sA-NH>)
vs PDLA (16 aa) at 11% RH D0, B) Peptide-A (i.e., Ac-(AsK)3A-NH2) vs PDLA (16 aa) at 23%
RH D0, C) Peptide-B (i.e., Ac-KA12K-NH2) vs PDLA (14 aa) at 11% RH D,0 and D) Peptide-
B (i.e., Ac-KA12K-NH>) vs PDLA (14 aa) at 23% RH D,0. n=3, mean + SD, error bars are not
shown when smaller than the symbol.
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Figure C3. Solid-state HDX-MS of A) Peptide-A (i.e., Ac-(AsK)3A-NH>) at 11% RH D20, B)
Peptide-A (i.e., Ac-(AsK)3A-NH>) at 23% RH D20, C) Peptide-B (i.e., Ac-KA12K-NH>) at 11%
RH D20 and D) Peptide-B (i.e., Ac-KA12K-NH?>) at 23% RH D,0. n=3, mean + SD, error bars are
not shown when smaller than the symbol.
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Figure C4. Comparison of ssHDX-MS of Peptide A formulations at 11% RH D>0 and 23% RH
D20. A) sucrose, B) trehalose, C) mannitol, D) sodium chloride, E) guanidine HCI, and F)
excipient free. Colors indicate different RH conditions: 11% RH D20 (blue), 23% RH D20 (red).
n=3, mean + SD; error bars not shown when less than the height of the symbol.
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Figure C10. Comparison of ssHDX-MS of unstructured PDLA (14 aa) vs B-sheet Peptide B at 23%
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Figure C11. Comparison of maximum deuterium incorporation (Dmax) in sSHDX-MS for
unstructured PDLA peptides vs structured Peptide A (a-helical) or Peptide B (B-sheet)
formulations (crystalline). A) 16aa PDLA vs Peptide A (Dmax at 11% RH D,0), B) 16aa PDLA vs
Peptide A (Dmax at 23% RH D20), C) 14aa PDLA vs Peptide B (Dmax at 11% RH D-0), and D)
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Figure C13. Possible structures and H-bond patterns of Peptides A and B. Peptide B may also
form a B-hairpin with six hydrogen bonds (not shown).
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Table C1. Effect of RH on the Dmax (Da) values of Peptide A and Peptide B formulations (n=3,

mean * SE).
Formulation Peptide-A Peptide-B
11% RH DO | 23% RH DO 11% RH D20 23% RH D20

Sucrose 3.1+0.1 6.6+0.3 20%0.1 34+0.1
Trehalose 3.6+0.2 3.6+0.2 24+0.1 29+0.1
Mannitol 59+0.3 7.2+0.3 46+0.1 52+0.2
Sodium chloride 43+0.3 6.0+0.3 48+0.1 54+0.2
Guanidine HCI 6.4+0.2 7.7+£0.2 48+0.2 54+0.1
Excipient Free 4.7+0.3 6.5+0.3 48+0.1 5301

Table C2. Effect of RH on the HDX rate constant values (k, h') of Peptide A and Peptide B
formulations (n=3, mean * SE).

Formulation Peptide-A Peptide-B
11% RH DO | 23% RH D20 11% RH D0 23% RH D20

Sucrose 0.03+£0.00 0.04 £ 0.01 0.05+0.01 0.08 £0.01
Trehalose 0.02 £ 0.00 0.07+£0.01 0.06 + 0.01 0.08 £ 0.01
Mannitol 0.12 +0.02 0.15+0.02 0.19+0.02 0.29+0.04
Sodium chloride | 0.14 + 0.04 0.15+0.03 0.23+0.03 0.43+£0.09
Guanidine HCI 0.27 £ 0.04 0.41+0.08 0.28 £0.05 0.42 + 0.07
Excipient Free 0.06 +0.01 0.09+0.01 0.24 +0.03 0.44 +0.08
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Table C3. Effect of secondary structure on the Dmax (Da) values of Peptide A formulations in
comparison with corresponding unstructured PDLA peptides (n=3, mean + SE).

Formulation 11% RH D20 23% RH D20
PDLA (16 AA) | Peptide-A PDLA (16 AA) | Peptide-A

Sucrose 3.3%0.1 3.1+01 8.8+0.2 6.6+0.3
Trehalose 3.7+£0.1 3.6+0.2 55+0.1 3.6+0.2
Mannitol 6.4+0.2 5.9+0.3 84+0.1 7.2+0.3
Sodium chloride 43%0.1 43+0.3 8.2+0.2 6.1+0.3
Guanidine HCI 9.1+0.2 6.4+0.2 12.3+0.1 7.7+0.2
Excipient Free 53%0.2 4.7+0.3 6.8+0.2 6.5+0.3

Table C4. Effect of secondary structure on the Dmax (Da) values of Peptide B formulations in
comparison with corresponding unstructured PDLA peptides (n=3, mean + SE).

Formulation 11% RH D20 23% RH D20
PDLA (14 AA) | Peptide-B PDLA (14 AA) | Peptide-B

Sucrose 3.0+0.1 20+0.1 8.1+0.2 3401
Trehalose 3.6+0.1 24+0.1 51+0.1 29+0.1
Mannitol 56%0.2 46+0.1 7.2%0.1 52+0.2
Sodium chloride 39+0.1 48+0.1 7.3+£0.2 54+0.2
Guanidine HCI 78+0.1 48+0.2 105+0.0 54+0.1
Excipient Free 46+0.2 48+0.1 6.2+0.2 5301
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Table C5. Effect of secondary structure on the HDX rate constant values (k, h™) of Peptide A
formulations in comparison with corresponding unstructured PDLA peptides (n=3, mean + SE).

Formulation 11% RH D20 23% RH D20
PDLA (16 AA) | Peptide-A PDLA (16 AA) | Peptide-A

Sucrose 0.06 + 0.00 0.03 +£0.00 0.03 £0.00 0.04+0.01
Trehalose 0.06 +0.00 0.02 +0.00 0.06 +0.00 0.07+0.01
Mannitol 0.06 +£0.01 0.12 £ 0.02 0.13+0.01 0.15+0.02
Sodium chloride 0.04 +£0.00 0.13+0.04 0.10+0.01 0.15+0.03
Guanidine HCI 0.16 +0.01 0.27 +0.04 0.58 £0.02 0.41+0.08
Excipient Free 0.06 +£0.01 0.06 £ 0.01 0.11+0.01 0.09+0.01

Table C6. Effect of secondary structure on the HDX rate constant values (k, h™t) of Peptide B
formulations in comparison with corresponding unstructured PDLA peptides (n=3, mean + SE).

Formulation 11% RH D20 23% RH D20
PDLA (14 AA) | Peptide-B PDLA (14 AA) | Peptide-B

Sucrose 0.06 + 0.00 0.05+0.01 0.03 £0.00 0.08 £0.01
Trehalose 0.05+0.01 0.06 +0.01 0.06 = 0.00 0.08+0.01
Mannitol 0.08 +£0.01 0.19 £ 0.02 0.15+0.01 0.28 £ 0.04
Sodium chloride | 0.04 +0.00 0.23+0.03 0.10 £0.01 0.43+£0.09
Guanidine HCI 0.17+0.01 0.28 +0.05 0.60 £ 0.02 0.42 +0.07
Excipient Free 0.07£0.01 0.24 £ 0.03 0.12+0.01 0.44 +0.08
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Table C7. Calculation of approximate number of structural H-bonds in myoglobin using protein
sequence structure information from PDB

S.No. Secondary structure Sequence Number of | Approx.
location amino acids number of H-
bonds

1 a-helix 4-18 15 11

2 a-helix 21-35 15 11

3 a-helix 37-40 4 1

4 3/10 helix 44-46 3 1

5 a-helix 52-57 6 2

6 a-helix 59-95 37 33

7 a-helix 101-118 18 14

8 a-helix 125-148 24 20

Total number of structural H-bonds (approx.) 93
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Table C8. Number of protected amide bonds for myoglobin in various formulations, as measured
in ssHDX-MS studies 12

Row Myoglobin

1 Number of exchangeable amide hydrogens 112
(experimental) 1

Protected amide groups, ssHDX-MS at 11% RH (Figure 3) *

2 Mannitol formulation ° 82.4 (74%)
3 Sucrose formulation 89.8 (80%)
Protected amide groups, ssHDX-MS at 43% RH (Figure 3B) 2

5 Trehalose formulation 88.5 (79%)
6 Sorbitol formulation 77.7 (69%)

& Number of protected amide groups is the difference between maximum deuteration levels in
solution (Dmax) and in ssHDX-MS.

b Protected amide groups as a percentage of number of exchangeable amide hydrogens (Row
1) shown in parentheses.

References:

1. Sophocleous, A. M.; Zhang, J.; Topp, E. M. Localized hydration in lyophilized myoglobin by
hydrogen—deuterium exchange mass spectrometry. 1. Exchange mapping. Mol. Pharmaceutics.
2012, 9, 718-726.

2. Moorthy, B. S.; lyer, L. K.; Topp, E. M. Mass spectrometric approaches to study protein
structure and interactions in lyophilized powders. J. Vis. Exp. 2015, (98), No. e52503.
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