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Abstract

Studies on peptide degradation mechanisms are of interest because of the high demand for
protein-based therapeutics in the pharmaceutical industry. However, formulation efficiency is
limited by the degradation of the desired products during multiple stages of the pharmaceutical
protein manufacturing pipeline. While the use of additives and stabilizers has significantly reduced
degradation, determining the most effective additives and stabilizers is accomplished through a
“guess and check” approach, instead of understanding the underlying mechanism of the
degradation pathway. Therefore, we sought to achieve a fundamental understanding of specific
degradation mechanisms present in pharmaceutical proteins. Through the use of density functional
theory (DFT), we examined peptide degradation at different points of the pharmaceutical protein
manufacturing pipeline to generate the thermodynamic and kinetic property databases associated
with the degradation mechanism of interest. Additionally, we classified the degradation
mechanisms as either ‘functional’ or ‘structural’ based on the type of impact the reaction of interest
had on therapeutic proteins. The propensity of the protein to be impacted by these forms of
degradation was found to be dependent on the stage of the manufacturing pipeline, where
fragmentation was more likely to occur than deamidation during downstream manufacturing and
both deamidation and fragmentation occurred under ambient conditions. Furthermore, the
propensity of the succinimide reaction pathway to occur under ambient environmental conditions
indicated that the screening of cations to inhibit the reaction pathway was only applicable to the

specified reaction pathway.
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Chapter 1: Introduction

1.1. The Impact of Pharmaceutical Proteins on the Global Biotechnology Market

The pharmaceutical protein market accounts for a significant portion of the global
biotechnology market due to the diverse array of applications that the therapeutics can be used for;
ranging from cancer treatments to acting to regulate functions within the body.!"? A recent review
by de la Torre and Albericio indicated that 15 therapeutic proteins were given federal approval in
2022, where nine of the approved therapeutics were monoclonal antibodies (mAbs).!> 3!
Accumulating a quarter of the current therapeutic market, biotechnology companies worldwide
have increased the number of different monoclonal antibodies (mAbs) to clinical use significantly,
where 27 mAbs were approved for the global market between 2015 and 2017.1%7! The drastic
increase in mAb production is likely due to recent advancements in understanding regarding
disease states so the developed formulation is more specific towards disease targets, as well a wide

4,8,9

range of applications within the biomedical industry.[*®° This diversity is due to variations in the

amino acid sequence of the complementary antigen-binding sites, which target specific epitopes

(10, 11] Figure 1.1.1. depicts the yearly number of novel therapeutics

and prevent antigen release.
containing mAbs approved for by the Food and Drug Administration (FDA), relative to other

therapeutics, since 2019.1 12-15]
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Figure 1.1.1. Bar chart of the number of novel monoclonal antibodies (mAb)-based therapeutics
approved by the FDA per year relative to the total number of therapeutics approved. The total
number of mAbs are the blue bars, while the total number therapeutics, including mAbs, are the
orange bars.[* 12151

1.2. Federal and Global Guidelines

There are multiple regulatory checkpoints that the pharmaceutical protein must pass
through before the product may be brought to market. In the United States, the FDA is the leading
authority on ensuring all food and drugs brought to a consumer market are safe.!'s! Through the

Pure Food and Drugs Act (est. 1906), the FDA validates all novel biotechnologies which enter the
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consumer market.!'%! Similar to the FDA, the European Medicines Agency (EMA) is a regulatory
agency that polices the quality of products with biological applications, and generated a network
that connects medical regulations to the economic impact of the proposed product.!'” Through this
coordination, the EMA has established seven advisory committees to determine the safety and
efficacy of the proposed product.!'”! These seven advisory committees are the Committee for
Advanced Therapies (CAT), the Committee for Medicinal Products for Human Use (CHMP), the
Committee on Herbal Medicinal Products (HMPC), the Committee for Orphan Medicinal Products
(COMP), The Paediatric Committee (PDCO), the Pharmacovigilance Risk Assessment Committee
(PRAC), and the Committee for Veterinary Medicinal Products (CVMP), which are directly
involved with the development and regulation of medicine.!'”2®! Of the seven committees, the
CAT, CHMP, COMP, PDCO, and PRAC are of direct relevance to the works cited within this
document. % 20:22:24.251 The CHMP and PRAC work closely together to ensure that the adverse
effects of approved therapeutics are reduced, while the PDCO evaluates if the proposed therapeutic
can be administered to individuals between 0 and 17 years in age.l'” 2% 251 Additionally, the
approval of advance therapeutics, new scientific developments, and the application of therapeutics
for rare diseases via an orphan designation are accounted for by the CAT and the COMP.[2% 22]
Given that the works cited in this document were generated to impact both the formulation and
manufacturing of pharmaceutical proteins, specifically mAbs, it is likely that EMA approval would

be contingent on these five committees.

For biologically derived products, such as pharmaceutical proteins, to become FDA-
approved, they must account for the following stipulations. Via the Public Health Service Act
(PHSA), all biologics must be licensed via the 351a pathway or the Biologics License Application

(BLA).273%1 Through this regulatory process and the multiple pre-clinical and clinical studies
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required, the approved biologics are deemed safe for human use and are effective against the given
ailment.!?%-2%-31. 321 While Congress has amended for the expedition of generic chemicals found in
pharmaceuticals, all biologics must pass each stipulation provided by the FDA, unless following

the Biologics Price Competition and Innovation Act (BPCIA).[?%- 3!

First implemented by the
EMA, the BPCIA allows the filing corporation to expedite approval if the proposed biologic is
derived from a previously approved one.l** However, if the biosimilar is provided this accelerated
path towards approval, it must wait an additional 12 years to provide exclusivity to the already
approved biologic it is similar to.[** 3/ For the development of pharmaceutical proteins, the EMA,
FDA, and the World Health Organization (WHO) provide guidelines regarding both the current
good manufacturing process (cGMP) and the clinical trials associated with the developed product,

so that the approved product will be safe and effective when brought to market.*%-3%

1.3 The Pharmaceutical Protein Manufacturing Pipeline

The pharmaceutical protein manufacturing pipeline can be separated into five stages: protein
engineering, upstream manufacturing, downstream manufacturing, the inclusion of additives and
stabilizers to the formulation, and storage. Each stage represents a different aspect of the
formulation, where the protein engineering step focuses on the design of the protein of interest,
while the storage stage is dedicated to maintaining the stability and efficacy of the developed
formulation. During the manufacturing stages (Figure 1.3.1), the formulation is exposed to
perturbations within its environment that can impact its shelf-life, therefore it is necessary to
understand each stage of the manufacturing pipeline and how it contributes to protein stability and
efficacy. In the studies cited within this document, we evaluated the impact of the environmental

changes observed during the downstream manufacturing, inclusion of additives and stabilizers,
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and storage stages of pharmaceutical protein manufacturing on the thermodynamic and kinetic

properties associated with two prevalent protein degradation reaction pathways.

[ Manufacturing Stage } [ Relevant Environmental }

Conditions
4 N\ 4 N\
Protein Engineering N/A
. ‘ S . ‘ S
4 A 4 A
Neutral pH

Upstream Manufacturing Room temperature

L 3

2<pH<1M
Room temperature

Downstream Manufacturing

. J . J
4 ‘ N 4 ‘ N
Inclusion of Additives and Neutral pH
Stabilizers Room temperature
. J . ‘ J
l ( Short-term: )
Neutral pH
{ Storage Y Room temperature )
( Long term: )
Neutral pH
. Low temperatures )

Figure 1.3.1. Flow diagram of the pharmaceutical protein manufacturing pipeline with the
associated pH and temperature ranges.

1.3.i. De Novo Protein Engineering
The first stage of the pharmaceutical protein manufacturing pipeline is the design of the
protein of interest. Approaches towards protein engineering include rational design, directed

39-42

evolution, and computational approaches such as de novo design.**-** Directed evolution focuses

on the development of protein mutants within a host, where screening of the generated mutants is
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applied to determine if the mutant possesses the desired functionality.[***? Described by Romero
and Arnold as a landscape, where “regions of higher elevation represent more optimized proteins”,
directed evolution enables the expansion of protein functionality past the traits observed by wild
type proteins.!*’) However, the number of potential mutations available within the landscape makes
characterization difficult.[**! Similar to directed evolution, rational design is an experimental
technique that engineers the proteins of interest through the generation of a mutation library.[**
However, unlike directed evolution, the mutation site is limited to the sequence that maintains the

[43.44] Therefore, to achieve fundamental understanding

“structure-function” relationship of interest.
of the “structure-function relationship” associated with the protein of interest, protein engineering
via de novo design is applied.*”) De novo design enables the evaluation of the protein design
landscape through rational design, where target scaffolds can be generated by database motifs and
used to rank the generated variants in regards of their stability and functionality.[**: 1 Once the

functional proteins identified by de novo protein design have been validated through experimental

methods, the sequences can be prepared for manufacturing of the therapeutic protein of interest.

1.3.ii. Upstream Manufacturing

Upstream manufacturing of pharmaceutical proteins focuses on the transfection of DNA
and expression of the protein of interest within a host cell (Table 1.3.1). Optimization of the cell
line used as a host for protein expression is contingent on multiple factors, where the growth rate
of the cell and how well it can express the desired protein are among the design parameters.[*®! For
small scale production, transient gene expression (TGE) can be used to express proteins as single
cell cultures via DNA transfer. The use of TGE has been noted by previous studies as an effective
approach for developing pharmaceutical protein concentrations between 80 mg/L and 300 mg/L

in mammalian Chinese Hamster Ovary (CHO) cell cultures, where limited studies are available
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for larger concentrations.!**’) CHO cells are a common cell line used in pharmaceutical protein
manufacturing for transfection processes involving both stable and transient gene expression.[46-%]
The use of CHO cells as the popular cell line of interest is due to its high growth rate, adaptability
within culture mediums, and high expression of proteins.[**: °!- 32 Expression of the proteins of
interest on the cell is completed via the use of an expression vector, where the primary criteria for
construction are maintenance of expression efficiency, independent expression from the genome
site of integration, and correlated expression to the quantity of integrated genetic material.>% 3!
Once the cells have been transfected, they can then be seeded to generate the cell culture fed into
the bioreactor to produce the desired proteins of interest.>!: 54

The reactors associated with the mammalian cell culture of the therapeutic proteins include
batch, continuous, fed-batch and perfusion-based systems.[* >1: 331 Of the four types of reactors
associated with this stage of the upstream manufacturing process, the perfusion-based system is
the preferred method because it maintains the viable cell culture by removing waste and circulating

[55. 561 Furthermore, perfusion cell cultures can be used as a regulatory approach towards

nutrients.
maintaining a consistent cell volume throughout the upstream manufacturing process.>’! Reactor
scale up is contingent on multiple design parameters, where properties such as shear stress derived
from mixing, carbon dioxide removal, and oxygen transfer are critical to maintain cell viability.>*
381 Within mammalian cell cultures, proteins are secreted intracellularly and the cells are then lysed
to form a lysate that can be used for harvesting.>*-*!l The harvesting of the mAb has been classified
as either the last step of upstream manufacturing or the first step of downstream manufacturing,
where harvesting is accomplished via centrifugation and filtration to remove cells and debris to
yield a harvested cell culture fluid that can be further purified during downstream

manufacturing. 4652 3]
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Table 1.3.1. Processes associated with upstream manufacturing of pharmaceutical proteins.#6-4%

50-53, 55-57, 62, 63]

Process Role

Host Cell . Host cells through which proteins can be
s Mammalian Cells
Optimization expressed

DNA transfer into single-cell cultures to
TGE produce recombinant proteins under short
time durations

Protein Engineering

Enable production of mAbs at high and

Expression Vector .
consistent rate

Batch All essential nutrients in base medium

Nutrient feed and product culture removal is a

Continuous continuous process
Mammalian Cell uous p
Culture Fed-batch Essential nutrients fed into system
Perfusion Medium circulated through growing culture to

supply nutrients and remove waste

Takes cell-culture from bench scale to

Reactor scale-up industrial scale

Remove cells and debris to yield harvested
cell culture

Centrifugation and Filtration

1.3.iii. Downstream Manufacturing

Downstream manufacturing focuses on the extraction and purification of the protein of
interest from the host cell (Table 1.3.2). Protein A chromatography is a popular and highly
selective tool used to extract the expressed protein from its host cell culture.!®*%¢) Operating under
an acidic pH, Protein A chromatography extracts the protein of interest from its host cell via
charge-charge interactions.[%> ¢! Specifically, by weakening the hydrophobic attraction exhibited

by the protein and its host cell.[®> %) Purification during Protein A chromatography, is achieved by
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adding an alkaline wash step to the chromatography process, where the protein is washed with an
alkaline buffer prior to its extraction at an acidic pH.[®"-%®] By including an alkaline wash stage to
the Protein A chromatography workflow, irreversible aggregation via the chromatography is

67,681 Viral inactivation occurs between the extraction and

reduced and impurities are removed.!
secondary polishing stages associated with the downstream manufacturing stage of the
pharmaceutical protein manufacturing pipeline, and is implemented to reduce the viral

concentration generated from cell lines in accordance with federal guidelines. !> 66 69701

After the protein is extracted from the host cell, purification and polishing is applied to the
formulation to remove impurities from the system. Two types of approaches have been noted as
practical for removing impurities from the generated formulation: chromatography and caprylic
acid precipitation.[*® %% 71-77] The use of chromatography methods such as anion-exchange, cation-
exchange, ion-exchange, hydrophobic interaction, hydroxyapatite, and size exclusion are common
for removing impurities and leached Protein A from the formulation.!*® %! The chromatography
approach used is representative of its desired function, where hydroxyapatite chromatography is
primarily used to remove leached Protein A and cell and protein impurities are removed via
multiple different types of chromatography.l®® Caprylic acid precipitation is an alternative
approach to protein polishing where the impurities are extracted from the formulation instead of

(71,72

the protein of interest. I Additionally, polishing via caprylic acid has been found to stabilize

[73-76] While polishing and purification of

proteins against denaturation and inactivate viruses.
pharmaceutical proteins via caprylic acid precipitation occurs under acidic conditions, a wider pH
range is associated with the different types of chromatography. Filtration is the final type of

purification, where the type of filtration applied is in reference to the desired outcome.[°6- 76 78-80]
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For example, ultrafiltration is technique used to transform the system pH from acidic to the neutral

pH associated with the final formulation, while viral filtration removes viral impurities.[66: 76 7]
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Table 1.3.2. Associated roles of protein extraction and purification techniques included in
downstream manufacturing of pharmaceutical proteins, !> 63-68,70-76,78, 81, 82]

Process Role
. ) Extract protein from host
Extr n Protein A ch t h
xtractio rotein A chromatography batch cell
Reduce virus
Viral inactivation concentration to meet

product safety standards
Remove cellular and
DNA impurities and
Alkaline wash prevent irreversible
aggregation post-Protein
A chromatography
Remove aggregates and
host cell proteins
Remove cell, protein, and
viral impurities
Remove aggregate, cell,
protein, and viral
impurities; Remove
leached Protein A
Remove aggregate, cell,
Hydrophobic protein, and viral
Interaction impurities; Remove
leached Protein A
Remove DNA and viral
Hydroxyapatite impurities; Remove
leached Protein A
Remove aggregate, cell,
Ion-exchange protein, and viral
impurities
Remove aggregates and
degradation products
Absolute Remove small impurities
Adjust for higher protein
concentration; Exchange
purification buffer to
formulation buffer
Viral Remove viral impurities

Caprylic Acid Precipitation

Anion-exchange

Cation-exchange
Polishing/
Purification

Chromatography

Size Exclusion

Filtration Ultra/Dia
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1.3.iv. Inclusion of Additives and Stabilizers

Additives and stabilizers are included within pharmaceutical protein formulations to
improve the shelf-life stability and efficacy of the generated product during storage. Classification
of the additives and stabilizers (Table 1.3.2) is representative of the type of molecule included
within the formulation, as well as its application towards improving the stability and efficacy of
the developed product. Buffers are a common additive included within the developed formulation
and act as a pH stabilizer to transition the formulation from the acidic and basic pH ranges
associated with downstream manufacturing to the neutral pH of the final formulation, as well as
reduce the electrostatic interactions between the solution and the residues on the protein surface.!®>-
92] Similarly, polymers are used to reduce protein self-interaction and the formation of aggregates
within the formulation.!”>-*! Conformational stability of the developed protein can be enhanced by
residue-based additives and polyols, while sugars such as sucrose and dextrose are implemented
as cryoprotectants during long term storage.l”” 83 93-95. 97-1831 The development of degradation-
specific additives and stabilizers is an ongoing process, and can be supplemented by critical
understanding regarding of the thermodynamic and kinetic parameters exhibited by the

degradation reaction of interest.[% 103 104]
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Table 1.3.3. Additive and Stabilizer Classifications associated with pharmaceutical protein
formulations. 77> 83-85, 9395, 97-106]

Classification Use(s)

Reduce aggregation; Increase thermal stability of protein; Increase
conformational stability of protein

Residue-Based Additive

Buffer pH stabilizer
Cation-based Additive Inhibit deamidation via cyclic intermediate reaction pathway
Cation-based Salt Inhibit deamidation via cyclic intermediate reaction pathway
Polymer Surface coating to inhibit undesirable protein interactions
Polyol Enhance conformational stability of protein;
Cryoprotectant for lyophilization; Reduce extent of denaturation
Sugar . .
during unfolding
Surfactant Minimize aggregation

1.3.v. Storage

The storage approaches applied to therapeutic protein formulations are representative of
tradeoffs exhibited by each approach. For example, storage under ambient conditions is attractive
because the formulation is ready for immediate use, but its stability and efficacy is limited.[!?7-111]
A patent filed by Lam (Document ID: US 20050158316 Al) indicated that the antibody
formulation in their patent would have a shelf-life of about one month at temperatures around 30
°C, while other studies at room temperature (T ~ 22 — 25 °C) have indicated a significantly shorter

[107-1101' Ag a result,

shelf-life before chemical instability was observed within the formulation.
storage under ambient conditions would only be beneficial for formulations designed for
immediate use. The current approach towards long-term storage of pharmaceutical proteins is
through lyophilization, where the formulation is a freeze-dried solid and stored under low
temperatures.[''%!5] The lyophilized formulations shelf-lives have been found to be significantly

o [116-119

longer than at room temperatur I However, prior studies have indicated that the stresses

1,1.[120-127] As we

exhibited by the process reduce the long-term stability of the developed formulatio
previously noted, additives and stabilizers have been developed to enhance the efficacy and

stability of the developed therapeutics, but their efficiency is dependent on critical understanding
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of the types of degradation that the protein is exposed to both during the manufacturing and storage

stages. For this purpose, studies on protein degradation are of interest.

1.4. Functional versus Structural Degradation

Nowak et al. published a study in 2017 regarding the impact of forced degradation studies
on the therapeutic protein market, where the insights derived could be applied to advance the
field.['?8] By understanding the prevalent protein degradation pathways that impact the therapeutic
proteins, the methodologies associated with the pharmaceutical protein manufacturing pipeline can
be optimized to reduce the observed degradation. Specifically, understanding the environmental
factors and protein sequences which trigger a specific form of protein degradation can be applied
to evaluation of the stages where the protein is exposed to the environment of interest. As a result,
additives and stabilizers can be formulated to reduce the quantity of degradation observed at the
specific point of the manufacturing pipeline. Furthermore, fundamental understanding of the type
of degradation observed at specific areas of the protein can be applied to the expansion of the
additive and stabilizer design space.

The degradation reactions observed in mAbs are commonly classified as either physical or
chemical degradation, where physical degradation is representative of degradation within the
protein structure that is not chemically induced, and chemical degradation causes a loss of stability

(129-131] Agoregation,

and efficacy due to covalent modifications within the protein structure.
deamidation, and fragmentation are three types of protein degradation that have been found to
impact both mAbs and physiological proteins.!!32-134 Degradation within physiological proteins,
which have been noted by prior studies to be highly stable under physiological conditions in vivo,

can often lead to neurodegenerative diseases, while degradation within mAbs results in a loss of

stability and function.[132-134]
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Prior studies have identified aggregation, deamidation, and fragmentation as critical quality
attributes (CQA) within mAb formulation and manufacturing due to the impact of the degradation
mechanisms on the therapeutic efficacy, stability and safety for use in vivo. Specifically,
aggregation and fragmentation have been noted to increase cytotoxicity and immunogenicity,

(135137} For this purpose,

while deamidation leads reduced efficacy due to charge heterogeneity.
quantification and characterization of the properties influencing these mechanisms of protein
degradation is crucial for mAb formulation and manufacturing. Of the three degradation reactions,
aggregation can occur as a result of either deamidation or peptide bond fragmentation; where a
study by Alam et al noted that aggregation via deamidation was due to the promotion of
“nonreducible cross-linked species”, while a study by Perico et al indicated that the formation of
fragments increased the rate of aggregate formation.['3% 134 138-1401 Whijle the thermodynamic and
kinetic parameters associated with aggregation are beyond the scope of this work, evaluation of
the energetics associated non-enzymatic deamidation and peptide bond fragmentation yields
valuable insights towards the CQAs associated with the formulation and manufacturing of mAbs.

To better understand the behavior of the deamidation and fragmentation reaction pathways,
as well as the regions of the mAb they directly impact, we have classified the chemical degradation
pathways evaluated within this work as either structural or functional degradation (Figure 1.4.1).
We attributed structural degradation to the reaction pathways where the primary factor influencing
the overall effectiveness of the protein was the stability of the polypeptide backbone. Specifically,
where the degradation pathway of interest caused fragmentation within the backbone of the

128, 141-146]

polypeptide chain.! Similarly, functional degradation was attributed to the reaction

pathways where the degradation-induced mutation of specific residues within the protein caused a

loss of efficacy towards the epitope of interest.[80 82, 147-155]
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Non-enzymatic peptide bond fragmentation, where the solvated environment attacks the
polypeptide chain to cleave the central amide bond, is an example of structural degradation.[!23- 141-
193] Furthermore, multiple studies have identified the hinge region, the flexible section of the
pharmaceutical protein that allows it to adopt different conformations, to be the area of the protein
most significantly impacted.!!3% 14> 156-138] Deamidation, a form of degradation that converts net
neutral Asparagine (Asn) and Glutamine (GIn) into their acidic counterparts Aspartic Acid (Asp)
and Glutamic Acid (Glu), has been noted by multiple studies to decrease the efficacy of therapeutic
proteins.[3% 82 147-155] For this purpose, we sought to evaluate how these forms of functional and

structural degradation were impacted by the changing environmental conditions associated with

different point of the pharmaceutical protein manufacturing pipeline.
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Figure 1.4.1. Graphical representation of the two types of protein degradation, structural and
functional, analyzed in this work and the areas of the protein that they impact (PDB: 11GT).!1?%
1591 Green chain represents Chain C, blue chain represents Chain D, purple chain represents
Chain B, and red chain represents Chain A.

1.5. The Most Prevalent Amino Acid Residues in Pharmaceutical Proteins

The frequency of the 20 amino acids to occur within proteins cited by literature, ranges
from computational and experimental analysis of mAbs (Flores, Gentiluomo, Ohta), to Globular
and Transmembrane B-Barrel Proteins (TMBs).l'*-183 OQur evaluation of literature studies which
defined the amino acid composition within the protein of interest indicated that residues with
sulfuric sidechains, Cysteine (Cys) and Methionine (Met), were found to occur infrequently
regardless of the protein evaluated.!'°19] Similarly, small residues such as Alanine (Ala), Glycine
(Gly), and Serine (Ser) were found to be among the most frequently occurring residues observed

¢ [160-164]

within the protein of interes However, evaluation of the different types of protein

degradation observed throughout the pharmaceutical protein manufacturing pipeline cannot be
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solely based on the limited studies that include the composition of the residues used to form the

protein.

H Flores et al. (Full Protein) . 9
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Figure 1.5.1. Generated heatmap of the composition of the 20 amino acid residues as denoted by
literature protein structures.!'*-163] Dark blue represents the residues occurring at the lowest
frequency within the literature protein structure, while dark red represents the residues occurring
at the highest frequency within the literature protein structure.

For example, the propensity of amino acids to occur within proteins that was tabulated
through a bioinformatics study completed by Flores et al. was determined by analyzing a dataset
of 1000 morphs (homologous protein structures), while the values given by Ohta were derived
experimentally through an automated amino acid analyzer in reference to the protein of interest
(Murine mAb).1162 1631 A5 a result, there was significant discrepancy observed between the amino
acid compositions, where residues such as Lysine (Lys), Ser and Thr were found to occur at high
frequencies according to Flores, but occurred at significantly lower frequencies in the Ohta
study.[16% 1631 Additionally, Proline (Pro) was found to occur at a much higher frequency by
Gentiluomo (mAb) and Ohta (Murine mAb) relative to the findings of Flores (mAb) and Gromiha
(Globular and TMB).[1®-163] Therefore, it is necessary to model a diverse array of sidechain
functionalities within the degradation studies to quantify their impact on reaction energetics.
Automation of the X-ray crystallography structures to the RCSB Protein Data Bank (PDB), as well

as the sequencing data associated with therapeutic protein development, would be necessary to
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generate the amino acid composition distributions as a function of the protein classification of

interest, but is beyond the scope of this study.

1.6. Computational Approaches towards Improving Pharmaceutical Protein Stability

Previous studies have noted that the critical parameters associated with the different protein
degradation reaction pathways are tedious to quantify and require insights towards the impact of
structural effects on the reaction of interest.['* 165-167] [ndividually, structure-based prediction of
deamidation “hotspots” is achieved through half-life analysis based on model polypeptides, where
hotspot prediction is based off the energetics observed in the modeled polypeptides.[!3!> 153 167-169]
Additionally, evaluation of the impact of the degradation reaction of interest on long-term
formulation stability is either a time-consuming process or one that does not provide an accurate
representation of the protein degradation due to the state of stress that the formulation is placed
under during the accelerated degradation studies.['®% 7% For this purpose, computational models
can be developed to predict the thermochemical and kinetic parameters associated with the
degradation reaction of interest. Additionally, through the development of robust reaction classes,
the impact of sidechain functionalities, electrostatic interactions, and the modeled environment can
be correlated to the degradation reaction of interest. Furthermore, the energetics of specific
degradation reactions can be generalized through the development of models based on the

parameters associated with the reaction. As a result, fundamental insights regarding protein

degradation can be derived and used to stabilize mAbs.

1.6.i. Quantum Chemistry and its Applicability to Protein Stability Studies

The electronic structures and energies associated with the structures used to model the

different reactions associated with protein degradation can be achieved by solving the Schrodinger
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equation. First theorized in the 1920s and derived from Newtonian mechanics, the Schrodinger

[171-173

equation considers an electron a particle of mass in an external field. I To obtain the energy

of a system, the Schrodinger equation is the baseline for computing the electronic structure of a
given molecule (Equations 1.6.1).171-172]

HY = EY (1.6.1)
Where H represents the Hamiltonian operator, a sum of the kinetic and potential energies within

the system (Equation 1.6.2), E is the energy of the system, and ¥ is the wave function.!!”?!

n i )
A=—V2+ V(5 (1.6.2)

h . o . . :
Where . V? is the kinetic energy operator and V(r,t) is the potential energy operator as a function

of space and time.l'”” For time-independent models, the potential energy operator is solely a
function of space. For a many body problem, i.e. a model which has multiple particles, the
Hamiltonian operator becomes Equation 1.6.3.117% 174]
N A (1.6.3)
As the hydrogen atom is the largest system through which the Schrédinger equation can be
solved, multiple assumptions and approximations are required to obtain the electronic structures

(172 One such approach is the Born-Oppenheimer

associated with the reaction of interest.
approximation, which assumes that the velocity of the electrons in a system is infinitely faster than
that of the nuclei.l!’? 17> 1761 Via this approximation, the motion of the electrons and the nuclei
within a system can be separated to calculate its energy via the electronic Schrodinger equation

(Figure 1.6.4).[172175.176]

HeWe = Bl (1.6.4)
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Where He is the electronic Hamiltonian operator, We is the electronic wavefunction, and Eei is the

energy of the electrons within the system. Through this approximation, the electronic Hamiltonian

becomes equation 1.6.5.117% 1751761
A1 ) Zj 1
Ha—-;Zi v ‘Z?Zi@“LZze an>lﬁ (1.6.5)

1 . . . Zj . . 1 .
Where - Y V2is the kinetic energy operator, 3.7 %% Ejk is nuclear attraction, and Y7 Y7+, s

electron repulsion.[!72 175 176]

Evaluation of the electronic structures associated with the reaction of interest is completed
through their optimization. Specifically, the reactant and product structures associated with the
reaction of interest are referred to as minima on the potential energy surface (PES), where the
second derivatives associated with the optimization of the structures are positive.['’?) Once the
reactant structure has been optimized, it can be used to locate the transition state, which is
represented as a first-order saddle point along the PES (second derivative is negative in one

direction and positive in all others).[!*]

Density Functional Theory (DFT) is a popular tool used to derive the electronic structures
associated with modeled reactions due to its low computational cost and high accuracy relative to
other ab initio approaches. Known as the “exact solution to the approximate Schrodinger equation,
DFT assumes that the density of all molecules within a given system can be treated as a continuous
charge density (1.6.6) and is reliant on two Hohenberg-Kohn theorems.[!72 177-180]
p(7)=N[ di2d7s... diN (1.6.6)
Where N is the number of electrons, 7 is the position of the electron in space, and p(7) is the charge

density of the system.!'7?!

40



The first Hohenberg- Kohn theorem states that the ground state energy of a system can be
expressed as a functional of its electron density (Equation 1.6.7), while the second theorem states
that the electron density which minimizes the functional is representative of the ground state
structure (1.6.8).[172 177, 181]

Eo = Eo[p] (1.6.7)

Minimization of the ground state functional is achieved through the use of Kohn-Sham

(KS) orbitals (1.6.9).1172 177, 181]

1 yA p(r2) > - — —
(5 vV-Y, IH—OILTOEI + Fr—— dr2 + Vxc(#))oi*S(r1) = &XS ¢i*S(r1) (1.6.9)
Where — V3 - > —Z%_is the electronic Hamiltonian ) p(2) is the Coulomb energy integral
2" T4 71 _Ra SR gy ntegral,

and the exchange energy is given by Equation 1.6.10.172 177. 181]

dExc
Vxc=
dp

(1.6.10)

Computation of the exchange correlation between electrons is dependent on the electron density
functional selected.['”> 77 181] The Becke-3-Parameter, Lee-Yang-Parr (B3LYP) functional is

[182-184] Known

commonly used for protein studies and has been found to produce reliable results.
as a hybrid generalized gradient approximation (hybrid GGA), B3LYP includes one-third of the
ab initio exchange energy (Equation 1.6.11).

Exc®YP = dEXHF + (1-0)ExB + EcMYP (1.6.11)
Where a is equal to one-third the exchange energy of the ab initio method Hartree Fock (HF),

dEx'F is the derivative of the HF exchange energy, and Ex® and Ec'Y" are the exchange and

correlation energies of the GGA.[!7% 177 181. 185,186 Ope of the limitations of the B3LYP functional
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is its ability to account for non-bonded interactions, such as van der Waals interactions, within the
modeled system. For this purpose, the inclusion of an empirical dispersion correction, such as the
Grimme D3 (GD3) empirical dispersion correction is included within the modeled level of

theory.!137-190]

1.6.ii. Application of Statistical Thermodynamics and the Arrhenius Equation to Compute
Critical Thermodynamic and Kinetic Parameters

Once the electronic structures of the reactant, transition state, and product structures
associated with each modeled reaction have been optimized, critical reaction properties can be
quantified using partition functions. To evaluate the thermodynamic and kinetic parameters
associated with the reaction of interest, the microstates associated within the system are averaged
to form a macrostate through the Boltzmann distribution law.!"!"1°4 Known as the sum of
probabilities that all particles within a system will exist in a particular arrangement, the Boltzmann
distribution provides a relationship between the probability of a system’s energetics and its

temperature (Equation 1.6.12).[191: 192, 194,195]

_Ej
e kT

pPi=—F%F (1.6.12)

Z}"e_ﬁ
Where pi denotes the probability of the system being in a microstate (j).['1> 192 1941951 p the
numerator, Ejis the energy of each microstate present within the system, k is the Boltzmann
constant (1.38 x 10? J/K), and T is the temperature of the system.[!°: 1921941951 The denominator
is denoted by the canonical partition function (Q), where the energies are denoted as a function of
the system’s microstate (j to m).l!%1 192 1941951 For 3 multi-body system, the canonical partition
function is further reduced to only be dependent on the volume and temperature of the system,

forming the molecular partition function (Equation 1.6.13).[11:192]
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&l
q(V,T) =" e k7 (1.6.13)
Where ¢i is a set of molecular energy states, k is the Boltzmann constant, and T is the temperature

191, 192

of the system.! I To analyze different contributions to the overall molecular energy, the

molecular partition function can be specified by the type of energy analyzed (Equation 1.6.14).11°%
192]

q(V,T) = qtranslational(rotational (vibrational Celectronic (1.6.14)
Where qtransiational 18 the partition function of translational energy states, qrotational 1S the partition
function of rotational energy states, qvibrational 1S the partition function of vibrational energy states,

and Qelectronic i the partition function of electronic energy states.[!!: 12]

As we previously
mentioned, these partition functions are used to derive the energetics of the system, which in turn
are used to compute key thermodynamic and kinetic properties such as the rate coefficients
asssociated with the specified reaction.

Quantification of the rate coefficient yields critical insights towards the reaction analysis,
such as definition of the direction of the reaction and its order. In this study, only first-order
(unimolecular) and second-order (bimolecular) reactions are observed. Furthermore, the symmetry
of the molecules used to define the structures evaluated in the forward and reverse rate coefficients
is critical, because it prevents over counting observed in the molecular partition function by only
attributing unique conformations to the rotational partition function.!”®! Equation 1.6.15 defines
the reaction path degeneracy, where the product of the chiral number and symmetry number

associated with the reactant(s) (or) is the numerator and the product of the chiral number and

symmetry number associated with the reactant (or).

F _ oTS*nchiral(TS)
ogR*nchiral(R)

(1.6.15)
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One approach towards determining rate coefficients within a kinetic model is
conventional transition state theory (TST). TST is derived through the molecular partition function
and assumes the reactant and transition state structures within a system are in quasi-equilibrium
(Equation 1.6.16).[191: 192,196, 197]

A+B=[AB]—P (1.6.16)

Where A and B are the reactants, [AB'] is the transition state, and P represents the products
of the given reaction. In addition to being in a pseudo-steady state with either the reactants or the
products in a system, TST also assumes that the energy of all molecules within the system follow
a Boltzmann distribution.!"?!: 1921971 Through the assumptions used by TST, the partition functions
of the transition state can be computed to yield the rate constant, which in turn can be used to
compute the system activation barrier and Arrhenius pre-exponential through Arrhenius

parameterization.
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Figure 1.6.1. Graphical representation of TST.

Arrhenius parameterization is a common form of predicting reaction rates as a function of

temperature. Specifically, due to its ability to generate a linear correlation between the natural log
of the reaction rate (In(k")) and reciprocal temperature (%) (Equation 1.6.17).1198-20 Through this

linear correlation, important metrics such as the molecular collision rate (A) and the activation

d.l%8-291 Quantification of these two values then provides insight

barrier (Ea) can be quantifie
towards the activation enthalpy and entropy of the system.[?*!: 2921 While the activation barrier
provides insight towards the enthalpy of the system, specifically the thermal energy required to
shift the system from its reactants to its products, the collision rate indicates the average amount

of disorder present when the reactants are converted to the transition state.!2°!: 202!
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_Ea
k= Ae rT (1.6.17)
Where A is the collision rate or frequency factor of molecules, Ea is the energy necessary
for the reaction to shift from the reactants to the products, R is the gas constant and T is the

temperature.['’® 1%l Analysis of if a chemical reaction follows Arrhenius behavior can be

198-200, 203

quantified by plotting In(k) against the inverse temperature (%).[ VIf a linear trend line is

present, the chemical reaction exhibits Arrhenius behavior, and the activation barrier (Ea) and the

Arrhenius pre-exponential factor (log(A)) are defined as the slope and y-intercept, respectively.['*-

200, 203]

1.6.iii. Chemical Model Development and Applied Solvation Models

For chemical systems where an aqueous system must be modeled, there are two types of
solvation methods: implicit solvation and explicit solvation. Also known as the continuum
solvation method, implicit solvation is a popular model due to the reduction of degrees of freedom
present within the system.!2%4 25 This reduction is completed by treating pre-determined aspects
of the system as a continuum, i.e. an averaging of solvent properties to solve the Poisson
distribution.[?° Explicit solvation is a more complex process that is typically used through either
a Monte Carlo or a hybrid Quantum Mechanics/Molecular Dynamics (QM/MM) approach, where
the solvent geometries are included in the model parameterization.?% 207} Parameterization is
achieved by first computing solvation energetics at the explicit QM level.2%) Through this

2061 Once

calculation, the contributions of implicit and explicit solvation energetics are defined.!
parameter definition is achieved, the MM force field is scaled to account for the explicit solvent

molecules, allowing for the inclusion of solvation effects in the MM model.[2%¢!
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The definition of the chemical model is critical to accurately evaluate the reactions
associated with protein degradation due to the tradeoff between model accuracy and complexity.
For this purpose, the models developed in this study were developed using a baseline implicit
solvation method, where the inclusion of an explicit water molecule to apply a hybrid solvation
methodology was applied to improve the accuracy of the generated chemical models.[8> 141 147]
The conductor-like polarizable continuum model (CPCM) is popular in biological systems due to
the distribution of polarization charges along the surface of the solute cavity, i.e. a continuous

[179, 208, 209

dielectric constant instead of a finite value. I Through this distribution, non-electrostatic

interactions are taken into consideration, thus improving the computed electrostatic energy

298] Furthermore, modeling of the reactions under a variety of dielectrics can be

gradients.!
achieved. While the dielectrics associated with the different regions of the protein, as well as the

dielectrics associated with the different residue functional groups, have been studied extensively,

the inclusion of a range of dielectrics to model the system is a recent advancement.2!9-220]

A study conducted by Li et al specified how the electrostatic interactions exhibited by the
modeled system are indicative of the sequence of amino acids and structure of the modeled
region.[?'?l Specifically, recent modeling studies that analyze the energetics of regions of the
proteins containing nonpolar residues or the energetics of reactions in the hydrophobic core are

4) 1212, 213,221, 222] imjlarly, surface protein

modeled using a relatively low dielectric constant (¢ =
studies, or studies that contain charged or polar residues, will have higher dielectric constants; € =
20 for charged residues, and & = 40 for polar residues, respectively.[?!%213:216.223] A5 hydrophobic,
charged, and polar residues were used to generate the dipeptides modeled within our system, we

determined it was necessary to analyze how the electrostatic interactions of the different residue

functionalities influenced their reaction behavior. Therefore, we modeled the degradation reactions
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analyzed in this study under four different dielectrics: the three dielectrics associated with
hydrophobic, charged, and polar residues, as well as the dielectric associated with pure water (¢ =
80). (822131 By modeling the dielectrics associated with the different residue functional groups,
and different sites within the mAbs, we were able to obtain an unbiased representation of how the

behavior of these functionalities influences reaction energetics.[8% 141: 1471

1.6.iv. Application of Supervised and Unsupervised Learning Methods for Model
Generalization

The model dipeptide is the smallest structure that can be used to evaluate the impact of
sidechain functionalities on protein degradation. However, there are 400 possible dipeptide
combinations that can be formulated. While certain forms of degradation are limited to specific
residues, generalization of the reaction pathways where the full distribution of dipeptide
combinations is possible is necessary. For this purpose, supervised and unsupervised learning
methods can be applied to the degradation reaction of interest. An example of unsupervised
learning is the Evans-Polanyi correlation, where the linear trend used to generate the model is
based on the principle that more exothermic reactions will have lower activation energies, and
model sensitivity analysis is achieved through the random removal and replacement of data

141,224-232] Qupervised learning methods, such as Principal Component Analysis (PCA), can

points.!
be applied to reaction pathways where the parameter contributions to variability are not
immediately recognizable or the identification of multiple significant parameters can be

implemented to improve model linearity.!233-237]

1.6.v. Project Overview

The works presented in this study applied chemical engineering thermodynamic and

reaction engineering principles to analyze how the changing environment of the pharmaceutical
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protein manufacturing pipeline influences structural and functional degradation. Using model
dipeptides, we have identified points within the pharmaceutical manufacturing pipeline where one
form of degradation would be more significantly impacted than the other, as well as areas where
both forms of degradation are involved. Through this, we have built thermochemical and kinetic
libraries using quantum chemistry and statistical thermodynamics to generate reaction networks,
analyzed the competition between reaction pathways, identified linear correlations between
thermochemical and kinetic parameters, correlated protein region propensity explored the impact
of the additive and stabilizer design space to inhibit protein degradation, and correlated the
propensity of specific regions towards degradation to the types of residues present within the area

of interest (Figure 1.6.2).

Non-enzymatic Deamidation
Chapter 2: Storage under ambient pH (Asn-X)
Chapter 3: Storage under ambient pH (GIn-X)
Chapter 5: Cations as additives to inhibit succinimide reaction

pathway

Non-enzymatic Peptide Bond Fragmentation

| Chapter 4: Storage under ambient pH

\

1

1

1

>: Chapter 6: Downstream Manufacturing (Alkaline Wash Stage) 1
1

1

7

| Chapter 7: Downstream Manufacturing (Protein A Chromatography Stage)
A Y

Figure 1.6.2. Graphical representation of the structural and functional protein degradation
databases generated at different points of pharmaceutical protein manufacturing pipeline (PDB:
1IGT).['*1 Green chain represents Chain C, blue chain represents Chain D, purple chain represents
Chain B, and red chain represents Chain A.
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Chapter 2: Towards Pharmaceutical Protein Stabilization: Mapping the Reaction Network
of Asn-X Deamidation during Storage under Ambient Conditions

2.1. Background and Motivation

Peptide deamidation studies are of interest due to their impact on the formulation and
efficacy of mAbs. Known as one of the major pathways for covalent peptide degradation,
deamidation is more selective than other peptide degradation mechanisms precisely because it only
impacts four of the 20 essential amino acids — Asparagine (Asn), Glutamine (Gln), Aspartic Acid
(Asp) and Glutamic Acid (Glu).[80 82, 128, 147, 149, 150, 155, 169, 184, 238, 2391 Proteins which undergo
deamidation are either converted from Asn to Asp or from Gln to Glu.[80 82, 128, 147, 149, 150, 155, 169,
184,238,2391 In addition to the selective conversion of the residues, deamidation is separated into two
reaction networks due to its impact on mAbs.[#> 128 1471 Specifically, Asn deamidation is more
readily observed than Gln deamidation within mAbs, where deamidation within the variable region

of the protein results in a loss of efficacy (Figure 2.1.1).[82 128, 129, 147, 149, 240]
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Figure 2.1.1. Graphical representation of the impact of Asn-X deamidation on the variable region
of therapeutic proteins (PDB: 1LVE).[241]

Deamidation primarily occurs through catalysis via an acid.[8% 130 155 18] While less

common, deamidation can also occur non-catalytically. Under ambient conditions, such as storage
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under ambient conditions, where the formulation is in its liquid phase, deamidation occurs through
the elimination of Ammonia, where the neutral side chains of Asn and Gln residues are transformed
into the acidic Asp and Glu amino acids, respectively. 80 82 128, 147, 149,130, 135, 169, 184, 238] Gymjlar to
other peptide degradation mechanisms, experimental examination of peptide deamidation is well-
established but tedious and difficult to quantify. Individually, structure-based prediction of
deamidation ‘“hotspots” is achieved through half-life analysis, while reaction kinetics are
quantified through quantum chemical methodologies.[**) We attribute this difficulty to the
relatively small quantities of degradation products in a free water system, as specified by Kahne
and Still in an experimental hydrolysis study.!¢> 242!

As we previously mentioned, the current approach towards understanding the mechanics
behind peptide degradation is achieved through quantum chemical methodology.!16% 184, 242-243]
However, current studies are limited by two factors. First, there are limited studies available to
predict the thermochemical and kinetic properties of dipeptide deamidation at a neutral pH.
Understanding the thermochemical and kinetic properties of dipeptide deamidation is fundamental
in additive formulation for therapeutic proteins because it provides insight into the self-promoted

82,1691 Second,

hydrogen transfer from the amine group of the peptide bond to induce cyclization.!
as few current studies fully map the reaction pathways of the deamidation networks, fundamental
understanding of the mechanism is limited. By mapping the full network, the selectivity of a
peptide to deamidate via direct hydrolysis or a cyclic intermediate can be quantified. Additionally,
the computed thermochemical and kinetic parameters generated by mapping the full network can

be applied to the prediction of rate-limiting steps and reaction selectivity through a microkinetic

model as a function of pH.
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For this purpose, we conducted a computational study, using a subset of amino acid
dipeptides, to predict the thermochemical and kinetic parameters of each reaction in the Asn
deamidation network. A total of 77 dipeptides (Appendix A) were analyzed over four solvent
dielectrics (308 total reactions) in the conductor-like polarizability model (CPCM) solvated state,
this paper presents the thermochemical and kinetic parameters, i.e. standard enthalpies of reaction,
standard entropies of reaction, Gibbs free energies of reaction, Gibbs free energies of solvation,
activation energies, and kinetic rate constants for each dipeptide. Density functional theory (DFT)
at the B3LYP/6-31+G(2d,2p) level of theory with the GD3 empirical dispersion correction was
used to calculate the electronic energy, and then statistical thermodynamics was applied to all
reactions to determine temperature effects on the reaction.!3% 141, 147, 187-190. 246, 247) A
thermochemical properties were calculated at standard pressure and temperature to reduce external
variabilities. Overall, this study generated a database for the predicted thermochemical and kinetic

parameters of the Asn-X deamidation reaction network, which can be applied future theoretical

studies and as cross-validation with experimental studies.

2.2. Project Objectives

The objectives of this study were to develop a database of thermochemical and kinetic
parameters associated with Asn-X deamidation during storage under ambient conditions. By
mapping the reaction network, we were able to identify the correlation between different pathways
and the environment of the dipeptide, as well as quantify the impact of residue functional groups
on the propensity of Asn-X to deamidate. Furthermore, we have analyzed the competition between
the two primary pathways of Asn-X deamidation, as well as the two products of the succinimide
pathway, through the use of chemical reaction engineering principles. Overall, this study provides

a self-consistent database of the thermochemical and kinetic parameters associated with the
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mechanisms of Asn-X deamidation under ambient conditions, as a function of the different
dielectrics associated with amino acids, which can be expanded to account for other environmental

effects in future studies.

2.3. Computational Methodology

2.3.i. Modeled Reaction Network and Chemical System

Transformation of residues is achieved through two primary pathways, direct hydrolysis
and the succinimide reaction pathway (Figure 2.3.1).[80: 128, 149, 150, 155, 169, 184, 23811yjrect hydrolysis
of residues is achieved in a single step, and occurs through the hydrogen transfer of water to form
free ammonia and the addition of a hydroxyl group to the peptide.[8% 128, 149,150, 155, 169, 184, 238] * The
succinimide reaction pathway is a two-step process, where the proposed rate-determining step first
forms the succinimide intermediate before it is hydrolyzed into either Asp-X or its isomeric form
is0-Asp-X . [80; 128, 149, 130, 155, 169, 184, 2381p o rmation of the succinimide intermediate is referred to as a
self-promoted process due to the nucleophilic attack by the amide Hydrogen to eliminate ammonia
and spontaneously form the five-membered succinimide ring, and has been noted by prior studies
to be the more competitive reaction pathway under ambient conditions, 3% 128 149, 150, 155, 169, 184, 238]
Evaluation of the theoretical isoimide reaction pathway was completed to determine if deamidation
via the formation of the isoimide ring was competitive, and our results indicated that deamidation
via the proposed reaction pathway was thermodynamically and kinetically unfavorable compared

to the direct hydrolysis and succinimide reaction pathways.[*> 191 Therefore, only the competitive

reaction pathways were evaluated within the results of our study.
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Figure 2.3.1. Reaction schematic of selected deamidation routes within the Asn-X deamidation
reaction network. (a). Succinimide formation, (b). Succinimide hydrolysis into Asp-X, (c).
Succinimide hydrolysis into iso-Asp-X, (d). Direct hydrolysis.

We modeled our reaction mechanism under two solvation models, purely implicit solvation
through the Conductor-like Polarizable Continuum (CPCM) implicit solvation and a hybrid
implicit/explicit solvation model that adds one explicit water molecule to interact with the N-
terminus carbonyl of each dipeptide within the reaction network. The CPCM implicit solvation
model is similar to the COSMO-RS solvation model which is commonly used in biological

2091 Furthermore, we

modeling, and was therefore used as the base solvation model for our studies.!
modeled our reaction network using four different dielectrics (¢ = 4, 20, 40, and 80), to study how
the solvent dielectric might impact the reaction energetics of the different dipeptides within our
reaction network [12% 248 249]

The location of the water molecule relative to the dipeptide, as well as the number of
explicit water molecules within our solvation model was analyzed by evaluating the impact of
conformation and the number of waters on protein reaction energetics. Via this analysis, we

determined that the difference in the forward rate coefficients as a function of what portion of the

dipeptide the water interacts with, as well as the difference in rate coefficients between a hybrid
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solvation model with one and two water molecules, was not statistically significant. Therefore, our
hybrid solvation model of one explicit water molecule interacting with the N-terminus carbonyl

group of each dipeptide was expanded to each reaction within our deamidation network.

2.3.ii. Quantum Chemical Calculations and Statistical Thermodynamics

Quantum chemical calculations were performed with Gaussian 16.8% 141- 147, 230. 2511 A]]
electronic energies for the protein dipeptides, intermediates and transition states were calculated
using the B3LYP method.[8% 141, 147, 246,247, 251, 252] The electronic wave functions for all structures
were optimized in the singlet state. Geometries and harmonic frequencies of the lowest energy
conformers were determined at the B3LYP/6-31+G(2d, 2p) level with a Grimme D3 (GD3)
empirical dispersion correction to account for van der Waals forces within the reaction network.[®*
141, 147, 188-190, 246,247, 2531 T account for anharmonicity in the normal vibrational modes, as suggested
by Scott and Random, the harmonic frequencies and zero-point energy (ZPE) were scaled by

factors of 0.96 and 0.98 respectively.[3% 141, 147, 254

I Following the work of previous reaction
modeling completed by our group, partition functions based on the harmonic oscillator and rigid
rotor approximations were used to calculate thermodynamic and kinetic properties as a function
of temperature.[8% 141 147. 255, 256 Thjg procedure was performed automatically using a modified

version of the CalcK script previously employed by our group for reaction kinetics analysis.[8% 14!

147,257-263]
2.3.iii. Transition State Theory and Kinetic Parameters

Transition states for each specified reaction within the deamidation network were found
using the Berny method.!8% 141 147, 264-266] The jmaginary frequency of each transition state was
animated, and intrinsic reaction-coordinate calculations were performed to confirm that the normal

vibrational mode pertained to the reaction coordinate of interest. A total of four reaction pathways
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— direct hydrolysis, succinimide formation, succinimide hydrolysis into Asp, and succinimide
hydrolysis into iso-Asp - were mapped for each chemical model used in this study. Conversion of
intermediate structures to their final product form, as well as the ionization of N-terminus Asp

residues under physiological conditions, were treated as equilibrated reactions and were not

included in our computed rate coefficients.**"]

Conventional transition-state theory (TST) was then used to calculate rate coefficients at 1

atm, according to the macroscopic formulation in Equation (4.3.1).18% 141, 147, 267]

—-AH®
T

TST — % = £
k' (T)= ndk = ndA exp - exp( -

) 2.3.1)

Where A is defined in Equation (4.3.2):
A = (T (2.3.2)
Here, k is the single-event rate coefficient, k(T) is the Wigner tunneling correction at
temperature T, kp is Boltzmann’s constant, / is Planck’s constant, Vm is the molar volume, R is
the ideal gas constant, AS* is the entropy of activation, AH* is the enthalpy of activation, An is
the change in the number of moles going from the reactant to the transition state (i.e., -1 for
bimolecular reactions such as for the direct hydrolysis reaction in both the forward and reverse
directions, the succinimide formation reaction in the reverse direction, and the succinimide
hydrolysis reaction in the forward direction; and 0 for unimolecular reactions such as the
succinimide formation reaction in the forward direction and the succinimide hydrolysis reaction
in the reverse direction), and nd is the reaction path degeneracy, or number of single events. The
reaction path degeneracy follows Equation (2.3.3). AH* and AS* are calculated using standard

formulae, and there were no internal rotation corrections needed within our system.[82 141, 147, 19,

267]
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The reaction path degeneracy, nq, definition is based upon the symmetry of the reactant(s)

[82, 141, 147, 196

and the transition state. I Symmetry was determined by the number of chiral centers

present in each molecule.[8 141, 147. 196,239,256, 263] Tq achieve an unbiased representation of each
modeled reaction, the maximum symmetry numbers were applied to each reaction.[8% 141 147, 239]
Analysis of the reaction path degeneracies used in our model, noted that the inclusion of chiral
centers did not impact the forward reaction path degeneracy developed through the exclusion of
chiral centers. Therefore, our model may be applied to both natural and synthetic proteins in the
forward direction of each computed reaction.

# reactant.j
Nehiral [To

reactant.j g #
J "chiral

ng =
(2.3.3)

Where nchiral is the number of chiral isomers for the transition state and reactant(s); ¢ is a
product of the external rotation symmetry numbers for the transition state and reactant(s). Internal
symmetry numbers for non-cancelling internal rotations treated as hindered or free rotations were
included in the hindered and free rotor partition functions, respectively.

The single-event parameters of the Arrhenius relationship, log(A) and Ea were obtained by
fitting In(k) versus T™' over the temperature range 298 — 1500 K. This procedure was performed
automatically using a modified version of the CalcK script previously employed by our group for
reaction kinetics analysis.[8% 141 147. 255, 257-263] Through linear regression analysis, we determined
Arrhenius behavior was obeyed well for all reactions. The solvation impact of liquid phase kinetics
is beyond the scope of this work but will be addressed in future studies following the work of Jalan

et al, which computes liquid-phase kinetics in relation to both the solute and the solvent.!8 141- 147,

268]
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2.3.iv. Generalized Selectivity Model and Application to Peptide Deamidation

Reaction selectivity analysis was completed using chemical reaction engineering

269]

principles.| To obtain a robust analysis of our reaction network, we chose to compute the

instantaneous selectivity for each reaction pathway within the deamidation reaction network. 2]
To apply the instantaneous selectivity analysis to our reaction network, we first identified the

269

proposed rate-determining step for the succinimide reaction pathway.**) Once those rate-

determining steps had been defined, we then applied Equation 2.3.4 to our analysis.!?%"!

Instantaneous selectivity = g (2.3.4)

Where k’ is the desired reaction and k™ is the undesired reaction. Selectivity was analyzed
from 298.15 K to 400 K, the range of temperatures cited in prior deamidation studies, to quantify
the impact of temperature on reaction selectivity.[!3% 1532791 To determine if the results of our
model agreed with prior studies regarding the propensity of Asn residues to deamidate via the
succinimide pathway over the direct hydrolysis pathway at a neutral pH, the direct hydrolysis
reaction pathway was treated as the desired reaction while the cyclic intermediate reaction
pathways were treated as undesired.?”!-272] Additionally, to fully quantify the impact of the solvent
dielectric on the competing pathways of succinimide hydrolysis, we also analyzed the selectivity
between the succinimide hydrolysis into Asp-X and iso-Asp-X pathways to determine which

dipeptides prefer to hydrolyze into either Asp or its more acidic counterpart, iso-Asp.[!33273]

2.3.v. Sensitivity Analysis and Generalized Model Validation

Model accuracy is dependent on both the level of theory used and the chemical model
chosen. In this study, we chose a level of theory that has been used to model Asn deamidation,
B3LYP/6-31+G(2d,2p), with the inclusion of the GD3 empirical dispersion correction to account

for van der Waals interactions within the reaction network.[187-190:246.2471 Additionally, we modeled
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our reaction mechanism under two solvation models, purely implicit solvation through the
Conductor-like Polarizable Continuum (CPCM) implicit solvation and a hybrid implicit/explicit
solvation model that adds one explicit water molecule to interact with the N-terminus carbonyl of
each dipeptide within the reaction network. For the purpose of validating our level of theory and
identifying the chemical model that was more accurate, we first conducted a two-sample t-test for
the difference in means between the forward rate coefficient (In(k)") for each reaction in the purely
implicit solvation model and the forward rate coefficient (In(k)F) for each reaction in the hybrid
solvation model at 298.15 K and all dielectrics (Table 2.2.1).27* 2731 Through our statistical
analysis we determined that only the difference in the means of the forward rate coefficients, at

298.15 K, was statistically insignificant for the direct hydrolysis, pathway.

Table 2.3.1. Two-sample t-test for the difference in means between the forward rate coefficient
(In(k)F) of the implicit chemical model and the forward rate coefficient (In(k)¥) implicit + 1 H2O
chemical model. Rate coefficients were taken at a temperature of 298.15 K for all dielectrics
modeled in the reaction network.

Reaction t-value DOF P-value
Direct Hydrolysis -1.52 158 0.131
Succinimide Formation -4.13 150 <0.001
Succ1mm1de Hydrolysis 497 150 <0.001
into Asp-X
Succinimide Hydrolysis 6.15 150 <0.001

into 1s0-Asp-X

The statistical insignificance of the inclusion of one explicit water molecule to the direct
hydrolysis forward rate coefficients can be attributed to the linear nature of the transition state,
where the interaction between the explicit water molecule and transition state is not as prevalent
as that of the water molecule directly involved in the reaction. Specifically, unlike the transition
states of the succinimide formation reaction, where the partial ring formation of the transition state

interacts with the explicit water molecule, the direct hydrolysis transition states interact with the
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water molecule which attacks the N-terminus amine group to eliminate ammonia and form Asp-
X. Therefore, due to the competition between the explicit water molecule, which does not directly
interact with the reaction, and the reactive water, it is likely that the inclusion of the stabilizing
water molecule would not influence of the reaction rate coefficient of the direct hydrolysis
reaction.[2”®!

After establishing that the inclusion of one explicit water molecule within the solvation
model significantly impacts the forward rate coefficient for three of the four reactions within our
network, we sought to validate our level of theory and determine which chemical model provides
a more accurate representation of Asn deamidation. For this purpose, we compared the values we
computed for each chemical model to prior computational and experimental studies. Through this
analysis, we determined that both chemical models predicted activation energies that were about

10 kcal.mol! smaller than those given by prior computational studies on direct hydrolysis and

Succinimide formation reactions.[?43277- 2781

However, when we compared our two chemical models to the experimentally quantified
half-life of the Asparaginyl-Glycine (Asn-Gly) succinimide hydrolysis into Aspartic Acid-Glycine
(Asp-Gly) reaction, we determined that the hybrid solvation model yielded a more accurate result
(Table 2.2.2).27°1 Specifically, Ati2 of the implicit solvation model was four times greater than

1279

Ati2 of the hybrid solvation mode I Therefore, we applied our analysis of the mapped Asn-X

reaction network to the hybrid solvation model as a function of the four dielectric coefficients.
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Table 2.3.2. Comparative analysis of the computed half-lives of Asn-Gly succinimide hydrolysis
for the implicit and hybrid chemical models against the experimental half-life quantified by Geiger
et al.?”° The half-lives were computed at 300 K and using a pseudo-first order reaction to match
the parameters specified by Geiger (310 K, pseudo-first order reaction, half-life determined via
analytical HPLC).?"

Literature Implicit Model Implicit + 1 H,O Model
At Aty
Reaction ti tin (Literature tin (Literature
(Computed) - (Computed) -
Computed) Computed)
Asn-Gly
Succinimide 2.30 hours 7.66 hours 5.36 hours 3.57 hours 1.27 hours
Hydrolysis

2.4. Results and Discussion

2.4.i. Structures

To achieve a complete analysis of each reaction pathway depicted within our reaction
network, we optimized the following structures. Modeling of the direct hydrolysis reaction
included two reactants (the dipeptide and water, infinitely separated), the transition state, and two
products (the dipeptide and ammonia, infinitely separated). Formation of the cyclic intermediates
were modeled as intramolecular processes through a single reactant, transition state, and two
products (the cyclic intermediate and ammonia, infinitely separated). The cyclic intermediate
hydrolysis pathways were modeled as single step reactions with two reactants (the cyclic
intermediate and water, infinitely separated), the transition state, and one product were included
in the modeled reaction pathway.[¥>280: 2811 The dipeptide structures are labeled in the X-X format
using the corresponding 3-letter identifiers of the amino acids used to synthesize the dipeptide and
the ammonia and water structures are simply labeled as water and ammonia, respectively. Figure
2.4.1. depicts a ball and stick representation of sample reactions within each pathway present in

the deamidation reaction network.
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Figure 2.4.1. Representative ball and stick structures used to model the different reactions within
the Asn-X deamidation reaction network during storage under ambient conditions.
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The structures used in the direct hydrolysis pathway of Asn-X deamidation optimized in
the expected form where the primary water-dipeptide interaction was through the nucleophilic
attack of water to eliminate ammonia and form the acidic Asp-X dipeptide. The nucleophilic attack
of water within the direct hydrolysis pathway occurred through the decomposition of the reactive
water molecule to form a hydroxyl group (OH") and a Hydrogen atom (H"). The hydrogen atom
then attached to the N-terminus amine group to form ammonia, while the hydroxyl group attached
to the N-terminus carbonyl group to convert the dipeptide from net neutral Asn-X to its acidic
form. The direct hydrolysis reaction pathway was the only pathway within our reaction network
that Asparaginyl-Proline (Asn-Pro) was considered in the analysis. The exclusion of Asn-Pro from
the other reaction pathways is due to its inability to cyclize into succinimide due to the steric
hindrances of the rotationally constrained rigid-ring structure of the Pro functional group.[!>!:2%:
2821 According to a study completed by Stephenson and Clarke, succinimide formation within
proteins is inhibited by steric hindrances of the interactions between the nitrogen of the central

283

amide bond and the sidechain carbonyl of the deamidating Asn residue.?®* Therefore, it is

physically improbable for Asn-Pro to deamidate via a pathway that is not direct hydrolysis.?**]
Analysis of the succinimide formation transition states indicated that all dipeptides partially
cyclized in the transition state, and that the stabilizing water molecule in our hybrid solvation
method interacts with both the N-terminus amine and amide bond through which the succinimide
ring forms. As succinimide forms through the nucleophilic attack by the amide Hydrogen to
eliminate ammonia and spontaneously form the five-membered succinimide ring, which is then

169, 243, 283] The hydrolysis of the succinimide

hydrolyzed into either Asp-X or iso-Asp-X.[
intermediate was modeled as a single step process where the succinimide ring is opened through

the nucleophilic attack of water. The nucleophilic attack of water forms a gemdiol-like transition
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state at the carbonyl group opposite the amide group of the cyclic ring.?**! Similar to the hydrolysis
of succinimide dipeptides into Asp-X, the hydrolysis into iso-Asp-X dipeptides occurred as a
single reaction. However, for the conversion into iso-Asp-X, the nucleophilic attack was directed
towards the carbonyl adjoining the amide group of the cyclic ring. Via the formation of the gemdiol
at this position, the isomeric form of Asp-X was formed. The structure of iso-Asp-X differs from
Asp-X in the sense that the side-chain carbonyl group is moved to the peptide backbone, placing
the amine and carbonyl groups in the same geometric plane.l?’* 283 28] In our hybrid solvation
model, the stabilizing water directly interacts with the gemdiol functional group of the succinimide
hydrolysis into Asp-X transition state, whereas it interacts with the N-terminus carbonyl group in
the succinimide hydrolysis into iso-Asp-X pathway. The orientation of the stabilizing water
relative to the Asp-X and iso-Asp-X gemdiol functional groups was defined to ensure self-
consistency within our chemical model, where the assisting water primarily interacts with the N-
terminus carbonyl group, which was defined by the succinimide intermediate.
2.4.ii. Thermochemistry and Arrhenius Parameterization

To determine the impact of the modeled dielectric on the reaction energetics of the different
pathways within our reaction network, we categorized and analyzed the computed thermochemical
and kinetic parameters for each modeled dielectric. In addition to the standard thermochemical
values (Enthalpy of Reaction (AHrxn?>**1°K), Gibbs Free Energy of Reaction (AGrxn***13%), and
Entropy (ASrxn??%19K)), Arrhenius parameters were computed in both directions. Analysis of the

thermochemical and kinetic parameters associated with each reaction noted the following.!3!

2.4.ii.a. Direct Hydrolysis
The direct hydrolysis reaction was found to be both net endothermic and endergonic in

nature, regardless of the modeled dielectric. As we have previously specified, the direct hydrolysis
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5.3 Therefore, the non-

reaction pathway is least competitive under ambient condition
spontaneous nature of the direct hydrolysis reactions can be attributed to the likelihood of the
reactions to occur at a neutral pH. The preference of peptide deamidation towards the succinimide
pathway over the direct hydrolysis pathway at a neutral pH also suggests a need for energy input
for the hydrolysis reactions.!!>* 243: 285-287) Additionally, a significantly smaller entropic driving
force was present in the direct hydrolysis reaction pathway compared to the computed entropies
of the other reaction pathways in the Asn-X deamidation network. We attribute this deviance
between reaction pathways to the cyclic nature of the other pathways within the network, as
previous studies have noted the significance of entropy on the cyclization of protein structures.?*®
2891 Additionally, we noted that the AGrxn**>1°K was smallest when the modeled dielectric equal
to 20 was applied to the reaction. Depicted in Table 2.4.1, the Gibbs free energy of the direct
hydrolysis reaction at a dielectric equal to 20 is about 2 kcal.mol! smaller than the free energy of
reaction associated with the other three dielectric coefficients. Previous computational studies have
assigned a dielectric of 20 to charged residues, such as the product of the direct hydrolysis reaction
Asp-X.1212.213] The direct hydrolysis reaction has been noted in previous deamidation studies to be
a more competitive pathway under either an acidic or a basic pH.['*®! Therefore, due to the modeled

dielectric mimicking an acidic or basic environment, it is likely that the direct hydrolysis reaction

at € =20 would be more spontaneous than at the other specified dielectric coefficients.
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Table 2.4.1. Average B3LYP Arrhenius parameters, zero point energy corrected barriers, enthalpy
of reaction, and Gibbs free energy of reaction for direct hydrolysis at 298 K and 1 atm. A has units

of L.mol!.s™ for the elimination and addition reactions, respectively. Eo, Ea, and AH?**!3; have
units of kcal.mol™'.
Forward Reaction I I Reverse Reaction

"B, LogA  E. HE en M Log A Ex

41 39.8 740 40.2 481 4.82 34.6 7.74 35.5

201 36.2 7.40 36.7 3.08 3.05 32.7 7.71 33.6

401 394 744 39.9 5.31 5.30 33.7 7.77 34.6

80 394 742 39.9 5.51 5.42 33.5 7.68 344

The phenomena observed at a dielectric of 20 for the Gibbs free energy of the direct
hydrolysis reaction was also evident in the forward and reverse Arrhenius parameters. As depicted
in Table 2.5.1, the forward and reverse Arrhenius parameters were consistent among dielectrics
equal to 4, 40, and 80. For the reaction modeled using a dielectric coefficient equal to 4, the forward
Eo = 39.8 + 7.12 kcal.mol™!, Ea = 40.2 + 6.73 kcal.mol™!, and log(A) = 7.40 + 1.42 s L.mol.s™!,
while the reverse Eo = 34.6 = 7.62 kcal.mol'!, Ea = 35.5 £ 7.35 kcal.mol’!, and log(A) = 7.741 +
1.14 L.mol s, respectively. While the forward and reverse Arrhenius parameters computed for
each of these dielectrics were within 1 kcal.mol™! of each other, they were about 3 kcal.mol ™! greater
than the Arrhenius parameters computed at € =20. Specifically, the forward Arrhenius parameters
were computed as Eo = 36.2 £ 6.83 kcal.mol ™!, Ea = 36.7 + 6.44 kcal.mol!, and log(A) = 7.40 +
1.20 L.mol'.s!, while the reverse Arrhenius parameters were computed as Eo = 32.7 = 7.31
kcal.mol ™!, Ea = 33.6 + 7.02 kcal.mol’!, and log(A) = 7.71 £ 1.17 L.mol '.s™!, respectively.

The discrepancy in Arrhenius parameters between the dielectric associated with charged
residues compared to the other three dielectrics analyzed coincides with the phenomena we
observed in the analysis of the computed thermochemical parameters for the direct hydrolysis
reaction. Further analysis of this trend suggests that the solvent dielectric would increase the

favorability of the direct hydrolysis reaction within the deamidation reaction network. Specifically,
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that the solvent dielectric associated with charged residues is representative of the charged solvent
environment in which the direct hydrolysis reaction is most thermodynamically and kinetically
favorable within the deamidation reaction network. Via this analysis, we determined that the most
suitable dielectric for modeling the direct hydrolysis reaction pathway in the Asn-X deamidation
reaction network is the one associated with charged residues.
2.4.ii.b. Succinimide Formation

Analysis of the succinimide formation reaction indicated that, regardless of the solvent
dielectric, the reaction was both endothermic and spontaneous in nature (Table 2.5.2), as was noted
in previous studies.?** 2831 The spontaneity of the succinimide formation reaction can be attributed
to the increased stability of cyclic protein structures compared to acyclic protein structures.283 28]
This large entropy gain, which was observed in both cyclic intermediate formation reactions, is
noted by literature as a factor influencing cyclization reactions.?**2°2) Unlike the direct hydrolysis
pathway, little variation was observed in the succinimide formation Arrhenius coefficients when
the solvent dielectric was changed. The lowest activation barrier of succinimide formation was
identified at the dielectric of pure water (¢ = 80), and increased by about 0.20 kcal.mol™! from
dielectrics equal to 40 and 20, respectively. The largest step change in activation energy between
the solvent dielectrics occurred at the most hydrophobic dielectric (¢ = 4). At a dielectric equal to
4, Eo = 40.5 £ 6.64 kcal.mol™!, Ea = 39.8 £ 6.46 kcal.mol™!, and log(A) = 11.3 + 1.39 s in the

forward direction, and Eo=31.6 £ 6.72 kcal.mol™!, Ea = 31.6 + 6.48 kcal.mol™!, and log(A) = 6.31

+ 1.30 L.mol'.s! in the reverse direction.
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Table 2.4.2. Average B3LYP Arrhenius parameters, zero point energy corrected barriers, enthalpy
of reaction, and Gibbs free energy of reaction for succinimide formation at 298 K and 1 atm. A
has units of s and L.mol!.s! for the elimination and addition reactions, respectively. Eo, Ea, and
AH*¥15.; have units of kcal.mol™.

Forward Direction TG G Reverse Direction
® TR, LogA Ex |M oo [ACT e Log A Ex
4 | 40.5 11.3 39.8 10.1 -0.80 31.6 6.31 31.6
20| 39.3 11.6 38.8 9.11 -1.78 31.3 6.65 31.5
40| 39.1 11.6 38.6 9.16 -1.62 31.1 6.72 31.3
801 39.0 11.5 38.5 9.12 -1.66 31.0 6.62 31.2

The inverse relationship between the solvent dielectric and the reaction activation barrier
qualitatively matches prior findings that the reactivity of succinimide formation decreases with the

248.293] Brennan and Clarke rationalize the reduced reactivity to

solvent dielectric (Figure 2.4.3).!
the destabilization of the peptide bond Nitrogen, which facilitates the formation of the succinimide
ring.[?3! Specifically, that it would not be as labile as it is at higher solvent dielectrics.[**> While
we are unable to model bond lability, we were able to qualitatively match the trend defined by
Brennan and Clarke, where succinimide reactivity decreases with solvent dielectric (Figure
2.4.2).248: 293 Therefore, it is likely that because there is no reactive water to drive the reaction,

the impact of the solvent dielectric impacts the reactivity of the intramolecular reactions within

our reaction network, such as succinimide formation.
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Figure 2.4.2. Diagram of the change in electronic energy observed during the succinimide
formation reaction as a function of the modeled dielectric.
2.4.ii.c. Succinimide Hydrolysis into Asp-X

Analysis of the succinimide hydrolysis into Asp-X pathway (Table 2.4.3.) indicated that
the reaction pathway was mildly exothermic and endergonic in nature. Analysis of the dipeptides
within the reaction class indicated that nine of the 19 analyzed dipeptide reactions were
endothermic in nature. The nine dipeptides found to be endothermic were Asparaginyl-Alanine
(Asn-Ala), Asparaginyl-Glutamine (Asn-Gln), Asparaginyl-Glutamic Acid (Asn-Glu), Asn-Gly,
Asparaginyl-Phenylalanine  (Asn-Phe), Asparaginyl-Threonine (Asn-Thr), Asparaginyl-
Tryptophan (Asn-Trp), and Asparaginyl-Valine (Asn-Val). Succinimide hydrolysis of Asn-Ala
and Asn-Phe was found to be endothermic regardless of which product was formed. Asn-Ala and

Asn-Phe are most likely endothermic regardless of the succinimide hydrolysis reaction because
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the C-terminus residues are amino acids commonly buried within a protein surface.[?*% 2%4!

Therefore, the two dipeptides would prefer a structure similar to that of the peptide backbone, such
as the product of succinimide hydrolysis, over being exposed by the steric hindrance of the

[239, 294

succinimide intermediate. 1 As such, through Hammond’s postulate, the succinimide

hydrolysis of Asn-Ala and Asn-Phe would be endothermic.!*!

The endothermicity of Asn-Val, which was found to be endothermic for both succinimide
hydrolysis reactions, can be attributed to its branched functional groups.!*** 23! Specifically, prior
studies have noted that C-terminus residues with branched, hydrophobic side chains inhibit the
formation of the succinimide intermediate.l**’! Therefore, following Hammond’s postulate, Asn-
Val would prefer to hydrolyze into Asp-Val instead of remaining in the succinimide
intermediate.”®! The propensity of Asn-Gln, Asn-Trp, and Asn-Tyr towards the product of
succinimide hydrolysis is due to the role of the C-terminus residues as hydrogen bond donors. [2*%:
2% Our analysis of the three product structures indicated that the hydrogen-donating sidechains of
each residue were in the same geometric plane as the hydrogen accepting Asp-X. Therefore, the
products would be favored for the hydrolysis of these three dipeptides. The entropy of reaction
(ASrxn) was found to be negative for the hydrolysis of the succinimide intermediate, likely due to

[290-292] Therefore, as the ring is broken,

the entropy driving the formation of the cyclic intermediate.
the system transitions from disordered to ordered resulting in a negative ASrxn for all cyclic

intermediate hydrolysis reactions.
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Table 2.4.3. Average B3LYP Arrhenius parameters, zero point energy corrected barriers, enthalpy
of reaction, and Gibbs free energy of reaction for succinimide hydrolysis into Asp-X at 298 K and
1 atm. A has units of L.mol™!.s™ and s™! for the hydrolysis and condensation reactions, respectively.
Eo, Ea, and AH?®!5.xn have units of kcal.mol™'.

Forward Direction Reverse Direction
298.15 298.15
€ o ng Ea AH mn | AG rxn Eo LOg A Ea
4 13.5 6.80 13.9 -1.88 8.76 14.0 11.9 14.0
20 13.9 6.39 14.3 -0.06 10.5 12.6 11.8 12.6
40 13.8 6.86 14.2 -0.64 9.77 13.1 11.8 13.1
&0 13.9 6.87 14.3 -0.40 9.91 13.0 11.7 13.0

Analysis of the Arrhenius parameters indicated that the solvent dielectric had little impact
on the energetics of succinimide hydrolysis into Asp-X. The average activation energy of the
reaction pathway was smallest at the most hydrophobic dielectric, and about 0.400 kcal.mol™!
greater at the other three solvent dielectrics. Ate =4, Eo=13.5 £ 1.88 kcal.mol!, EA=13.9 + 1.94
kcal.mol™!, and log(A) = 6.80 + 0.83 L.mol'.s™! in the forward direction, while Eo = 14.0 + 3.49
kcal.mol!, Ea =14.0 £ 3.60 kcal.mol™!, and log(A) = 11.9 + 1.05 s! in the reverse direction.
Subsequently, at the dielectric of pure water (¢ = 80), Eo=13.9 = 1.45 kcal.mol!, Ea = 14.3 £ 1.62
kcal.mol™!, and log(A) = 6.87 = 1.01 L.mol'.s! in the forward direction, and Eo = 13.0 £ 3.50
kcal.mol™!, Ea = 13.0 +3.68 kcal.mol!, and log(A) = 11.7 £ 1.04 s™! in the reverse direction. The
negligible impact of the solvent dielectric on the succinimide hydrolysis pathway can be attributed
to the formation of the succinimide intermediate being primarily impacted by the change in solvent
dielectric. Specifically, because the lability of the peptide bond Nitrogen does not impact the
reactivity of succinimide hydrolysis.!*®*! Therefore, the succinimide hydrolysis reaction pathway
would not be as significantly impacted as the formation reaction. Additionally, we hypothesize
that the interaction between the solvent and the dipeptide primarily impacts intramolecular

reactions. As the hydrolysis of the succinimide intermediate occurs through the nucleophilic attack
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of water, the reactive water likely drives the reaction energetics for the reaction pathway, similar

to the direct hydrolysis reaction.

2.4.ii.d. Succinimide Hydrolysis into iso-Asp-X

The secondary pathway of the succinimide reaction, hydrolysis into iso-Asp-X was also
found to be exothermic and endergonic in nature (Table 2.4.4.). Similar to the hydrolysis into Asp-
X reaction, the thermochemical and Arrhenius parameters were not significantly impacted by the
change in solvent dielectric. Of the 19 dipeptides in the reaction pathway, about 11 of the reactions
were exothermic. The four dipeptides with aliphatic C-terminus residues (Asn-Ala, Asparaginyl-
Isoleucine (Asn-Ile), Asparaginyl-Leucine (Asn-Leu), and Asn-Val), as well as Asparaginyl-
Asparagine (Asn-Asn), Asn-Gln, Asparaginyl-Histidine (Asn-His), and Asn-Phe were
endothermic regardless of the solvent dielectric. Similar to Asn-Val, Asn-Ile and Asn-Leu both
contain branched, hydrophobic residues. However, in the succinimide hydrolysis into Asp-X
pathway, the hydrolysis of both dipeptides is exothermic. Therefore, the inhibition of the
succinimide ring is not the primary cause. Instead, the orientation of the branched functional
groups relative to the acidic N-terminus residue likely causes these two dipeptides to favor the
formation of the product. When Asp-X is formed, the C-terminus Ile and Leu sidechains are in the
same geometric plane, whereas they are in an opposing plane when iso-Asp-X is formed. The
endothermicity of Asn-Asn, Asn-Gln, and Asn-His can be attributed to their role as hydrogen bond
donors, where Asn-Gln favors both products because it is capable of donating more than one
hydrogen atom with an sp? sidechain and is in the same geometric plane as both succinimide

[239

hydrolysis products.[?**) The hydrogen bonding functional groups of these three dipeptides were

found to be in the same geometric plane as the hydrogen bond accepting iso-Asp. Therefore,
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similar to the aliphatic dipeptides, the products would be more thermodynamically favorable than

the reactants.

Table 2.4.4. Average B3LYP Arrhenius parameters, zero point energy corrected barriers, enthalpy
of reaction, and Gibbs free energy of reaction for succinimide hydrolysis into iso-Asp-X at 298 K
and 1 atm. A has units of L.mol''.s" and s for the hydrolysis and condensation reactions,
respectively. Eo, Ea, and AH?*® %, have units of kcal.mol™!.

Forward Direction Reverse Direction
298.15 298.15
& o L};g Ea AH rxn AG rxn Eo LOg A En
4 9.15 6.55 9.36 -2.28 8.90 9.73 12.1 9.76
20 9.93 6.38 10.1 -0.53 10.7 8.81 11.9 8.78
40 9.78 6.51 9.90 -0.75 10.2 8.91 11.9 &.86
&0 10.1 6.49 10.3 -0.50 10.7 8.78 11.9 8.76

Similar to the succinimide hydrolysis into Asp-X reaction pathway, there was little
variability in the computed Arrhenius parameters as a function of the solvent dielectric, and the
most hydrophobic solvent dielectric yielded the smallest average activation energy. At a dielectric
equal to 4, Eo = 9.15 + 2.27 kcal.mol™!, Ea = 9.36 + 2.46 kcal.mol™!, and log(A) = 6.55 = 1.19
L.mol!.s™! in the forward direction, while Eo = 9.73 + 2.27 kcal.mol™!, Ea = 9.76 £ 2.44 kcal.mol’
!, and log(A) = 12.1 £ 0.89 s in the reverse direction. However, unlike the succinimide hydrolysis
into Asp-X pathway, the dielectric coefficient associated with charged residues yielded the greatest
activation energy. At a dielectric equal to 20, Eo = 9.93 + 1.60 kcal.mol!, Ea = 10.1 + 1.75
kcal.mol!, and log(A) = 6.38 + 1.30 L.mol.s™! in the forward direction, and Eo = 8.78 =+ 2.87
kcal.mol™!, Ea = 8.76 + 3.05 kcal.mol !, and log(A) = 11.9 + 1.08 s! in the reverse direction. The
mild deviation in trends between the two succinimide hydrolysis pathways can be attributed to the
higher sidechain acidity of iso-Asp compared to Asp.*”7?! Specifically, that the charged
dielectric likely impacts the more acidic of the two succinimide hydrolysis products, and therefore

influences reaction energetics.!?'?!
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Regardless of the solvent dielectric used to model the succinimide hydrolysis into iso-Asp-
X pathway, the average activation barrier of each dielectric was about 4 kcal.mol™! less than the
average activation energies computed for the succinimide hydrolysis into Asp-X pathway. The
smaller activation energies associated with the iso-Asp-X pathway can be attributed to the
preference of succinimide towards hydrolysis into the isomeric form of Asp under ambient

153, 273, 300, 301} According to previous deamidation studies, iso-Asp is the preferred

conditions.!
deamidation product at a physiological pH due to the higher side chain acidity of iso-Asp compared
to Asp.[?”% 3% Therefore, as the transition state attacks the backbone carbonyl group, which opens

into iso-Asp-X, it is more kinetically favorable than the reaction that occurs at the N-terminus

carbonyl group to form Asp-X (Figure 2.4.3).
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Figure 2.4.3. Diagram of the change in electronic energy and competition observed between the
two products of the succinimide reaction pathways as a function of the modeled dielectric.
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2.4.iii. Reaction Selectivity during Storage under Ambient Conditions
Selectivity analysis of the Asn-X deamidation network was achieved using instantaneous

(82, 2691 Analysis of the steps within the

selectivity through a proposed rate-determining step.
succinimide reaction pathway identified the formation of the cyclic intermediate to be the rate-
determining, and were therefore analyzed against the forward rate coefficient of the direct
hydrolysis reaction. The presence of the succinimide formation reaction as the rate-determining
step agrees with both experimental and computational deamidation studies, and was not found to
be influenced by the modeled dielectric.[8 133 184.245.277. 2791 Ty addition to the identification of the
rate- determining step, we also sought to analyze the competition between the two products of the
succinimide pathway —Asp-X and iso-Asp-X, where the hydrolysis of succinimide into Asp-X was
treated as the desired product. Lastly, we sought to determine if Asn-X deamidation reaction
selectivity was influenced by temperature. Analysis of the temperature range for mAb
manufacturing, where lyophilization does not occur, (298 K < T < 400 K) indicated that
temperature did not influence reaction selectivity, an observation which was supported by the
results of a study conducted by Bhanuramanand et al., where deamidation reactions were

influenced at temperatures greater than 350 K.[39%303]

2.4.iii.a. Direct Hydrolysis versus Succinimide Formation

As we previously mentioned, Asn-Pro is only capable of deamidating through the direct
hydrolysis pathway due to the steric hindrance of the Pro functional group.'3!-23% 282 Through our
analysis of instantaneous selectivity as a function of solvent dielectric (Table 2.4.5), we found that
Asn-Cys and Asn-Ser also preferred deamidation through the direct hydrolysis reaction pathway.
The Ser functional group is highly polar and capable of hydrogen bonding.[?*% 341 Therefore, it

likely acts as both a hydrogen bond donor and acceptor to the reactive water within the direct
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hydrolysis reaction.[?*- 341 While other dipeptides within the reaction have similar hydrogen
bonding capabilities, Ser is defined as a very small residue, and as such, its proximity to the water
molecule initiating the direct hydrolysis reaction would be more influential than any of the other
polar C-terminus residues.!'® Asn-Cys likely prefers direct hydrolysis to the formation of the
succinimide intermediate due to prior findings that the deamidation of Asn-Cys dipeptides tended

293

towards a cleavage reaction.?”?! As the direct hydrolysis reaction would be better categorized as

a cleavage reaction compared to the succinimide formation reaction, it is likely that Asn-Cys
deamidation prefers the elimination of ammonia through the nucleophilic attack of water than

through cyclization.[**]

Table 2.4.5. Reaction selectivity of the two primary routes of Asn-X deamidation during storage
under ambient conditions as a function of the modeled dielectric.

€ Direct hydrolysis Succinimide Formation
Asn-Ala, Asn-Arg, Asn-Asn, Asn-Gln, Asn-Glu,
Asn-Gly, Asn-His, Asn-Ile, Asn-Leu, Asn-Lys, Asn-
Met, Asn-Phe, Asn-Thr, Asn-Trp
Asn-Asp, Asn-Cys, Asn-Gly, Asn-Ala, Asn-Arg, Asn-Asn, Asn-Glu, Asn-Gly,
20 Asn-Leu, Asn-Pro, Asn-Ser, Asn-His, Asn-Ile, Asn-Lys, Asn-Met, Asn-Phe, Asn-
Asn-Tyr, Asn-Val Thr, Asn-Trp
Asn-Ala, Asn-Arg, Asn-Asn, Asn-Asp, Asn-Gln, Asn-
Glu, Asn-Gly, Asn-His, Asn-Ile, Asn-Leu, Asn-Lys,
Asn-Met, Asn-Phe, Asn-Thr, Asn-Trp, Asn-Tyr, Asn-
Val
Asn-Ala, Asn-Arg, Asn-Asn, Asn-Asp, Asn-Gln, Asn-
Glu, Asn-Gly, Asn-His, Asn-lle, Asn-Leu, Asn-Lys,
Asn-Met, Asn-Phe, Asn-Thr, Asn-Trp, Asn-Tyr, Asn-
Val

Asn-Asp, Asn-Cys, Asn-Pro,
Asn-Ser, Asn-Val

40 Asn-Cys, Asn-Pro, Asn-Ser

80 Asn-Cys, Asn-Pro, Asn-Ser

Analysis of reaction selectivity at the lower dielectrics within our model indicated that the
Asparaginyl-Aspartic Acid (Asn-Asp) and Asn-Val dipeptides were found to prefer the direct
hydrolysis pathway in our model. We attribute the propensity of Asn-Val towards direct hydrolysis
over the succinimide pathway to the findings of Wakankar et al., which noted how more

hydrophobic dielectrics led to decreased reactivity in the formation of the cyclic intermediate.?*®!
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Therefore, it is likely that, at a lower dielectric, the impact of the steric hindrance caused by the
branched Val sidechain on succinimide formation would become more prevalent.**] The
preference of Asn-Asp towards direct hydrolysis is likely due to how, as Brennan and Clarke
specified, the lower solvent dielectrics would result in side chain protonation and a preference

[293

towards direct hydrolysis.!*®! While the side chain protonation was not directly modeled within

our reaction network, a similar trend likely promoted the preference of Asn-Asp towards direct
hydrolysis over succinimide at the hydrophobic dielectric.[*%*]

At a solvent € = 20, eight of the 20 dipeptides were found to prefer direct hydrolysis over
succinimide formation. As we previously specified, a prior study on the impact of solvent
dielectrics on Asn deamidation noted that the reactivity of the cyclic intermediate formation
decreased with £.2*! Additionally, through our thermochemical and Arrhenius parameterization,
the direct hydrolysis reaction was found to be most stable at a dielectric similar to that of charged
residues.?'> 2131 Of the two dipeptides found to prefer direct hydrolysis solely at £ = 20,
Asparaginyl-Tyrosine (Asn-Tyr) contains a functional group capable of hydrogen bonding.?*"]
Because Asn-Tyr is capable of acting as both a hydrogen bond acceptor and donor, it is likely that
the ‘acidic’ environment of the solvent dielectric promoted hydrogen bonding between the N-
terminus Asn and C-terminus Tyr.[2!2213:23% The propensity of Asn-Leu towards direct hydrolysis
over the formation of the succinimide intermediate is likely due to the similarity of the Leu
sidechain to the Val sidechain, where the branched functional group inhibits the formation of the
succinimide intermediate at a solvent dielectric equal to the dielectric of charged residues.?*”!
Therefore, due to this factor as well as the solvent environment in which direct hydrolysis is a
more competitive reaction mechanism, Asn-Leu deamidates via direct hydrolysis over the

formation of the succinimide intermediate.[?!% 213
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2.4.iii.b. Succinimide Hydrolysis into Asp-X versus Succinimide Hydrolysis into iso-Asp-X
In addition to our analysis of the competition between the two major pathways within our
deamidation reaction network, direct hydrolysis and the succinimide intermediate, we also
quantified the competition between the two products of succinimide hydrolysis (Table 2.4.6). Of
the dipeptides which did not deamidate through the direct hydrolysis pathway, only the Asn-Ala
succinimide intermediate was found to prefer hydrolysis into Asp-Ala at each dielectric. The
propensity of Asn-Ala towards hydrolysis into Asp-Ala instead of iso-Asp-Ala can be attributed
to the structural properties of the C-terminus residue. Ala is a hydrophobic, aliphatic, and very
small molecule.!'®* 23] Therefore, because prior studies have noted that the side chain of iso-Asp
is more acidic than Asp under ambient conditions, it is likely that the Asn-Ala succinimide
intermediate would prefer to hydrolyze into the least polar of the two product structures regardless

of the solvent dielectric.?3% 3%

Table 2.4.6. Selectivity analysis of the two reaction pathways associated with the hydrolysis of
the succinimide intermediate as a function of modeled dielectric.

€ Asp-X Iso-Asp-X
Asn-Arg, Asn-Asn, Asn-Asp, Asn-Gln, Asn-Glu, Asn-
4 Asn-Ala, Asn-His Gly, Asn-Ile, Asn-Leu, Asn-Lys, Asn-Met, Asn-Phe,

Asn-Thr, Asn-Trp, Asn-Tyr, Asn-Val
Asn-Arg, Asn-Asn, Asn-Asp, Asn-Gln, Asn-Glu, Asn-
20 Asn-Ala Gly, Asn-His, Asn-Ile, Asn-Leu, Asn-Lys, Asn-Met,

Asn-Phe, Asn-Thr, Asn-Trp, Asn-Tyr, Asn-Val
Asn-Arg, Asn-Asn, Asn-Asp, Asn-Gln, Asn-Glu, Asn-
40 Asn-Ala Gly, Asn-His, Asn-Ile, Asn-Leu, Asn-Lys, Asn-Met,

Asn-Phe, Asn-Thr, Asn-Trp, Asn-Tyr, Asn-Val
Asn-Arg, Asn-Asn, Asn-Asp, Asn-Gln, Asn-Glu, Asn-
80 Asn-Ala Gly, Asn-His, Asn-Ile, Asn-Leu, Asn-Lys, Asn-Met,
Asn-Phe, Asn-Thr, Asn-Trp, Asn-Tyr, Asn-Val

At the most hydrophobic dielectric coefficient within our reaction network (¢ = 4), Asn-

His was also found to hydrolyze into Asp-His instead of iso-Asp-His. The preference of the Asn-
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His dipeptide towards hydrolyzing into Asp-His is likely due the previously observed phenomena
of succinimide reactivity decreasing with lower dielectric coefficients.?*®! His has been noted in
prior studies as a residue that promotes the formation of iso-Asp.!'%® 3! Therefore, following the
established trend that more hydrophobic dielectric coefficients influence succinimide reactivity, it

is likely that it would promote hydrolysis into Asp-X at a dielectric equal to 4.

2.5. Conclusions and Future Directions

In summary, a theoretical investigation on mapping the competitive pathways of Asn
deamidation was achieved for all Asn-X dipeptides over four solvent dielectrics. Rate coefficients
and Arrhenius parameters for dipeptide deamidation were calculated for 308 (77 reactions per
model dielectric) reactions using B3LYP and statistical thermodynamics.[®? Selectivity analysis
indicated the formation of the succinimide intermediate as the proposed rate-limiting step, which
was noted in experimental literature, and validated by the propensity of cyclization to act as a
stabilizing force within folded proteins.[!8* 3%5] Additionally, aside from the dielectric associated
with charged residues, formation of the succinimide intermediate was greatly preferred over direct
hydrolysis. At a dielectric equal to 20, the preference of dipeptides towards the direct hydrolysis
pathway increased to about 40 percent, where the preference of protein deamidation towards direct
hydrolysis under acidic or basic conditions likely influenced the reaction selectivity.***]
Furthermore, the most hydrophobic dielectric coefficient was found to influence the electronic
energies of the succinimide formation reaction pathway, suggesting that the dielectric of the
solvent influences the reactivity of the intramolecular reaction within the deamidation reaction
network. Similar to the rate-limiting step, these observed trends matched with previous findings in

243

experimental literature.?** Future studies will evaluate deamidation at the secondary and tertiary

structure, where prior studies have indicated that the secondary structure acts as a stabilizer against
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(155,167, 306-3081 Eor this purpose, our findings observed at the primary structure would

deamidation.
need to be evaluated in regards to higher order protein structures so that reaction selectivity could

be correlated within different levels of the protein hierarchy.
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Chapter 3: Towards Pharmaceutical Protein Stabilization: Mapping the Reaction Network
of GIn-X Deamidation during Storage under Ambient Conditions

3.1. Background and Motivation

Protein degradation studies are of interest due to the wide array of applications proteins
can be used for within the mAb industry, as well as in better understanding the mechanics behind
protein-based diseases.[* 82 147- 309, 310 Therefore, it is necessary to quantify how changes in the
protein environment may impact its stability during formulation, as well as within the human body.
For particularly unstable amino acids, such as Asparagine (Asn) and Glutamine (Gln), where the
net neutral residues are spontaneously converted into their acidic counterparts, Aspartic Acid (Asp)
and Glutamic Acid (Glu), this form of degradation has been found to be prevalent in both of the
previously specified scenarios.[80 82, 147, 149, 151, 240, 244, 311, 312] Qpecifically, that the presence of
ionized residues in the place of net neutral amino acids, the protein can either lose functionality or

Stability (Figure 3'1.1).[82, 128, 147, 240, 244, 311, 312]

Figure 3.1.1. Graphical representation of the impact of GIn-X deamidation on therapeutic (4LAQ)
and physiological (3PMR) proteins.l!3 314
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In therapeutic proteins, this often results in a loss of binding efficacy because deamidation
reactions are most often observed in the region of the protein which targets and binds to a specific
epitope.[3% 128, 129, 147244, 311, 3121 Deamidation of proteins within the body often leads to protein
misfolding which causes neurodegenerative diseases such as Huntington’s and Parkinson’s
Disease,[8% 128, 147, 240, 244,311, 312, 3151 [ particular, deamidation of Gln residues has been attributed
to age-related ailments such as the formation of cataracts and collagen breakdown in bones, where

311, 315] Therefore, it is critical to achieve a complete and

the long-lived proteins are impacted.
unbiased understanding of the atomistic interactions within protein deamidation, as well as how

those interactions deviate between the two residues.

For this purpose, we conducted a computational study, using GIn-X dipeptides, to predict
the thermochemical and kinetic parameters of each reaction within the Gln deamidation reaction
network, and compare those results against our generated Asn deamidation reaction network.[®*
1471 To do so, a total of 77 (Appendix B) dipeptides were analyzed over four modeled dielectrics
(308 total reactions) using the conductor-like polarizable continuum model (CPCM) to compute
the thermochemical and kinetic parameters, i.e. standard enthalpies of reaction, standard entropies
of reaction, Gibbs free energies of reaction, Gibbs free energies of solvation, activation energies,
and kinetic rate constants for each dipeptide. Density functional theory (DFT) at the B3LYP/6-
31+G(2d,2p) level of theory with the GD3 empirical dispersion correction was used to calculate
the electronic energy, and then statistical thermodynamics was applied to all reactions to determine
temperature effects on the reaction.[82 141, 147, 188-190, 247, 2531 A]] thermochemical properties were
calculated at standard pressure and temperature to reduce external variabilities. Through this
mechanistic study we have generated a self-consistent, unbiased database to predict the

thermochemical and kinetic parameters of Gln-X deamidation, which can be analyzed against our

82



previously generated Asn-X reaction network and expanded to account for other solvent-protein

[82. 147] Fyrthermore, we have generated our database under

interactions in future theoretical studies.
four different modeled dielectrics, so that the reaction energetics and reaction selectivity could be

studied as a function of the electrostatics within the modeled system.

3.2. Project Objectives

As we previously mentioned, degradation via deamidation significantly influences the
binding strength of the developed therapeutic during formulation and storage. Additionally, by
analyzing Gln-X deamidation in tandem with Asn-X deamidation, we can obtain insights towards

s.3163181 For this purpose, we sought to

the degradation behavior of long-lived therapeutic protein
develop a reaction network that would be representative of the different reaction pathways
associated with deamidation. Furthermore, as the competition between reaction pathways can be
used to optimizing the manufacturing pipeline GMP, we applied chemical engineering principles
to identify the primary pathways of GIn-X deamidation. Overall, this study provides a self-
consistent database of the thermochemical and kinetic parameters associated with the mechanisms
of GIn-X deamidation under ambient conditions, as a function of the different dielectrics

associated with amino acids, which can be expanded to account for other environmental effects in

future studies.

3.3. Computational Methodology

3.3.i. Modeled Reaction Network and Chemical System
Development of our reaction network was modeled after the Asn-X reaction network under
ambient storage conditions to reduce external variabilities within our analysis, and agreed with

prior experimental studies. 8082, 128, 147, 149-151, 155,169, 184,240, 311, 3191 A5 wve have previously specified,
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deamidation is the spontaneous conversion of net neutral amino acids into their acidic
counterparts,[80- 149 151, 240, 244, 311, 312, 3191 A dditionally, protein deamidation occurs through two
primary pathways, direct hydrolysis and the formation of a cyclic intermediate.[3%: 128 149-151. 155, 169,
184,240, 3113191 Of the two deamidation reaction networks, the understanding of Gln deamidation
has been primarily studied in terms of the phenomena associated with Asn deamidation. 8% 147- 240.
2441 While the two deamidation reaction networks share pathways and are both prone towards

increased reaction rates at either an acidic or a basic pH, there is a lack in fundamental

understanding towards why the rate of deamidation of Gln residues has been noted in prior studies
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to be slower and less reactive than Asn.!?%’]
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Figure 3.3.1. Reaction schematic of selected deamidation routes within the GIn-X deamidation

reaction network. (a). Glutarimide formation, (b). Glutarimide hydrolysis into Glu-X, (c).
Glutarimide hydrolysis into iso-Glu-X, (d). Direct hydrolysis.

Similar to the generation of the Asn-X deamidation reaction network, we modeled our
reactions using a hybrid solvation model where one explicit water molecule acts as a passive
stabilizer to our system.!®> 147) The implicit component of our chemical model applies the CPCM
implicit model to the modeled reaction.[* 141:147. 2091 The impact of the interactions between the

different residue types and the solvated environment is reflected through the use of four different
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modeled dielectrics, € = 4, 20, 40 and 80.12!% 2131 Where the dielectrics equal to 4, 20, and 40 are
associated with hydrophobic, charged and polar residues, respectively, while the modeled
dielectric equal to 80 is that of pure water.!?'* 23] By modeling these four modeled dielectrics, we
were able to analyze how the interactions between the dipeptides and their environment impact the
reaction energetics of deamidation. Similarly, through our mapping of the Asn-X deamidation
reaction network, we determined that the conformation of the explicit water molecule relative to
the dipeptide, as well as the number of water molecules present within the reaction system, would

not significantly impact the energetics associated with GIn-X deamidation. 3% 1471

3.3.ii. Quantum Chemical Calculations and Statistical Thermodynamics

Quantum chemical calculations were performed with Gaussian 16.8% 141: 147,230, 2511 A]]
electronic energies for the protein dipeptides, intermediates and transition states were calculated
using the B3LYP method.[8% 141, 147,246,247, 251, 252] The electronic wave functions for all structures
were optimized in the singlet state. Geometries and harmonic frequencies of the lowest energy
conformers were determined at the B3LYP/6-31+G(2d, 2p) level with a Grimme D3 (GD3)
empirical dispersion correction to account for van der Waals forces within the reaction network.[®*
141, 147, 188-190, 246,247, 2531 T account for anharmonicity in the normal vibrational modes, as suggested
by Scott and Random, the harmonic frequencies and zero-point energy (ZPE) were scaled by

82, 141, 147, 2541 Following the work of previous reaction

factors of 0.96 and 0.98 respectively.!
modeling completed by our group, partition functions based on the harmonic oscillator and rigid
rotor approximations were used to calculate thermodynamic and kinetic properties as a function
of temperature.[8% 141 147. 255, 256 Thjg procedure was performed automatically using a modified

version of the CalcK script previously employed by our group for reaction kinetics analysis.[8% 14!

147, 257-263]
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3.3.iii. Transition State Theory and Kinetic Parameters
Transition states for each specified reaction within the deamidation network were found

(82, 141, 147, 264-266] The imaginary frequency of each transition state was

using the Berny method.
animated, and intrinsic reaction-coordinate calculations were performed to confirm that the normal
vibrational mode pertained to the reaction coordinate of interest. A total of four reaction pathways
— direct hydrolysis, glutarimide formation, glutarimide hydrolysis into Glu, and glutarimide
hydrolysis into iso-Glu - were mapped for each chemical model used in this study. Conversion of
intermediate structures to their final product form, as well as the ionization of N-terminus Glu
residues under physiological conditions, were treated as equilibrated reactions and were not
included in our computed rate coefficients.?*"]

Conventional transition-state theory (TST) was then used to calculate rate coefficients at 1

atm, according to the macroscopic formulation in Equation (3.3.1).18% 141, 147, 2671.

—-AH®
T

TST(T\— 1 s — as*
k"> (T)= ndak = ndA exp - exp( -

) (3.3.1)

Where A is defined in Equation (3.3.2):
A = (T (3.3.2)
Here, & is the single-event rate coefficient, k(T) is the Wigner tunneling correction at
temperature T, kg is Boltzmann’s constant, / is Planck’s constant, Vi is the molar volume, R is
the ideal gas constant, AS* is the entropy of activation, AH* is the enthalpy of activation, An is
the change in the number of moles going from the reactant to the transition state (i.e., -1 for
bimolecular reactions such as for the direct hydrolysis reaction in both the forward and reverse
directions, the glutarimide formation reaction in the reverse direction, and the glutarimie
hydrolysis reaction in the forward direction; and 0 for unimolecular reactions such as the

glutarimide formation reaction in the forward direction and the glutarimide hydrolysis reaction in
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the reverse direction), and nd is the reaction path degeneracy, or number of single events. The

reaction path degeneracy follows Equation (3.3.3). AH* and AS™ are calculated using standard

formulae, and there were no internal rotation corrections needed within our system.[8% 141, 147. 196,

267]

The reaction path degeneracy, n4, definition is based upon the symmetry of the reactant(s)

[82, 141, 147, 196

and the transition state. I Symmetry was determined by the number of chiral centers

present in each molecule.[3> 141: 147 196, 239,256, 263] T4 achieve an unbiased representation of each
modeled reaction, the maximum symmetry numbers were applied to each reaction.[8% 141 147, 239]
Analysis of the reaction path degeneracies used in our model, noted that the inclusion of chiral
centers did not impact the forward reaction path degeneracy developed through the exclusion of
chiral centers. Therefore, our model may be applied to both natural and synthetic proteins in the
forward direction of each computed reaction.

n+' Hj Ureactant.j

chiral
reactant.j g #
i ehiral

(3.3.3)

Where nehiral is the number of chiral isomers for the transition state and reactant(s); ¢ is a
product of the external rotation symmetry numbers for the transition state and reactant(s). Internal
symmetry numbers for non-cancelling internal rotations treated as hindered or free rotations were
included in the hindered and free rotor partition functions, respectively.

The single-event parameters of the Arrhenius relationship, log(A) and Ea were obtained by
fitting In(k) versus T™' over the temperature range 298 — 1500 K. This procedure was performed
automatically using a modified version of the CalcK script previously employed by our group for

reaction kinetics analysis.[8% 141- 147. 235, 257-263] Throygh linear regression analysis, we determined
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Arrhenius behavior was obeyed well for all reactions. The solvation impact of liquid phase kinetics
is beyond the scope of this work but will be addressed in future studies following the work of Jalan

et al, which computes liquid-phase kinetics in relation to both the solute and the solvent.!8 141- 147,

268]

3.3.iv. Generalized Selectivity Model and Application to Peptide Deamidation
Elucidation of the difference in energetics between the Asn-X and GIn-X deamidation
reaction network was completed using a two-sample t-test for the difference in means of the

2731 Statistical analysis was

forward rate coefficients as a function of the modeled dielectric.|
completed via a code developed by our group through the R statistical coding language.*’*l By
analyzing the forward rate coefficients of each modeled reaction within the reaction networks as a
function of the modeled dielectric, so that trends shared between the two reaction networks could
be studied. Additionally, by comparing the forward rate coefficients, we obtained insights
regarding which reaction pathways were statistically significant from one another.

Reaction selectivity analysis was completed using chemical reaction engineering

269

principles.”®! To obtain a robust analysis of our reaction network, we chose to compute the

instantaneous selectivity for each reaction pathway within the deamidation reaction network.?¢"]

To apply the instantaneous selectivity analysis to our reaction network, we first identified the

proposed rate-determining step for each of the multi-step reaction pathways.[>”! Once those rate-
determining steps had been defined, we then applied Equation 3.3.4 to our analysis.!?%"!
Instantaneous selectivity = g (3.3.4)

Where k’ is the desired reaction and k” is the undesired reaction. Selectivity was analyzed
from 298.15 K to 400 K, the range of temperatures cited in prior deamidation studies, to quantify

the impact of temperature on reaction selectivity.['>> 133 To determine if the results of our GIn-X
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deamidation model agreed with our Asn-X deamidation reaction network, as well as prior
experimental findings, we treated the direct hydrolysis reaction pathway as the desired reaction
while the glutarimide formation reaction was treated as undesired.!®> 147- 271 2721 Additionally, to
fully quantify the impact of the modeled dielectric on the competing pathways of glutarimide
hydrolysis, we conducted a secondary selectivity analysis upon the two products of the glutarimide

pathway: Glu-X and iso-Glu-X.

3.3.v. Sensitivity Analysis and Generalized Model Validation

As we previously mentioned, the purpose of this study is to elucidate the differences between
the GIn-X deamidation reaction network and the more widely studied Asn-X deamidation reaction
network.[®> 147 Therefore, to reduce the bias associated between the two studies, we validated our
computational methodology in terms of both Asn and Gln deamidation. Through prior studies, we
had determined that the use of the B3LYP functional with the GD3 empirical dispersion correction

82,141, 147] Therefore, to maintain a self-

was suitable for modeling our generated reaction networks.
consistent methodology through which the database of thermochemical and kinetic parameters
associated with GIn-X deamidation could be analyzed against those generated for the Asn-X
deamidation reaction network, we analyzed our modeled system under the same level of theory
and chemical model as our prior studies.[> 141-147]

To further validate our proposed chemical model, we compared the computed values of the
direct hydrolysis and glutarimide formation reactions for our proposed chemical model against
two theoretical studies (Table 3.3.1).[2** 3211 One of the direct hydrolysis reactions modeled by
Halim et al. depicts the nucleophilic attack of water upon Gln to form its acidic counterpart, Glu

a"[244

and free ammoni I Therefore, it was determined to be an acceptable metric to compare the
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average activation energies of direct hydrolysis at the modeled dielectric of pure water for our

proposed chemical model.[**]

Table 3.3.1. Comparative analysis of theoretical literature activation barriers of direct hydrolysis
and uncatalyzed glutarimide formation against the average activation barriers computed via the
implicit + 1 H2O solvation model at the modeled dielectric equal to pure water (g = 80).[24% 3211
Glutarimide formation activation energies for the solvation models were analyzed against the rate-
determining step of the stepwise mechanism proposed by Kato et al.*?!!

. Literature Ea Computed E5 (computed Difference (Theore't ical -
Reaction . . computed chemical
(Theoretical) chemical model)
model)
Units kcal.mol’! kcal.mol! kcal.mol’!
DH 41.6 40.5 1.11
GF (RD) 48.8 50.6 -2.23

Our analysis of the activation barrier predicted by Halim et al. compared to our proposed
chemical model indicated that the average activation barrier at € = 80 was about 1.107 kcal.mol"!
lower than the barrier given by Halim et al. >** The Kato study analyzes glutarimide formation as
a stepwise mechanism, where the reaction can occur via uncatalyzed, water-catalyzed, phosphate-
catalyzed, and carbonate-catalyzed approach.*?!! While our study models the formation of the
glutarimide intermediate as a concerted approach, which agrees well with prior experimental
studies, the computational study completed by Kato et al. is the only known study to both model
the formation of the glutarimide intermediate and analyze its reaction energetics via an uncatalyzed

[149,151,240,279, 321 Therefore, we compared the average activation energy of glutarimide

mechanism.
formation via our chemical model against the rate-determining step of the uncatalyzed glutarimide
formation reaction in the Kato study (Table 3.3.1).*?!l The average activation barrier of our
concerted model at &€ = 80 was found to be 2.23 kcal.mol™! greater than the rate-determining barrier

321

of the glutarimide formation mechanism provided by Kato.[*?!l As we previously noted, the

glutarimide formation reaction in our study was modeled as a concerted mechanism. Therefore,
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due to concerted mechanisms generally yielding higher activation energies, it is likely that the
small deviation between our computed barrier and the one computed by Kato is a result of the
mechanism and not our chemical model.®?! Via this analysis, we determined that our computed
activation barriers agree with the prior computational findings for uncatalyzed direct hydrolysis
and glutarimide formation.[?** 3211 Therefore, to reduce potential variabilities within our analysis,
we confirmed that the chemical model used in our Asn-X deamidation study would be acceptable

for modeling the Gln-X deamidation reaction pathway.[%% 147]

3.4. Results and Discussion

3.4.i. Structures

As we previously specified, four reaction pathways were analyzed to map the Gln-X
deamidation reaction network. The naming conventions of the dipeptides followed the format of
the Asn-X deamidation study, where GIn-Xaa denotes N-terminus Gln covalently bound to each
of the amino acids analyzed in the reaction class. Additionally, only C-terminus residues that are
net charged under ambient conditions- Arginine (Arg), Aspartic Acid (Asp), Glu, and Lysine

291 However, to maintain the charge equilibrium between the

(Lys)- were modeled as such.!
intermediate and product states, N-terminus Glu was not treated as an ionizable residue and its
ionization is beyond the scope of this study.['*”>2**] Modeling of the direct hydrolysis reaction
included two reactants (GIn-X and water, infinitely separated), the transition state, and two
products (Glu-X and ammonia, infinitely separated), while formation of the glutarimide
intermediate was modeled using the GIn-X dipeptide, the reaction transition state, and the two
products (glutarimide-X and ammonia, infinitely separated). Lastly, hydrolysis of glutarimide

occurred through two reactants (glutarimide-X and water, infinitely separated), the transition state,

and either Glu-X or its isomeric form, Iso-Glu-X.
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The direct hydrolysis reaction of Gln-X occurred via the same mechanism as the direct
hydrolysis of Asn-X, where the nucleophilic attack of water eliminates ammonia from the Gln
sidechain and converts the net neutral residue to its acidic counterpart, Glu-X.[¥%241 As depicted
in Figure 3.4.1.a, the transition state structure depicts a decomposed water molecule, where the
hydroxyl group is oriented to bond with the N-terminus Gln sidechain carbonyl and the hydrogen
atom interacts with the amine to form free ammonia. Cyclization of GIn-X into the six-membered
glutarimide ring occurs via the nucleophilic attack of the amide bond hydrogen upon the Gln
sidechain to eliminate ammonia and form the cyclic intermediate. Of the 20 Gln-X dipeptides
proposed within each reaction class, Glutaminyl-Proline (GIn-Pro) was found to be incapable of
deamidation via the cyclic intermediate pathway.!'>!] The inability of the dipeptide to cyclize into
glutarimide is similar to the Asn-X deamidation study, where the steric hindrance of the C-
terminus Pro residue inhibits formation of the cyclic ring.['>!]

Analysis of the reaction transition state structures (Figure 3.4.1.b), indicates that the
glutarimide formation transition state peptide bond exists in the trans conformation compared to
the cis conformation of the succinimide formation transition state.*??! As determined by Clarke,
the conformation of the dipeptide indicates its favorability towards the formation of the cyclic
intermediate.?’*) Specifically, the distance between the sidechain carbonyl and the peptide bond
Nitrogen, where a distance of 4.89A was found to be kinetically unfavorable for the formation of
the succinimide intermediate.?’*) Our analysis of the transition state structure geometries indicated
that the average distance between the Gln sidechain carbonyl and the peptide bond nitrogen was
4.730A, a distance similar to the one determined to be energetically unfavorable by Clarke.
Similarly, the average distance for the succinimide formation transition states was determined to

be 2.513A, a value closer to the distance found to be energetically favorable (1.890A), where the

92



deviation from the experimental values is likely due to the influence of environmental factors on
the experimental peptide and the range of residues modeled within our study.?’*! However, the
ratio of computed distances between the two cyclic intermediate transition states was found to be
about 2.2:1, while the distance of unfavorable to favorable distances in the Clarke study was
2.5:1.271 As a result, it is likely that the conformation of the glutarimide formation transition state
relative to that of the succinimide transition state will influence its reaction energetics.
Hydrolysis of the glutarimide intermediate occurs through the nucleophilic attack of water
upon the glutarimide intermediate, where the hydrogen atom attaches to the carbonyl oxygen and
the hydroxyl group attacks the carbonyl carbon (Figures 3.4.1.c and 3.4.1.d).[2*%- 321 Similar to the
Asn-X deamidation reaction network, the transition states of both cyclic intermediate hydrolysis
pathways were found to be gemdiol-like in nature, where the position of the gemdiol, relative to
the amide bond, is dependent on the reaction pathway. Hydrolysis into Glu-X yields a transition
state where the gemdiol forms at the N-terminus carbonyl, while hydrolysis into iso-Glu-X
generates a gemdiol at the backbone carbonyl. As a result, the glutarimide ring opens to form either

Glu-X or its isomeric form, iso-Glu-X.[240-321]
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Figure 3.4.1. Representative ball and stick structures of the reactions used to generate the reaction
network of GIn-X deamidation during storage under ambient conditions. (a). Direct hydrolysis
reaction, (b). Glutarimide formation reaction, (c). Glutarimide hydrolysis into Glu-X reaction, (d).
Glutarimide hydrolysis into iso-Glu-X reaction.

3.4.ii. Thermochemistry and Arrhenius Parameterization
To elucidate the differences between the reaction energetics of Asn-X and GIn-X
deamidation reaction networks, we categorized and analyzed the computed thermochemical and

kinetic parameters for each modeled reaction as a function of the modeled dielectric. In addition

94



to the standard thermochemical values (Enthalpy of Reaction (AHrxn**%1°%), Gibbs Free Energy
of Reaction (AGrxn**15%), and Entropy (ASrxn**®!3K)), Arrhenius parameters were computed in
both directions. Analysis of the thermochemical and kinetic parameters associated with each

reaction noted the following.['4”]

3.4.ii.a. Direct Hydrolysis

The reaction energetics of the direct hydrolysis of GIn-X into Glu-X resembles that of Asn-
X direct hydrolysis (Table 3.4.1). As we previously specified, the direct hydrolysis reaction of
GIn-X deamidation occurs through the same reaction mechanism as Asn-X deamidation.[!>!> 323]
Additionally, previous studies have hypothesized that the energetics associated with the direct
hydrolysis of Gln residues would follow the trends determined for the mechanism associated with
Asn residues.['* 151: 290 However, as noted by Robinson et al., the competition between the two
preliminary pathways is more prevalent in Gln-X deamidation compared to Asn-X deamidation.®"
1ITn our study, the increased favorability of the direct hydrolysis pathway is likely due to the
impact of modeled dielectric instead of the associated thermochemical parameters. Where the
modeled dielectric associated with charged residues, a system representative of the acidic and basic
environments through which direct hydrolysis is the preferred reaction mechanism, is the most

spontaneous [80, 82, 147, 149, 168, 212, 240, 324]
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Table 3.4.1. Average B3LYP Arrhenius parameters, zero point energy corrected barriers, enthalpy
of reaction, and Gibbs free energy of reaction for direct hydrolysis at 298 K and 1 atm. A has units
of L.mol!.s! for the forward and reverse reactions, respectively. Eo, Ea, and AH*®!°x, have units
of kcal.mol ™.

Forward Reaction Reverse Reaction
298.15 298.15
& EO LOg A EA AH rxn AG rxn Eo ng EA
4 40.9 7.14 414 4.75 4.42 35.7 7.24 36.7
20 36.6 7.10 37.2 2.65 2.54 33.5 7.36 34.6
40 39.9 7.20 40.5 4.98 4.85 34.5 7.44 35.6
80 39.8 7.25 40.5 5.01 4.87 344 7.48 35.5

As depicted by Figure 3.4.2, the forward rate coefficient associated with the direct
hydrolysis reaction is most thermodynamically and kinetically favorable at ¢ = 20. The forward
Arrhenius parameters associated with the charged dielectric are Eo = 36.6 + 1.38 kcal.mol™!, Ea =
37.2 + 1.58 kcal.mol’!, and log(A) = 7.09 + 0.93 L.mol'.s!, while the reverse Arrhenius
parameters were computed as Eo = 33.5 £ 2.15 kcal.mol™!, Ea = 34.6 +2.43 kcal.mol!, and log(A)
=7.36 £ 1.01 L.mol s}, respectively. The greatest Arrhenius parameters were computed at the
most hydrophobic modeled dielectric where Eo =40.9 + 1.52 kcal.mol™!, Ea =41.4 £ 1.65 kcal.mol
! and log(A) = 7.14 £ 1.05 L.mol'.s! in the forward direction, while the reverse Arrhenius

parameters were computed as Eo = 35.7 £2.97 kcal.mol™!, Ea = 36.7 +3.26 kcal.mol!, and log(A)

=7.24 +1.22 L.mol™.s!, in the reverse direction respectively.
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Figure 3.4.2. Interval plot of the difference in forward rate coefficients of the direct hydrolysis
reaction associated with GIn-X deamidation relative to Asn-X deamidation.

Statistical analysis of the forward rate coefficients of the direct hydrolysis reaction
determined that, while direct hydrolysis of GIn-X dipeptides was found to occur at a quicker rate
relative to Asn-X dipeptides, the difference in means was found to be statistically insignificant.[®*
147 The increased forward rate coefficient of GIn-X direct hydrolysis relative to Asn-X direct
hydrolysis is likely an artifact of the lack of competition between the two primary reaction
pathways within the reaction network. Specifically, studies conducted by Capasso and Robinson
suggested that the competition between the direct hydrolysis and cyclic intermediate formation
reactions was more pronounced when Gln deamidates.['*!> 329 The examination of Asn and Gln
polypeptides by Robinson indicated that, while 95 percent of the analyzed Asn polypeptides
deamidated into succinimide, only 82 percent of the GIn polypeptides deamidated into
glutarimide.['>!) Furthermore, the impact of the residues surrounding the Gln-X active site of
deamidation could not be differentiated between the propensity of the polypeptides towards

forming glutarimide versus deamidating via direct hydrolysis.['>!l As a result, we hypothesized
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that a larger quantity of our 20 modeled dipeptide reactions would be more likely to deamidate via
the direct hydrolysis reaction compared to the selectivity analyzed in our Asn-X reaction

network. 8% 147]

3.4.ii.b. Glutarimide Formation

As we previously specified, the transition state structures of glutarimide formation relative
to succinimide formation indicate that formation of the glutarimide intermediate would be
kinetically unfavorable due to the distance between the N-terminus carbonyl and the amide bond
nitrogen, agreeing with prior studies.[*’> 31% 3231 However, the thermochemical and kinetic
parameterization regarding the unfavorability of the reaction is limited. Analysis of the modeled
reaction indicated that, unlike succinimide formation, glutarimide formation is non-spontaneous
in nature. The non-spontaneity of the reaction can be attributed to the stability of the glutarimide
intermediate relative to that of succinimide, as denoted by Capasso et al.’?%! Specifically, the
impact of ring strain on the formation of the glutarimide intermediate relative to the succinimide
intermediate. As denoted by Baeyer theory, the ideal bond angle of a cyclic ring is 108°, where
deviation from the ideal bond angle results in a less stable intermediate.[**6-*28] While the average
bond angle of succinimide formation is 108°, the bond angles of the glutarimide intermediate were
found to be 118° about 10° greater than the ideal bond angle. Therefore, formation of the
glutarimide intermediate would not be as thermodynamically favorable compared to succinimide.
Additionally, Glutaminyl-Isoleucine (Gln-Ile), Glutaminyl-Threonine (GIn-Thr), and Glutaminyl-
Valine (GIn-Val) were found to be the most non-spontaneous reactions, regardless of modeled
dielectric. The non-spontaneous nature of these dipeptides is likely due to a similar phenomena
that was observed in the succinimide formation reaction, where the branched sidechains of the C-

terminus residues causes a steric hindrance to the formation of the cyclic intermediate.[**]
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A study conducted by Brennan and Clarke noted that the instability of the anionic peptide
bond nitrogen at hydrophobic modeled dielectrics resulted in reduced favorability for the
formation of the succinimide intermediate.?”>) Our examination of the glutarimide formation
reaction noted that the reaction became more thermodynamically and kinetically unfavorable as
the modeled dielectric decreased (Table 3.4.2).8% 471 Additionally, at ¢ = 40 and & = 80,
Glutaminyl-Asparagine (Gln-Asn) and Glutaminyl-Glutamine (GIn-Gln) were found to be the
most kinetically favorable reactions. Prior studies have noted that Asn and Gln are relatively
unstable compared to other residues under physiological conditions.'*- 131: 2401 The instability of
these residues suggests that they would be more prone towards the self-promoted hydrogen transfer

of the amide bond nitrogen to eliminate ammonia and form the cyclic ring.!3% 1471
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Table 3.4.2. Average B3LYP Arrhenius parameters, zero point energy corrected barriers, enthalpy
of reaction, and Gibbs free energy of reaction for glutarimide formation at 298 K and 1 atm. A has
units of s! and L.mol s for the forward and reverse reactions, respectively. Eo, Ea, and
AH*¥15.; have units of kcal.mol™.

Forward Reaction 208.15 208.15 Reverse Reaction
¢ Eo Log A Ea AH pn | AG o Eo LogA Ea
4 54.8 10.2 54.1 10.3 2.23 446 740 453
20 51.7 12.8 52.0 9.66 2.04 42.0 103 437
40 50.8 12.7 51.2 9.71 1.99 41.1  10.1 4238
80 50.6 12.8 51.0 9.69 1.98 409 102 427

Analysis of the forward and reverse Arrhenius parameters associated with glutarimide
formation indicated that the impact of the modeled dielectric on the reaction followed similar
energetics to succinimide formation.[®> 47- 231 At the modeled dielectric associated with pure
water, Eo = 50.6 + 3.57 kcal.mol™!, Ea = 51.0 £+ 4.05 kcal.mol ™!, and log(A) = 12.8 £ 1.19 s}, while
the reverse Eo = 40.9 + 4.40 kcal.mol!, Ea = 42.7 £ 4.80 kcal.mol’!, and log(A) = 10.2 + 1.20
L.moll.s!, respectively. Consequently, at &€ = 4, the forward Arrhenius parameters are computed
at Eo = 54.8+ 6.79 kcal.mol ™!, Ea = 54.1 £ 6.91 kcal.mol™!, and log(A) = 10.2 = 1.55 s”!, while the
reverse Arrhenius parameters were computed as Eo = 44.6 + 8.17 kcal.mol!, Ea = 453 +8.23
kcal.mol!, and log(A) = 7.40 = 1.28 L.mol s}, respectively. The larger deviation between the
energetics associated with the modeled dielectric of pure water and the most hydrophobic modeled
dielectric, relative to the succinimide formation reaction, is likely due to the proposed instability
of the glutarimide intermediate (Figure 3.4.3).8% 471 As Capasso noted, formation of the six-
membered ring was found to be difficult to achieve, suggesting that the intermediate would be less
stable compared to succinimide.*?”) Therefore, it is likely that the stability of the glutarimide
intermediate would be more significantly impacted than succinimide under hydrophobic modeled

dielectrics.[8% 147,293, 320]

100



1 Mean +95% ClI

® Mean
04
220 4
= )
© -40 - + ®
o,
u}\ 1
~
£ 60 ) ® Q
&)
-80
-100 T T T T T T T T
I I B R R
& NS 2 o © il & o
é\:\_ \°* o*\ oﬁ} o*\ o*\ <\+\ (\*\
¥ o 3 o 3 S ) )

Figure 3.4.3. Interval plot of the difference in forward rate coefficients of the cyclic intermediate
formation reaction associated with Gln-X deamidation relative to Asn-X deamidation.

Unlike the direct hydrolysis reaction, where the forward rate coefficients were found to be
statistically insignificant of one another, formation of the succinimide intermediate was
significantly quicker than the formation of the glutarimide intermediate regardless of the modeled
dielectric. Additionally, both intermediate formation reactions were found to exhibit similar
behavior in regards to the modeled dielectrics, where the forward rate coefficient was relatively
similar from € = 80 to & = 20, and then significantly decreases at & = 4.13% 1471 However, the forward
rate coefficient associated with glutarimide formation at € = 4 was found to decrease significantly
relative to the other modeled dielectrics, suggesting that the combined energetic unfavorability of

the formation of the six-membered ring and instability of the anionic nitrogen under low
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dielectrics, impacts glutarimide formation more significantly than succinimide formation.[3% 47

293, 320]
Out of the four reaction pathways analyzed within each deamidation reaction network, the
cyclic intermediate formation reaction was the only pathway found to exhibit statistically

[82, 147

significant energetics between Asn-X and Gln-X. 1 This phenomena is likely a consequence

of the energetic unfavorability of the formation of the glutarimide intermediate, as first referenced

13201 According to Capasso, as well as a study conducted by Robinson to compare

by Capasso et al.
the rates of Asn and GIn deamidation, deamidation was found to be less prevalent when GIn
residues were present in the N-terminus relative to Asn residues.!'*!: 321 As we previously
specified, the ratio of the relative distance between the sidechain carbonyl carbon of Gln and the
peptide bond nitrogen between the GIn-X and Asn-X cyclic intermediate formation reactions was
found to be 2.2:1, where the ratio identified by Clarke et al. was 2.5:1.*! Furthermore, Robinson
et al. determined that the formation of the cyclic intermediate through the deamidation of Gln-X
polypeptides was less prevalent than that of Asn-X polypeptides.!'*% 13! Therefore, it is likely that
the non-spontaneous nature, as well as the higher activation barrier, of the glutarimide formation
reaction relative to the formation of the succinimide intermediate is an artifact of the distance
between the sidechain carbonyl carbon and the peptide bond nitrogen atoms.
3.4.ii.c. Glutarimide Hydrolysis into Glu-X

The hydrolysis of glutarimide into Glu-X was found to be exothermic and non-spontaneous
in nature (Table 3.4.3), similar to the hydrolysis of Succinimide into Asp-X.[¥> 147l Like the
succinimide hydrolysis reaction, the associated entropy loss can be attributed to the transition of
[290-292]

the system from disordered, formation of the cyclic ring, to ordered as the ring opens.

Hydrolysis of the glutarimide intermediate into Glu-X was found to be about 6 kcal.mol™! more
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exothermic and exergonic compared to succinimide hydrolysis into Asp-X. The increased
exothermicity of the hydrolysis reaction relative to succinimide hydrolysis into Asp-X is likely
due to the proposed instability of the glutarimide intermediate. As a result, the dipeptides with C-
terminus residues found to inhibit the formation of the glutarimide intermediate —~Gln-Ile, GIn-Thr,
and GlIn-Val- were found to be largely exergonic and exothermic relative to the other dipeptides
within the reaction class. Similarly, hydrolysis of the Gln-Asn glutarimide intermediate was the
only reaction found to be endothermic in nature. As we previously specified, glutarimide formation
was most kinetically favorable when Asn was covalently bound to Gln. Therefore, it is likely that

a greater amount of energy would be necessary to hydrolyze the intermediate into its final form.

Table 3.4.3. Average B3LYP Arrhenius parameters, zero point energy corrected barriers, enthalpy
of reaction, and Gibbs free energy of reaction for glutarimide hydrolysis into Glu-X at 298 K and
1 atm. A has units of L.mol™".s™! and s™' for the forward and reverse reactions, respectively. Eo, Ea,
and AH?*>15, have units of kcal.mol™!.

Forward Reaction 298.15 298.15 Reverse Reaction
© THy, LogA  En |00 ro AGT e Log A Ex
4 | 152 7.68 15.9 -7.30 2.80 21.2 12.4 21.6
20 | 16.0 7.85 16.9 -6.18 3.59 21.1 12.3 214
40 | 16.0 7.76 16.9 -6.18 3.64 21.1 12.3 214
80 | 16.0 7.78 16.9 -6.12 3.64 21.1 12.2 214

The Arrhenius parameters associated with glutarimide hydrolysis into Glu-X were similar
to those associated with succinimide hydrolysis into Asp, where the reaction was found to be most
thermodynamically and kinetically favorable at the most hydrophobic modeled dielectric by about
1 kcal.mol™! and the energetics associated with other three modeled dielectrics were negligible
(Figure 3.4.4).132: 1971 At ¢ =20, Eo = 16.0 + 2.45 kcal.mol ™!, Ea = 16.9 + 2.59 kcal.mol ™!, and log(A)
=7.85+0.61 L.mol!.s™! in the forward direction, while Eo = 21.1 + 3.90 kcal.mol™!, Ea =21.4 +
4.21 kcal.mol’!, and log(A) = 12.3 + 1.25 s! in the reverse direction. At the most hydrophobic

modeled dielectric, Eo = 15.2 + 2.03 kcal.mol ™!, Ea = 15.9 + 2.05 kcal.mol ™!, and log(A) = 7.68 +
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0.47 L.mol'.s! in the forward direction, while Eo = 21.2 + 4.23 kcal.mol!, Ea =21.6 + 4.49
kcal.mol!, and log(A) = 12.4 + 1.10 s' in the reverse direction, respectively. The larger deviation
between reaction energetics at the most hydrophobic modeled dielectric and the other three
modeled dielectrics can be attributed to the relative stability of the glutarimide intermediate
compared to the succinimide intermediate, where the instability of the anionic peptide bond

nitrogen at & = 4 would further promote the hydrolysis of the glutarimide intermediate.[> 3%
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Figure 3.4.4. Interval plot of the difference in forward rate coefficients of the cyclic intermediate
hydrolysis reaction into the acidic products associated with GIn-X deamidation relative to Asn-X

deamidation.

Analysis of the forward rate coefficients of cyclic intermediate hydrolysis into Asp-X and
Glu-X indicated that, similar to the cyclic intermediate formation reaction, the succinimide
182,

hydrolysis into Asp-X and glutarimide hydrolysis into Glu-X reactions were quickest at € = 4

1471 Furthermore, the mean difference in forward rate coefficients found that the difference in

means between the forward rate coefficients was only statistically significant at € =40 (p = 0.042).
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Of the four dielectrics modeled within our study, the dielectric associated with polar residues is
most representative of the hydrolysis of cyclic intermediates. Specifically, due to the interactions
of the water molecule with the carbonyl functional group of the cyclic intermediate. Therefore, it
is likely that the increased forward rate coefficient of succinimide hydrolysis relative to
glutarimide hydrolysis would be most prevalent at this modeled dielectric. Furthermore, the
difference in computed means was found to be least statistically significant at the modeled
dielectric associated with hydrophobic residues, and is likely an artifact of the instability of the
cyclic intermediate at that dielectric. As a result, the propensity of glutarimide towards hydrolysis
into Glu-X would exhibit similar reaction energetics to the hydrolysis of succinimide into Asp-

X [82,147]

3.4.iii.d. Glutarimide Hydrolysis into iso-Glu-X

The hydrolysis of glutarimide into its isomeric form, iso-Glu-X, was found to exhibit
similar thermochemical characteristics as the glutarimide hydrolysis into Glu-X pathway, where
the most exergonic and exothermic reactions were observed for the dipeptides with Ile, Thr, and
Val in the C-terminus and only GIn-Asn was found to be endothermic in nature (Table 3.4.4, Figure
3.4.5). Our analysis of the Arrhenius parameters associated with glutarimide hydrolysis into iso-
Glu-X indicated that the reaction was most thermodynamically and kinetically favorable at € = 4

relative to the other modeled dielectrics.
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Table 3.4.4. Average B3LYP Arrhenius parameters, zero point energy corrected barriers, enthalpy
of reaction, and Gibbs free energy of reaction for glutarimide hydrolysis into iso-Glu-X at 298 K
and 1 atm. A has units of L.mol™'.s™! and s! for the forward and reverse reactions, respectively. Eo,
Ea, and AH?*®15s have units of kcal.mol™'.

Forward Reaction SR G Reverse Reaction
© [TE, LogA En |0 o |AGT om0 Log A Ea
4 11.2 6.47 11.5 -6.70 341 16.6 11.2 16.5
20 12.1 6.69 12.5 -5.93 3.80 16.9 11.1 16.7
40 12.2 6.63 12.5 -5.96 3.81 16.9 11.1 16.8
80 12.2 6.60 12.4 -5.95 3.78 16.9 11.0 16.8

At the polar modeled dielectric, Eo = 12.2 + 4.46 kcal.mol™!, Ea = 12.5 + 4.37 kcal.mol,
and log(A) = 6.63 £ 0.72 L.mol™'.s™ in the forward direction, while Eo = 16.9 + 4.92 kcal.mol !,
Ea=16.8 £ 4.98 kcal.mol ™!, and log(A) = 11.1 £ 0.95 s”' in the reverse direction. Subsequently, the
activation barrier associated with € = 4 were found to be about 1 kcal.mol™! less than the values
calculated at the other three modeled dielectrics, similar to the energetics exhibited for the
glutarimide hydrolysis into Glu-X pathway. In the forward direction, Eo = 11.2 + 4.31 kcal.mol™,
Ea=11.5+4.18 kcal.mol ™!, and log(A) = 6.47 = 0.52 L.mol!.s™!, while Eo = 16.6 + 4.20 kcal.mol’
!, Ea =16.5 + 4.18 kcal.mol!, and log(A) = 11.2 £ 0.62 s™' in the reverse direction. Similar to the
glutarimide hydrolysis into Glu-X reaction pathway, reaction favorability was greatest at &€ = 4.
Additionally, the activation energies of glutarimide hydrolysis were smaller when iso-Glu-X was
the final product, regardless of modeled dielectric. Therefore, it is likely that the propensity of
glutarimide towards iso-Glu-X mirrors that of succinimide towards iso-Asp-X.[8% 147- 24 Similar
to the hydrolysis into Asp-X and Glu-X reaction pathway, our analysis of the forward rate
coefficients indicated that hydrolysis was quickest at € = 4 and statistically significant at € = 40
(Figure 3.5.4). However, unlike the hydrolysis of the cyclic intermediate into the acidic form of
Asn-X and GIn-X pathways, analysis of all modeled dielectrics indicated that the difference in

means between the forward rate coefficients was more prevalent when the isomeric product was
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formed, regardless of the modeled dielectric. Specifically, it is likely that the propensity of both
reaction networks towards the formation of iso-Asp-X and iso-Glu-X would resulted in a quicker
rate coefficient associated with the Asn-X pathway relative to the Gln-X pathway, regardless of

the modeled dielectric.[3% 147- 240, 320]
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Figure 3.4.5. Interval plot of the difference in forward rate coefficients of the cyclic intermediate
hydrolysis reaction into the isomeric products associated with GIn-X deamidation relative to Asn-
X deamidation.
3.4.iv. Reaction Selectivity during Storage under Ambient Conditions

Analysis of reaction selectivity was achieved via instantaneous selectivity, where the
proposed rate-determining step, glutarimide formation, was compared against the direct hydrolysis
reaction.!!*”- 2] Secondary sensitivity analysis was applied to the glutarimide hydrolysis reaction
to quantify the selectivity of glutarimide towards hydrolysis into either Glu-X or iso-Glu-X when

only the cyclic intermediate pathway was considered. Analysis of the accepted temperature range
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for mAb manufacturing, where lyophilization does not occur, (298 K < T <400 K) indicated that
temperature did not influence reaction selectivity, an observation which was supported by the
results of a study conducted by Bhanuramanand et al., where deamidation reactions were
influenced at temperatures greater than 350 K.B9% 3% By analyzing reaction selectivity as a
function of modeled dielectric, we were able to determine how the electrostatic interactions
between the dipeptide and its solvated environment impacted its selectivity towards a particular
reaction pathway.

GIn-X deamidation via the direct hydrolysis reaction pathway was found to be significantly
more competitive than the glutarimide formation pathway regardless of modeled dielectric (Table
3.4.5). The propensity of the dipeptides towards direct hydrolysis agrees with prior findings and is
likely due to the difficulty in forming the six-membered glutarimide ring as noted by Capasso,
where the linear nature of the direct hydrolysis transition state would be more kinetically
favorable.?*% 329 Fayorability towards glutarimide formation over direct hydrolysis was observed
for one dipeptide at € = 4, the most hydrophobic modeled dielectric, and two dipeptides at € = 40
and € = 80, the modeled dielectrics associated with polar residues and pure water. Glutaminyl-
Glutamic Acid (GIn-Glu) was found to prefer glutarimide formation over direct hydrolysis at the
most hydrophobic modeled dielectric. Analysis of the transition state structure at this modeled
dielectric indicates that the reaction most resembles the cyclic glutarimide at € =4, and as a result
would be more kinetically favorable than the direct hydrolysis reaction of the dipeptide. At € =40
and € = 80, Gln-Asn and GIn-GIln were found to prefer to form the glutarimide intermediate. As
we previously noted, Asn and Gln are relatively unstable under ambient conditions compared to

[149, 151,240

other amino acids. I Therefore, it is likely that these residues would be more prone towards

the intramolecular hydrogen transfer at the amide bond nitrogen compared to other amino acids in
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the C-terminus position.['*> 13- 2401 However, at the modeled dielectrics associated with
hydrophobic and charged residues glutarimide formation would no longer be kinetically favorable
for these dipeptides due to the instability of the anionic nitrogen at a hydrophobic modeled and the

increased favorability of the direct hydrolysis reaction at & = 20.12*]

Table 3.4.5. Selectivity analysis of the two primary pathways of GIln-X deamidation as a function
of the modeled dielectric.

. . Glutarimide
€ Direct hydrolysis formation
GlIn-Ala, Gln-Arg, Gln-Asn, Gln-Asp, GIn-Cys, GIn-Gln,
4 GlIn-Gly, GIn-His, GIn-Ile, Gln-Leu, Gln-Lys, GIn-Met, Gln- GlIn-Glu
Phe, GIn-Pro, GIn-Ser, GIn-Thr, GIn-Trp, Gln-Tyr, Gln-Val
Gln-Ala, GIn-Arg, Gln-Asn, GIn-Asp, GIn-Cys, GIn-Gln,
20 GIn-Glu, GIn-Gly, Gln-His, Gln-Ile, Gln-Leu, Gln-Lys, Gln- N/A

Met, GIn-Phe, GIn-Pro, GIn-Ser, GIn-Thr, Gln-Trp, GIn-Tyr,
GIn-Val
Gln-Ala, Gln-Arg, Gln-Asp, GIn-Cys, GIn-Glu, GIn-Gly,
40 GlIn-His, Gln-Ile, Gln-Leu, Gln-Lys, Gln-Met, GIn-Phe, Gln- GIn-Asn, GIn-Gln
Pro, GIn-Ser, GIn-Thr, GIn-Trp, GIn-Tyr, GIn-Val
Gln-Ala, Gln-Arg, Gln-Asp, GIn-Cys, GIn-Glu, GIn-Gly,
80 GlIn-His, Gln-Ile, GIn-Leu, GIn-Lys, GIln-Met, GIn-Phe, GIn- Gln-Asn, GIn-Gln
Pro, GIn-Ser, GIn-Thr, GIn-Trp, GIn-Tyr, GIln-Val

The preference of Glutaminyl-Glycine (GIln-Gly) towards the direct hydrolysis reaction
was found to be contradictory towards prior findings, where the dipeptide was found to prefer
cyclization into the glutarimide intermediate.’**>) The deviation from experimental findings is
likely due to environmental impacts that are beyond the scope of this study. Specifically, that the
termination of our model system at two amino acids likely caused an increase in conformational
flexibility relative to the peptides analyzed by Riggs and Robinson.[82 147 149. 151, 2401 Therefore,
cyclization of the dipeptide into glutarimide would not be influenced by its neighbors and likely

reduces the modeled reaction favorability.[82 147, 149, 151, 240]
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Analysis of glutarimide hydrolysis selectivity indicated that the preferred product of
glutarimide hydrolysis, regardless of the modeled dielectric, is iso-Glu-X (Table 3.4.6). At the
modeled dielectric equal to pure water, the ratio of iso-Glu-X to Glu-X was about 3.8:1; agreeing
with the findings of Riggs et al.**! The preference of succinimide to hydrolysis into iso-Asp-X
over Asp-X was attributed to the higher sidechain acidity of the isomeric product, therefore it is
likely that a similar phenomenon occurs within the Gln-X deamidation reaction network. 82 147- 298]
Additionally, as the modeled dielectric decreased, the preference of glutarimide to hydrolyze into
1s0-Glu-X increased to about 4.8:1; where the selectivity of GIn-Ser shifted at € = 4 and 20. The
shift of the dipeptide towards iso-Glu-X under the hydrophobic and charged modeled dielectrics
is likely due to the orientation of hydrolytic functional group towards the gemdiol transition state
of the glutarimide hydrolysis into Glu-X reaction pathway under the modeled dielectrics. While
the hydroxyl of the Ser functional group is oriented away from the gemdiol at € = 40 and 80, the
transition states at the hydrophobic and charged dielectrics indicate that the functional group is
oriented towards the gemdiol. As a result, the dipole moment of the reaction at € = 4 is about 2.76
times the magnitude of the reaction at ¢ = 80. Therefore, it is likely that the increased magnitude
of the produced dipole moment shifts the selectivity of the reaction from preferring to hydrolyze

into Glu-Ser to hydrolyzing into iso-Glu-Ser.*3%
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Table 3.4.6. Selectivity analysis of the two reaction pathways associated with the hydrolysis of
the glutarimide intermediate as a function of modeled dielectric.

€ Glutarlmldélllll):;i(rolysw into Glutarimide hydrolysis into iso-Glu-X
Gln-Ala, Gln-Asn, Gln-Asp, GIn-Gln, GIn-Gly, GIn-
4 | Gln-Are, Gln'CLyS’ Gln-Glu, GIn- | "2 Gin-lle, Gln-Leu, Gln-Met, Gln-Phe, GIn-Ser,
ys GlIn-Thr, GIn-Trp, GIn-Tyr, Gln-Val
Gln-Ala, Gln-Asn, GIn-Asp, GIn-Gln, GIn-Gly, GIn-
20 Gln-Arg, Gln-iys, Gln-Glu, Gln- His, Gln-Ile, GIln-Leu, GIn-Met, GIn-Phe, Gln-Ser,
s Gln-Thr, Gln-Trp, Gln-Tyr, Gln-Val
Gln-Ala, Gln-Asn, Gln-Asp, GIn-Gln, GIn-Gly, GIn-
40 | Gln-Are, ilngcgfﬁng'Glu’ GIn- | “His, Gln-Tle, GIn-Leu, Gln-Met, Gln-Phe, Gln-Thr,
Y, GIn-Trp, GIn-Tyr, GIn-Val
GlIn-Ala, Gln-Asn, GIn-Asp, GIn-Gln, GIn-Gly, GIn-
go | OIn-Are, iln'cgfﬁ (gh;'Gh" GIn- | “His, Gln-Tle, Gln-Leu, Gln-Met, Gln-Phe, Gln-Thr,
Y®, ¢ GIn-Trp, GIn-Tyr, GIn-Val

3.5. Conclusions and Future Directions

In summary, a theoretical investigation on mapping the four selected reaction pathways of
GIn deamidation was achieved for all GIn-X dipeptides over four modeled dielectrics. Rate
coefficients and Arrhenius parameters for dipeptide deamidation were calculated for 308 (77
reactions per model dielectric) reactions using B3LYP and statistical thermodynamics.['4”]
Analysis of the reaction energetics relative to our prior study on Asn-X deamidation indicated that
only the direct hydrolysis reaction exhibited similar reaction energetics, and the forward rate
coefficients of the cyclic intermediate formation reaction were statistically significant from one
another at all modeled dielectrics.!® %" Formation of the glutarimide intermediate was found to
be thermodynamically and kinetically unfavorable relative to succinimide, where both reactions

82,147,293 The larger

were found to be most unfavorable at the most hydrophobic solvent dielectric.!
activation barrier of glutarimide formation and its subsequent hydrolysis relative to the

succinimide reaction pathway indicates that deamidation of Gln residues via this pathway is likely
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more prevalent in long-lived proteins; which is likely why Gln deamidation has primarily been
connected to age-related diseases.>!!: 315

Lastly, selectivity analysis using chemical reaction principles indicates that Gln prefers to
hydrolyze into Glu over cyclizing into glutarimide under ambient conditions. The preference of
the dipeptides towards direct hydrolysis over glutarimide formation can be attributed to the
distance between the N-terminus carbonyl and the peptide bond nitrogen, where prior studies had
found formation of the cyclic intermediate to be kinetically unfavorable when the distance was
near 4.89A, where the conformation of the dipeptide inhibits the formation of the cyclic
intermediate.?”*! Additionally, the cyclic intermediate hydrolysis pathway was found to agree with
prior experimental studies and our findings within the Asn-X deamidation reaction network, where

82,147, 2401 Similar to the reaction

hydrolysis into the isomeric form of Glu is preferred over Glu.!
network developed in regards to Asn-X deamidation, the GIn-X deamidation reaction network
needs to be evaluated at the secondary and tertiary levels of the protein hierarchy to evaluate the

impact of conformation and interactions between sidechains on the selectivity of the modeled

reactions towards deamidation via a specific reaction pathway
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Chapter 4: Towards Pharmaceutical Protein Stabilization: Generalizing the Energetics of
Non-Enzymatic Peptide Bond Fragmentation during Storage under Ambient Conditions

4.1. Background and Motivation

As we previously mentioned, studies on protein degradation under ambient conditions are of
interest due to the global market share of mAbs. The drastic increase in the production of mAbs is
likely due to their specificity for disease targets and a wide range of applications within the
biomedical industry.[*6 8 15% 3311 However, the formulation efficiency of mAbs, is limited by the
degradation of the desired products during multiple points of the biomanufacturing process.?3% 333
While the use of additives has significantly reduced degradation, determining the most effective
additives 1s accomplished through a “guess and check™ approach instead of understanding the
underlying mechanism of the degradation pathway. One such mechanism of degradation is
hydrolysis (Figure 4.1.1). Known as a primary route of covalent degradation of peptides,
hydrolysis primarily occurs through catalysis by either an acid or base.['4> 343381 While less
common, hydrolysis can also occur non-catalytically. At a neutral pH, uncatalyzed polyamide
hydrolysis occurs via the fragmentation of polypeptides into individual amino acids through the
nucleophilic attack of water.[141: 143, 144, 165, 281, 336, 3391 Qpecifically, the amide bond of the

141, 338, 339

polypeptide backbone is targeted.! | Fragmentation of the polypeptide often results in a

lack of efficacy and stability, where the hinge region of the mAb is the primary site of

n.[128. 141, 158, 337. 340] Therefore, it is critical to achieve a fundamental understanding the

degradatio
reaction energetics associated with non-enzymatic peptide bond fragmentation and how the

dielectrics associated with the varying amino acid functionalities might influence those reaction

energetics.

113



~ —

Aggregate

Non-enzymatic - ;; E ié

Hydrolysis
% e e

Figure 4.1.1. Multi-scale representation of the impact of non-enzymatic dipeptide hydrolysis upon
mAbs using the 1IGT monoclonal antibody and the 6DJO Amyloid fibril.[!28: 159 341-343]
Aggregation is a form of protein degradation that can be a result of other protein degradation
mechanisms, such as non-enzymatic peptide bond fragmentation under ambient conditions, where
the result is the formation of amorphous or amyloid-like fibrils as depicted by 6DJO that reduce
the stability and function of the mAb.[343: 3441

For this purpose, we conducted a computational study, using a subset of amino acid
dipeptides, to predict the thermochemistry and kinetic parameters of the different hydrolysis
degradation mechanisms. This paper presents the thermochemical and kinetic properties of 168
(42 reactions (Appendix C) per modeled dielectric) non-enzymatic hydrolysis reactions in the

conductor-like polarizability model (CPCM) solvated state, i.e. standard enthalpies of reaction,
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standard entropies of reaction, Gibbs free energies of reaction, activation energies, and kinetic rate
constants. The subset of dimers used in this study was selected to provide a representation of how
all amino acid functional groups would be affected by the hydrolysis reaction, as well as the
modeled dielectric. Density functional theory (DFT) at the B3LYP/6-31+G(2d,2p) level of theory
with the GD3 empirical dispersion correction was used to calculate the electronic energy, and then
statistical thermodynamics was applied to all hydrolysis reactions to determine temperature effects
on the reaction,!87-190: 246.247] A ] thermochemical properties were calculated at standard pressure

and temperature to reduce external variabilities.

4.2. Study Objectives

As we previously mentioned, degradation via fragmentation significantly influences the
structural integrity of the developed therapeutic during manufacturing and storage. Additionally,
similar to our deamidation studies under ambient conditions, we sought to predict the
thermochemical and kinetic parameters associated with non-enzymatic peptide bond
fragmentation in its most stable environment. For this purpose, we sought to develop a chemical
model, of fragmentation via hydrolysis of the peptide bond, which would be representative of the
kinetics provided by experimental literature. Furthermore, as there are 400 possible dipeptide
combinations that can be subjected to peptide bond hydrolysis, we applied chemical engineering
principles and statistical learning techniques to generalize the energetics of the proposed rate-
determining step of the reaction. Overall, this study provides a self-consistent database of the
thermochemical and kinetic parameters associated with non-enzymatic peptide bond
fragmentation under ambient conditions, as a function of the different dielectrics associated with
amino acids, which can be expanded to account for other environmental effects in future studies.

Additionally, we have generated a statistically significant linear model through which the

115



activation energies of non-enzymatic dipeptide hydrolysis may be predicted as a function of their

enthalpies of reaction.

4.3. Computational Methodology

To reduce variability observed between the developed databases, the base methodology
applied to non-enzymatic peptide bond fragmentation was self-consistent with the methodology

used by the deamidation studies.[8% 141- 1472511

4.3.i. Modeled Mechanism and Chemical System

There is an ongoing debate regarding the correct mechanism of non-enzymatic polyamide

143,144,281, 338] Specifically, if fragmentation of the polyamide

hydrolysis under ambient conditions.!
bond occurs via the nucleophilic attack of water or a hydroxide-catalyzed reaction under ambient
conditions. 143 144, 281,338, 3391 Iy this study, we modeled the uncatalyzed mechanism, where water
acts as a reactant and is consumed during the reaction, to establish the reaction family concept via
a neutral reaction pathway.?8!: 3% Specifically, via a stepwise approach where the formation of

the intermediate is the proposed rate-determining step (Figure 4.1.2).[281. 345 346]
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Figure 4.3.1. Reaction schematic of non-enzymatic dipeptide hydrolysis at a neutral pH via the
stepwise mechanism. (a). The gemdiol formation step, (b). The proton transfer step.

Modeling of a neutral pH within our system was achieved by defining water as the solvent
within the CPCM implicit solvation method, a solvation model that is similar to the COSMO-RS
solvation model, as well as modeling the dipeptide net charge as a function of the residue

functionalities [82, 141, 147, 209, 239, 347

I Specifically, the analyzed residues contained sidechains that
were classified as either ionized or non-ionized at a pH = 7.1*347] In our modeled system, we
analyzed the impact of uncatalyzed amide bond hydrolysis on dipeptides with cationic, neutral, or
anionic sidechains to determine how the residue functional groups influenced the reaction
energetics. Additionally, as we previously stated, we sought to determine how the energetics of
non-enzymatic dipeptide hydrolysis changed with the modeled dielectric.

We modeled our system under four different dielectrics to account for the behavior of

different residue sidechain functionalities, as well as the different regions of the protein.[3% 141- 147,

2131 Modeling the reactions by using a spectrum of dielectrics allows for analysis of reaction

117



energetics in relation to the residue functionalities and the portions of the protein where the
reaction might occur. Specifically, recent modeling studies that analyze the energetics of regions
of the proteins containing nonpolar residues or the energetics of reactions in the hydrophobic core
are modeled using a relatively low dielectric constant (g = 4).1212 213, 221. 222 Gimjlarly, surface
protein studies, or studies that contain charged or polar residues, will have higher dielectric
constants; € = 20 for charged residues, and & = 40 for polar residues, respectively.[?1%213.216.223] By
modeling the dielectrics associated with the different residue functional groups, and different sites

within the mAbs, we were able to obtain an unbiased representation of how the behavior of these

functionalities influences non-enzymatic peptide bond fragmentation under ambient conditions.

4.3.ii. Quantum Chemical Calculations and Statistical Thermodynamics

Quantum chemical calculations were performed with Gaussian 16.18% 141- 147,250, 2511 A]]

electronic energies for the protein dipeptides, free amino acids, intermediates and transition states
were calculated using the B3LYP method.[8% 141, 147, 246, 247,251, 252] The electronic wave functions
for all structures were optimized in the singlet state. Geometries and harmonic frequencies of the
lowest energy conformers were determined at the B3LYP/6-31+G(2d, 2p) level with a Grimme
D3 (GD3) empirical dispersion correction to account for van der Waals forces within the modeled

reactions [82,141, 147, 188-190, 246, 247,253

1To account for anharmonicity in the normal vibrational modes,
as suggested by Scott and Random, the harmonic frequencies and zero-point energy (ZPE) were
scaled by factors of 0.96 and 0.98 respectively.[82 141 147. 2541 Following the work of previous
reaction modeling completed by our group, partition functions based on the harmonic oscillator
and rigid rotor approximations were used to calculate thermodynamic and kinetic properties as a

[82, 141, 147, 255, 256

function of temperature. 1 This procedure was performed automatically using a
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modified version of the CalcK script previously employed by our group for reaction kinetics

analysis [82, 141, 147, 257-263]

4.3.iii. Transition State Theory and Kinetic Parameters
Transition states associated with both steps of the reaction mechanism were found using the

[82, 141,147, 2642661 The imaginary frequency of each transition state was animated, and

Berny method.
intrinsic reaction-coordinate calculations were performed to confirm that the normal vibrational
mode pertained to the reaction coordinate of interest. Conventional transition-state theory (TST)

was then used to calculate rate coefficients at 1 atm, according to the macroscopic formulation in

Equation (4.3.1).[82 141,147, 267]

—-AH*
T

k™T(T)= nak = naA exp% exp(—

) 4.3.1)
Where A is defined in Equation (4.3.2):

—-An
A = Ty 4.3.2)

Here, & is the single-event rate coefficient, k(T) is the Wigner tunneling correction at
temperature T, kg is Boltzmann’s constant, / is Planck’s constant, Vi is the molar volume, R is
the ideal gas constant, AS* is the entropy of activation, AH* is the enthalpy of activation, An is
the change in the number of moles going from the reactant to the transition state (i.e., -1 for
bimolecular reactions such as for the gemdiol formation step in the forward direction and the
proton transfer step in the reverse direction; and 0 for unimolecular reactions such as the gemdiol
formation step in the reverse direction and the proton transfer step in the forward direction), and
nd is the reaction path degeneracy, or number of single events. The reaction path degeneracy
follows Equation (4.3.3). AH* and AS* are calculated using standard formulae, and there were no

internal rotation corrections needed within our system.[32 141, 147, 196, 267]
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The reaction path degeneracy, nq, definition is based upon the symmetry of the reactant(s)

[82, 141, 147, 196

and the transition state. I Symmetry was determined by the number of chiral centers

[82, 141, 147, 196, 239, 256, 263

present in each molecule. ! To achieve an unbiased representation of each

modeled reaction, the maximum symmetry numbers were applied to each reaction.[8% 141 147, 239]
Analysis of the reaction path degeneracies used in our model, noted that the inclusion of chiral
centers did not impact the forward reaction path degeneracy developed through the exclusion of
chiral centers. Therefore, our model may be applied to both natural and synthetic proteins in the
forward direction of each computed reaction.

# reactant.j
Nehiral [To

reactant.j g #
J "chiral

ng =
(4.3.3)

Where nchiral is the number of chiral isomers for the transition state and reactant(s); ¢ is a
product of the external rotation symmetry numbers for the transition state and reactant(s). Internal
symmetry numbers for non-cancelling internal rotations treated as hindered or free rotations were
included in the hindered and free rotor partition functions, respectively.

The single-event parameters of the Arrhenius relationship, log(A) and Ea were obtained by
fitting In(k) versus T™' over the temperature range 298 — 1500 K. This procedure was performed
automatically using a modified version of the CalcK script previously employed by our group for
reaction kinetics analysis.[8% 141, 147, 255, 257-263] Throygh linear regression analysis, we determined
Arrhenius behavior was obeyed well for all reactions. The solvation impact of liquid phase kinetics
is beyond the scope of this work but will be addressed in future studies following the work of Jalan

et al, which computes liquid-phase kinetics in relation to both the solute and the solvent.!8 141- 147,

268]

120



4.3.iv. Generalized Model Validation

Model accuracy is dependent on both the level of theory and the chemical model applied
to non-enzymatic peptide bond fragmentation associated with storage under ambient conditions.
Confirmation of the chemical model that would most accurately represent non-enzymatic dipeptide
hydrolysis at a neutral pH was completed through the comparative analysis of the energetics
exhibited by the proposed rate-determining step of the stepwise mechanism against the metrics of
uncatalyzed Glycyl-Glycine (Gly-Gly) hydrolysis given by Radzicka et al. at the dielectric of pure
water (¢ = 80).['*) Depicted in Table 4.3.1, the gemdiol formation reaction, which was found to
be rate-determining for Gly-Gly hydrolysis, predicted the forward rate coefficient within one order

143

of magnitude of the value presented by Radzicka et al.['**] Furthermore, the stepwise mechanism

is consistent with experimental studies on non-enzymatic hydrolysis at acidic and basic pH ranges,

suggesting that the mechanism of non-enzymatic peptide hydrolysis is conserved over pH.['4%
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Table 4.3.1. Comparative analysis of the computed Arrhenius parameters and forward rate
coefficients of non-enzymatic Gly-Gly hydrolysis of the proposed rate-determining step of the
stepwise mechanism against the parameters quantified by Radzicka et al. !*31 The rate coefficients
were computed at 298 K and using a pseudo-first order reaction to match the parameters specified
by Radzicka et al. (298 K, pseudo-first order reaction, rate coefficient determined via high-field
NMR spectroscopy). [143] Evaluation of the Arrhenius pre-exponential factor, log(A), was derived
via the Arrhenius equation by using the activation barrier and forward rate coefficient given by
Radzicka et al. %3] While the correct units of the computed Arrhenius pre-exponential are L.mol"
!5, the pseudo-first order approximation was applied to reduce variability.

kF [Experimental] (s™) kF [Computed] (s) AError (s

6.30x 107! 1.61x 10710 3.92x 109!

Ea [Experimental] (kcal.mol!) Ea [Computed] (kcal.mol!) | AError (kcal.mol)

23.0 22.0 1.00
log(A) [Experimental] (s™) log(A) [Computed] (s) AError (s
6.67 6.21 0.46

Furthermore, the use of the B3LYP functional is common among protein studies and was
found to be reliable for modeling protein reaction mechanisms.['82"184 To validate the reliability of
our computational methodology, we analyzed our computed forward rate coefficients of Gly-Gly
hydrolysis at the B3LYP level of theory against a secondary study on non-enzymatic peptide bond
hydrolysis at a neutral pH. A recent study completed by Sun et al. predicted the forward rate
coefficients of Gly-Gly hydrolysis as a function of pH and at a higher temperature than our model
system (T =368 K).l¥?l By interpolating the forward rate coefficients provided by our Arrhenius
trend at T =300 K and T = 400 K, we were able to compute the forward rate coefficient of Gly-
Gly hydrolysis to be 8.90 x 10 s™!. The comparative analysis of our computed rate coefficient
against the one provided by Sun et al. (kF = 1.40 x 107 s!), indicates that modeling non-enzymatic

peptide bond hydrolysis under this level of theory will yield values within one order of magnitude
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of the experimental parameter.l'*?! Therefore, to maintain the self-consistency of our base
computational methodology, we accepted the DFT/B3LYP/6-31+G(2d,2p) with GD3 empirical
dispersion correction as the level of theory through which the stepwise mechanism would be

modeled [82, 141, 147, 251]

4.3.v. Generalized Reaction Models and Applications towards Non-Enzymatic Peptide Bond
Fragmentation

In addition to predicting the thermochemical and kinetic parameters associated with the
stepwise mechanism of non-enzymatic dipeptide hydrolysis at a neutral pH, we also sought to
determine if a linear correlation could be used to generalize the reaction energetics associated with
each reaction in the mechanism. The Evans-Polanyi correlation is a common model which
generalizes a linear relationship between the activation barrier (Ea) and the reaction enthalpy
(AHrxn).['#1-224 From this correlation, thermochemical parameters of reactions within a specified
reaction mechanism can be estimated. Specifically, that the pre-exponential factor of the Arrhenius
equation (log(A)) is the same for all reactions in a given reaction mechanism.['*!-224] Generalization
was achieved by plotting the enthalpy of reaction (AHrxN) versus the activation barrier (Ea). For
the two reactions associated with the stepwise mechanism, we sought to achieve an Evans-Polanyi
correlation. Using these correlations, dipeptide activation energies can be predicted using Equation
43.4:

Ea = Eo + aAHrxN (4.3.4)

To examine the strength of our Evans-Polanyi correlation, statistical bootstrapping was
then applied to the correlation using an R script developed by our group.!'*!-2"# Bootstrapping is a
statistical sensitivity method that is used to examine the accuracy of a given model by randomly
resampling the data set and then generating a new linear correlation from the smaller, resampled

141, 225-227, 230-232, 348

representation of the original correlation.! I The newly generated correlation can
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then be used to produce replacement values for the randomly, removed data points, which in turn
are implemented to analyze the prediction error associated with the model. [14!- 228 229, 231]
Specifically, the difference between the replacement and initial data points is indicative of the
prediction error associated with the model, where the data points that are randomly removed from
the sample to generate the bootstrapped correlation act as the population the correlation would be
applied to.l'*!- 211 While the size of the bootstrapped population can vary based on the analyzed
system, we chose to randomly remove 20 percent of the data points present in our initial
correlations to generate the new trends that would allow us to analyze the goodness of fit within
our models.['#!-225-227.232] These correlations were then used to predict the values of the removed
data points, where the associated error between the predicted and actual values indicates the
predictiveness of the correlation.!!*!: 225227 2321 Through this analysis, we were able to achieve a

statistically significant Evans-Polanyi correlation and apply statistical sensitivity methods to test

the strength of our generated model.

4.4. Results and Discussion
4.4.i. Structures

A subset of 21 dipeptides was used to model the reaction behavior of different dipeptide
functionalities upon non-enzymatic peptide bond fragmentation under ambient conditions via the
stepwise mechanism.!'*!! Specifically, small and large residues, aromatic residues, hydrolytic
residues, charged residues, and aliphatic residues were included within our reaction subset. By
including each of these residue types in both the N and C-terminus positions of our modeled
dipeptide, we were able to analyze how the amino acid functionalities impacted the reaction
energetics of each hydrolysis mechanism, and how the change in modeled dielectric influenced

the different dipeptide functionalities.
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The stepwise mechanism was modeled using two reactants, the dipeptide and water
infinitely separated, the transition state used to form the gemdiol intermediate, the gemdiol
intermediate, the transition state used to cleave the central amide bond through a concerted proton
transfer, and the two individual amino acids that comprised the reactant dipeptide, infinitely
separated. All dipeptides exhibited the same transition state behavior, regardless of the modeled
dielectric. The first transition state depicts the nucleophilic attack of water to hydrolyze the
dipeptide, where the attacking water decomposes so that the hydroxyl group attaches to the
carbonyl carbon of the peptide bond and the free-floating hydrogen attaches to the carbonyl
oxygen, thus forming the gemdiol intermediate. The gemdiol intermediate is then subjected to a
concerted proton transfer, where the proton exists halfway between the donating hydroxyl
functionality of the gemdiol intermediate and the peptide bond amine group through which the
central amide bond is cleaved. Once the central amide bond has been cleaved, the two amino acids
that had comprised the dipeptide exist separate from each other within the solution. A

representative ball and stick schematic of the stepwise mechanism is present in Figure 4.4.1.
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Figure 4.4.1. Ball and stick representation of the structures used to model the stepwise mechanism
of non-enzymatic dipeptide hydrolysis (a) gemdiol formation step, (b). proton transfer step.

4.4.1.a. Sequence Impact on Reaction Energetics

The sequence of the two residues which comprise the dipeptides modeled within this study
can greatly impact its energetics due to the associated steric hindrances of sidechain functionalities
within the transition state structure, as well as the dipeptide status as either physiological or
synthetic. Of the 21 modeled dipeptides within this study, three were found to be synthetic.
Classification as either physiological or synthetic was determined by examining the sequences of
five pharmaceutical protein structures.!!>% 342 349-3521 Dipeptides which occurred at least once within
each structure were classified as physiological, while dipeptides that did not appear within the
structures were labeled as synthetic. Via this analysis, it was determined that Arginyl-Lysine (Arg-
Lys), Asparatyl-Arginine (Asp-Arg), and Tyrosyl-Glycine (Tyr-Gly) were synthetic. The
classification of Asp-Arg and Tyr-Gly as synthetic indicates the importance of sequence structure
on reaction energetics because their counterparts, Argininyl-Aspartic Acid (Arg-Asp) and Glycyl-
Tyrosine (Gly-Tyr), were found to be physiological. As a result, the energetics of the two

dipeptides are likely to deviate from one another.
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Similarly, the transition state structures of each of the modeled dipeptides will differ based
on which residue is in the N-terminus position compared to the C-terminus position. As we
previously mentioned, water either decomposes or attaches to the central amide bond based on the
modeled mechanism. For dipeptides where small, flexible residues are in the N-terminus position,
the transition state is likely to be more kinetically favorable compared to dipeptides with large,
bulky functionalities due to potential steric hindrances.

4.4.ii. Thermochemistry and Arrhenius Parameterization

We sought to analyze how the gemdiol formation and proton transfer reactions behaved as
a function of dielectric.'"*!) Through this analysis, we noted that the stepwise mechanism was
found to be both net endothermic and net endergonic in nature, where the endothermicity and non-
spontaneous nature of the reaction mechanism can be attributed to its proposed rate-determining
step, the formation of the gemdiol intermediate. The presence of the gemdiol intermediate as the
proposed rate-determining step agrees well with other studies on amide hydrolysis, where energy
is expended upon the system via the nucleophilic attack of water to form the gemdiol intermediate
prior to the subsequent, spontaneous proton transfer that cleaves the dipeptide into its associated
amino acid substituents.!?®!- 333 The spontaneity of the proton transfer step can be attributed to the
entropic penalty exhibited by the formation of the gemdiol intermediate, which is reflected in its

353] Specifically, that the formation of the gemdiol intermediate through

non-spontaneous nature
the nucleophilic attack of water likely reduces the configurations of the dipeptide available for
hydrogen bonding within the system, and as a result causes a loss of entropy.?**3>71 At the
dielectric associated with hydrophobic residues (€ = 4), this phenomena is not as significant, likely

due to the hydrophobic interactions between the dipeptide and modeled dielectric compared to

interactions at other dielectrics.**®! However, when the transfer of a proton from the gemdiol to

127



cleave the central amide bond is initiated, entropy is gained due to an increase in conformational
flexibility within the system as a result of the fragmented peptide bond.
4.4.ii.a. Gemdiol Formation Step

The average thermochemical and Arrhenius parameters of the gemdiol formation step of
the stepwise mechanism are given in Table 4.4.1 as a function of the modeled dielectric. Analysis
of the average Arrhenius parameters indicated that the reaction was least kinetically favorable at
the dielectric associated with polar residues. At € = 40, Eo = 21.4 + 2.73 kcal.mol’!, Ea = 21.9 +
2.87 kcal.mol™!, and log(A) = 6.27 + 1.02 L.mol s}, in the forward direction, and Eo =3.13 +
1.77 kcal.mol!, Ea= 3.43 + 1.86 kcal.mol!, and log(A) = 12.7 + 0.74 s”}, in the reverse direction.
The 0.200 kcal.mol™! is likely a result of the change in activation energy exhibited by Arg-Asp and
Tyr-Gly as a function of the modeled dielectric. While the activation barrier of Arg-Asp was found
to increase as the modeled dielectric decreased, the proportional decrease in the activation energy
of Tyr-Gly gemdiol formation was not exhibited at € = 40. Specifically, the activation barrier
decreased by 0.11 kcal.mol! at € = 40, while it decreased by 5.30 kcal.mol! at £ = 20 and 1.30
kcal.mol! at € = 4. Therefore, the increase in activation energy of Arg-Asp gemdiol formation

would not be as pronounced at € = 4 and € = 20.

Table 4.4.1. Average B3LYP Arrhenius parameters, zero point energy corrected barriers, enthalpy
of reaction, and Gibbs free energy of reaction for the gemdiol formation reaction of non-enzymatic
dipeptide hydrolysis at 298 K and 1 atm. A has units of L.mol™'.s™! and s for the forward and
reverse reactions, respectively. Eo, Ea, and AH?**15; have units of kcal.mol ™.

c Forward lieaction AHgxx AGRxx Reverse Reflction

Eo log(A) Ea Eo log(A) Ea
4 21.2 6.13 21.5 15.6 28.2 3.34 12.5 3.54
20 21.1 6.35 21.5 16.0 28.6 2.87 12.8 3.19
40 21.4 6.27 21.8 16.1 28.6 3.13 12.7 343
80 21.1 6.13 21.5 15.7 28.3 3.14 12.6 3.44

128



Our analysis of the overall trends associated with the average forward Arrhenius
parameters indicated that as the modeled dielectric decreased, the activation energy also decreased.
Of the 21 dipeptides modeled within the reaction, three reactions were found to deviate from the
observed behavior — Arg-Asp, Gly-Tyr, and Tyr-Gly. The deviation of Gly-Tyr was observed at ¢
= 40, while the Tyr-Gly activation barrier was found to be smallest at ¢ = 20. The decreased
reaction favorability of Gly-Tyr at € = 40 is likely a result of polar-aromatic interactions.*>*! A
study conducted by Pace and Gao indicates that polar-aromatic interactions resulted in more
favorable protein folding.*>”) As the transition state of Gly-Tyr gemdiol formation at &€ = 40 is
relatively linear than nature, it is likely that the polar-aromatic interactions exhibited at the model
dielectric would result in a less favorable reaction. The decrease in activation energy exhibited by
Tyr-Gly at the dielectric associated with charged residues is likely representative of the increased
stability of the transition state through the interactions of the N-terminus functional group with its
environment. Specifically, the dielectric of € = 20 resembles the dielectric associated with charged
residues, and cation-1r interactions have been noted as stabilizing electrostatic interactions between
charged and aromatic residues.?!% 213. 360. 3611 " Therefore, the reaction energetics of Tyr-Gly
gemdiol formation at € = 20 would resemble the reaction favorability of Gly-Tyr, where the
flexible residue Gly is in close proximity to the reactive center.

An inverse relationship between the modeled dielectric and the activation barrier, as well
as the Gibbs Free Energy and Enthalpy of reaction, was observed for Arg-Asp gemdiol formation.
The decrease in reaction favorability with modeled dielectric is likely a consequence of the
electrostatic interactions the dipeptide experienced, as well as the position of the residues.
Specifically, Asp-Arg, which contains the same residue functional groups as Arg-Asp but contains

the acidic Asp in the N-terminus position, was found to observe the overall trend. Additionally, as
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the modeled dielectric decreased, the formation of the Asp-Arg gemdiol was found to be more
exothermic in nature, the inverse of the energetics exhibited by Arg-Asp. The deviance between
the reaction energetics of these two dipeptide reactions is likely due to the proximity of the N-
terminus functional group to the reactive center. Specifically, a study conducted by Xie et al.
indicated that strong salt-bridge formation between the Arg functional group and a carboxylic acid
was observed at distances less than 2.00A.! In our modeled transition states the minimum
distance between the reactive center and the Arg functional group was observed at 4.763 A at the
dielectric associated with hydrophobic residues. Therefore, it is likely that the increase in
endothermicity and activation energy at € = 20 and € = 40 is a result of the residues interacting
with the environment instead of stabilizing the transition state.

Furthermore, the significant decrease in reaction favorability exhibited by Arg-Asp at € =
4 is likely a consequence of the geometry of its transition state in addition to the electrostatic
interactions the dipeptide experiences. The backbone dihedral angle of the Arg-Asp transition state
at ¢ =4 was found to deviate significantly from the backbone dihedral angles computed at the other
3 modeled dielectrics. Similarly, while the transition states at € = 20, 40, and 80 were found to be
relatively linear, where the Arg and Asp functionalities were oriented away from each other, the
folded conformation at & = 4 brought the functionalities within 2.67 A of each other. Analysis of
the Arg-Lys, Asp-Arg, Aspartyl-Glutamate (Asp-Glu), and Glutamyl-Aspartate (Glu-Asp)
transition states at € = 4 indicated that the distance between the charged functionalities was greater
than 7.60 A. Therefore, it is likely that the proximity of the charged functionalities of Arg-Asp at
€ = 4 is representative of the buried, hydrophobic portions of the protein, while the sequence is
only physiological at the protein surface, and as a result the dipeptide would be more energetically

unfavorable at g = 4.[212.213]
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4.4.ii.b. Proton Transfer Step

Analysis of the Arrhenius parameters associated with the proton transfer step of the
stepwise mechanism (Table 4.4.2) indicated that the reaction was least energetically favorable at
the most hydrophobic solvent dielectric (¢ =4). Ate =4, Eo=27.3 +3.04 kcal.mol™!, Ea =26.7 +
3.22 kcal.mol™!, and log(A) = 12.6 + 0.82 5!, in the forward direction, and Eo = 34.1 + 7.31
kcal.mol!, Ea = 35.0 + 7.41 kcal.mol™!, and log(A) = 5.30 + 0.78 5!, in the reverse direction. As
we have previously specified, the interactions between the dipeptide and its solvated environment
are representative of the energetics it experiences. As prior studies have indicated, the propensity
for proton transfer reactions to occur quickly under polar, charged, and pure water

358

environments.[>3] Therefore, it is likely that the improbability of a proton transfer reaction to occur

at or near hydrophobic residues causes the 0.24 kcal.mol™! increase in the computed Arrhenius

parameters compared to those computed at € = 20, 40, and 80.

Table 4.4.2. Average B3LYP Arrhenius parameters, zero point energy corrected barriers, enthalpy
of reaction, and Gibbs free energy of reaction for the proton transfer reaction of non-enzymatic
dipeptide hydrolysis at 298 K and 1 atm. A has units of s and L.mol!.s™ for the forward and
reverse reactions, respectively. Eo, Ea, and AH?**13.,; have units of kcal.mol ™.

c Forward l}eaction AHgxx AGrxN Reverse Reflction

Eo lOg(A) Ea Eo lOg(A) Ea
4 27.3 12.6 26.7 -6.48 -20.6 34.1 5.30 35.0
20 27.0 12.6 26.4 -7.10 -21.3 344 5.31 35.3
40 27.1 12.6 26.5 -7.16 -21.2 34.5 5.33 354
80 27.1 12.5 26.5 -7.18 -21.2 34.6 5.26 354

Of the 21 modeled proton transfer reactions, two dipeptides were found to exhibit
energetics that denoted proton transfer as the rate-determining step regardless of modeled
dielectric — Arg-Lys and Gly-Tyr. Analysis of the forward rate coefficients associated with the
gemdiol formation reaction of these modeled dipeptides indicated that Gly-Tyr exhibited the

largest forward rate coefficient regardless the dielectric, while the rate coefficient of Arg-Lys
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ranged from the third to seventh largest. However, when the forward rate coefficients of Arg-Lys
and Gly-Tyr proton transfer were analyzed, the rate coefficients of the two reactions were ranked
as the sixth and eighth smallest rate coefficients, respectively. Therefore, it is likely that the
disparity in rate coefficient ranking between the gemdiol formation and proton transfer reactions

would result in a shift in the proposed rate determining step.

As previous studies have indicated, proton transfer is more likely to occur when charged
or polar residues are present within the system.>°! However, our analysis of the computed rate-
coefficients of proton transfer that contained Lys in the C-terminus were slower relative to the
rate-coefficients of reactions with Arg in the C-terminus. The discrepancy in the computed rates
between the dipeptides containing basic residues in the C-terminus is likely due to the distance
between the residue functional groups and the transition state reactive centers. The distance
between the Arg guandinium functional group and the reactive center was found to be at least
1.200A less than the distance between the Lys amine functional group and the reactive center.
Therefore, it is likely that the difference in proximity would result in a quicker rate of proton
transfer for dipeptide reactions that contain Arg in the C-terminus.

Analysis of the ranked forward rate coefficients of the Ala-Tyr and Gly-Tyr gemdiol
formation reactions indicated that Ala-Tyr, like Gly-Tyr, exhibited a large rate coefficient. The
propensity of these dipeptides towards hydrolysis is likely a result of the frequency of occurrence
of Ala, Gly, and Tyr within the mAb hinge region. A bioinformatics study conducted by Flores et
al lists how frequently each of the 20 amino acids appears in the different portions of the mAb, as
well as the most prevalent residues within the hinge region.!'%3! From this, we determined that Tyr
was the residue least likely to be found in the hinge region.!'*! The reduced presence of Tyr within

the mAb hinge region is likely due to the bulky nature of its functional group, which would reduce
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the flexibility of the hinge region.l**?3¥ Subsequently, Gly was the residue that frequently

[163

occurred within the hinge region !9 The propensity of Gly to occur in the hinge region is likely

d.[239, 364,365 Therefore, it is

due to its characteristic as the smallest and most flexible amino aci
likely that hydrolysis of Gly-Tyr would be energetically favorable, as indicated by the computed
rate coefficient. However, as Gly is a nonpolar residue, the subsequent proton transfer would not
be as energetically favorable compared to dipeptides with either polar or charged functional
groups. >3 As a result, the rate-determining step of Gly-Tyr hydrolysis would shift from gemdiol
formation to proton transfer.

In addition to Arg-Lys and Gly-Tyr, the proton transfer reactions of Arg-Asp at € = 80,
Glu-Asp at ¢ = 4, 40, and 80, and Valyl-Alanine (Val-Ala) at € = 4 were found to be rate-
determining. The deviation of the proposed rate-determining step of Val-Ala at € = 4 is likely a
result of the increased favorability of the gemdiol formation reaction under the dielectric associated
with hydrophobic residues. The rate of proton transfer for Val-Ala was observed to be the slowest
reaction, regardless of the modeled dielectric. However, at € = 4, the rate of Val-Ala gemdiol
formation was ranked as the fifth slowest reaction, while it was ranked as the third slowest reaction
at € = 20, and the second slowest reaction at € = 40 and 80. The increased rate of reaction at € = 4
is likely a result of the transition state being most stable under the dielectric associated with
nonpolar residues. Furthermore, as the rate of Val-Ala proton transfer is the slowest out of all the
dipeptides, it is likely that the increased favorability of Val-Ala gemdiol formation at € = 4 would
shift the proposed rate-determining step.

Similarly, as we previously mentioned, Arg-Asp gemdiol formation was most energetically

favorable at ¢ = 80, where no electrostatic interactions were evident. As a result, the rate

coefficients of the gemdiol formation and proton transfer reactions were nearly identical. The Glu-
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Asp hydrolysis reaction also exhibited rate coefficients of gemdiol formation and proton transfer
that were within the same order of magnitude at € = 4, 40, and 80. Unlike Aspartyl-Glutamic Acid
(Asp-Glu), where the acidic functional group of the C-terminus is oriented away from the reactive
center, the Asp functional group is in the same geometric plane as the reactive center. Therefore,
it is likely that the interactions between the free proton and the functional group destabilizes the
transition state. Subsequently, at the dielectric associated with charged residues, the gemdiol
formation reaction becomes rate-determining, suggesting that the Asp functional group is
stabilized by its environment.
4.4.iii. Evans-Polanyi Correlations as a Function of Modeled Dielectric

As we previously noted, the Evans-Polanyi correlation is a linear relationship between the
enthalpy of a given reaction and its activation barrier, where more exothermic reactions will have
lower activation energies.['4!> 224 366, 3671 Through this correlation, the activation energy of an
unknown reaction within a reaction class can be predicted from its reaction enthalpy. Therefore,
to accurately predict the reaction activation barrier from the generalized linear model, a statistically
significant Evans-Polanyi correlation must be achieved. In our study, we generated individual
Evans-Polanyi correlations for the gemdiol formation and proton transfer steps of the stepwise
mechanisms. Through this analysis, we determined that the Evans-Polanyi correlation could only
be used to generalize the gemdiol formation reaction. Additionally, we were able to achieve
statistically significant linear trends for the overall data set, as well as a function of the modeled
dielectric. Through this, we were able to examine how the impact of the modeled dielectrics
impacted the energetics associated with the Evans-Polanyi correlation.

As depicted in Figure 4.4.2 and Table 4.4.3, a statistically significant Evans-Polanyi

correlation was achieved for the gemdiol formation step of the stepwise mechanism for the overall
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data set, as well as at each of the four modeled dielectrics. The strongest correlation was observed
at ¢ = 4, while the weakest correlation was exhibited at € = 80. The strength of the linear trend at
the most hydrophobic solvent dielectric is likely due to the presence of Arg-Asp, which is acts as

an outlier and maxima upon our linear trend.
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Figure 4.4.2. Evans-Polanyi correlation of the gemdiol formation step of the stepwise mechanism
of non-enzymatic dipeptide hydrolysis. (a). Overall correlation, (b). € =4, (c). € = 20, (d). € =40,
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(e). € = 80. (Initial correlations).

of Arg-Asp is the most energetically unfavorable at ¢ = 4. Additionally, the presence of the
dipeptide upon the trendline indicates that it follows the Evans-Polanyi principle that more

endothermic reactions will have higher activation energies. !
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As we previously noted, the activation energy and enthalpy of reaction for the hydrolysis

224,366, 367

I Therefore, because there is



a greater than 10 kcal.mol™! difference between Arg-Asp and the next data point, it is likely that

Arg-Asp acts as an influential point upon the linear trendline and skews the strength of the

generated correlation, 368 36]

Table 4.4.3. Statistical analysis of the overall Evans-Polanyi correlation, as well as the correlations
generated as a function of dielectric, for the gemdiol formation reaction (Initial correlations).

Correlation o Eo R? Pearson’s r
Value Value Value p-value Value | p-value
Overall 0.86 8.03 0.68 <0.001 0.83 <0.001
4 1.01 5.82 0.78 <0.001 0.88 <0.001
20 0.85 7.92 0.67 <0.001 0.82 <0.001
40 0.77 9.55 0.62 <0.001 0.79 <0.001
80 0.66 11.2 0.47 0.00 0.68 0.00

The Evans-Polanyi correlations at € = 20 and € = 40 were found to have strong linear
correlations that were not as significantly impacted as the linear trends generated at € =4 and € =
80. The correlation strength at these two dielectrics can be attributed to the interactions of the
modeled dipeptides with the solvated environment. As we have previously specified, € =20 and ¢
= 40 are the dielectrics associated with charged and polar residues within a protein.[?!> 213!
Therefore, due to the constraints associated with our solvation model, as well as the large number
of polar and charged residues within our modeled reaction class, it is likely that the electrostatic
interactions between the dipeptides and the solvated environment are more significant at the
modeled dielectrics associated with charged and polar residues.?0% 20% 212, 213, 3701 Thjg
phenomenon is likely why the weakest correlation was observed at € = 80. As we have previously
specified, € = 80 is the dielectric associated with pure water. As we have previously specified, a
diverse array of residue functional groups was taken into account within our modeled reaction
class to model the electrostatic interactions of the different functionalities with the changing

modeled dielectric. Therefore, it is likely that the moderate strength of the Evans-Polanyi
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correlation generated at € = 80 is less than at the other modeled dielectrics due to the electrostatic
interactions between the dipeptides and their solvated environment, 208209370, 371]

The generated correlation for the full data set was found to be moderately strong (R? = 0.68
p <0.001).171:372 While the moderate strength of the correlation coefficient for the Evans-Polanyi
trend generated for the full data set indicates that it would be a more accurate tool compared to the
individual correlation generated at € = 80, there are also trade-offs associated with using this
correlation. Specifically, by lumping the energetics associated with the gemdiol formation step at
each modeled dielectric together, insight towards how the dielectric impacts the generated trend is
lost. Additionally, while the overall trend has a significantly stronger correlation coefficient than
the one associated with the € = 80 Evans-Polanyi correlation, the strength of the correlations at &
=4, 20 and 40 all fall in the same range as the overall correlation. Therefore, it is likely that the
predictions derived from the individual correlations will have similar associated errors as those
computed using the overall correlation.
4.4.iii.a. Initial Correlations and Reactions that do not Exhibit Evans-Polanyi-like Behavior

Of the 21 modeled reactions, Alanyl-Lysine (Ala-Lys), Glutaminyl-Glycine (Glu-Gly) and
Glycyl-Proline (Gly-Pro) did not exhibit Evans-Polanyi behavior, regardless of the modeled
dielectric. Removal of these three dipeptide reactions from the data set (Figure 4.4.3., Table 4.4.4)
resulted in the linear strength of all correlations aside from at € = 80 shifting into the upper echelon

371,372

of the strong categorization (R? > 0.83). 1" At & = 80, the generated correlation was found to

shift from moderate to strong (R?=0.73).371 3721
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of non-enzymatic dipeptide hydrolysis. (a). Overall correlation, (b). € =4, (c). € = 20, (d). € = 40,
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(e). € = 80. (Outlier removal correlations).

Evaluation of the gemdiol formation reactions indicated that the activation barriers of Ala-
Lys and Glu-Gly were higher than their associated enthalpies of reaction would suggest, similarly

the opposite trend was observed for Gly-Pro gemdiol formation. The discrepancy between the
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activation barrier and the enthalpy of reaction for Gly-Pro gemdiol formation is likely a result of
the difference in conformation between the reactant and the gemdiol intermediate. Specifically,
prior studies have indicated that amide bonds that contain Pro in the C-terminus position are more
prevalent and more energetically favorable when in the cis conformation.*’3-*76! Evaluation of the
omega () dihedral angle of the Gly-Pro gemdiol relative to its reactant indicated that the gemdiol
intermediate, similar to the reactant structure, had a ® angle that was representative of the trans
conformation. Analysis of the transition state ® angle indicated a conformation that was about 45°
closer to cis than the reactant structure, suggesting that the lower activation barrier is representative
of the shift of the transition state into a more stable conformation.*’3-37¢1 As a result, the activation

barrier of Gly-Pro gemdiol formation would not be representative of its enthalpy of reaction.

Similar to Gly-Pro, the non-Evans-Polanyi behavior of Ala-Lys can be attributed to its
conformation. The ® angles of the reactant and gemdiol intermediate for Ala-Lys gemdiol
formation were observed to be within six degrees of the ideal trans conformation, while the
transition state  angle was more representative of a cis conformation at 68.5°. Therefore, as amide
bonds without Pro in the C-terminus are more stable in the trans conformation, the cis
conformation of the transition state would result in a higher activation barrier than what is
represented by the enthalpy of reaction.*’3-*761  Unlike Ala-Lys and Gly-Pro, the deviation
observed in Glu-Gly gemdiol formation was not a consequence of its backbone conformation. The
reactant, transition state, and gemdiol intermediate ® angles were found to be representative of the

trans conformation.

However, comparison of the Glu-Gly transition state against its gemdiol intermediate, as
well as Aspartyl-Serine (Asp-Ser) indicated that the interactions between the reactive center and

the C-terminus carboxyl group might influence energetics. While the carboxyl groups of Asp-Ser
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transition state and the Glu-Gly gemdiol intermediate were found to be in the same geometric
plane as the reactive center, the carboxyl group of the Glu-Gly transition state was oriented away
from the reactive center. Therefore, it is unlikely that the alcohol functional group of the reactive
center gemdiol would be able to form hydrogen bonds with the C-terminus carboxylic group and
further stabilize the transition state.'*’”] As a result, the Glu-Gly gemdiol formation reaction would
not exhibit Evans-Polanyi behavior. To reduce model biases, the generated correlations which
included these outliers were implemented in our sensitivity analysis. Therefore, it is likely that the
activation barriers predicted for these reactions will be less accurate compared to other reactions

within the data set.

Table 4.4.4. Statistical analysis of the overall Evans-Polanyi correlation, as well as the correlations
generated as a function of dielectric, for the gemdiol formation reaction (Outlier removal
correlations).

Correlation z = R
Value Value Value p-value
Overall 1.00 5.53 0.85 <0.001
4 1.09 4.11 0.89 <0.001
20 0.99 5.47 0.87 <0.001
40 0.91 6.97 0.83 <0.001
80 0.83 8.20 0.73 <0.001

4.4.iii.b. Impact of Bootstrapping on Model Linearity

The goodness of fit of each generated linear Evans-Polanyi correlation was analyzed
through the use of statistical bootstrapping (Figure 4.4.4, Table 4.4.5). As we previously
mentioned, the statistical bootstrapping applied to our generated correlations was achieved through
the random and unbiased removal of 20 percent of data points. The bootstrapped samples were
then used to generate a new linear correlation and predict the activation barriers of the removed

reactions as a function of their given enthalpy of reaction. To achieve a robust analysis of the
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accuracy of our generated correlations, five iterations of bootstrapping were performed on each

Evans-Polanyi correlation.
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Figure 4.4.4. Sample bootstrapped Evans-Polanyi correlations of the gemdiol formation step.
(a). Overall correlation, (b). € =4, (¢). e = 20, (d). e =40, (e). € = 80.

Evaluation of the bootstrapping sensitivity analysis on the overall Evans-Polanyi

correlation indicated that all five iterations yielded correlations that could be classified as either
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moderate or strong (0.66 < R? < 0.73).372l However, of the five iterations, only the fifth iteration
yielded an R? value that was less than 0.7. While the R? value associated with the fifth bootstrapped
correlation still falls within the category of moderate linear strength, we sought to identify the
cause of the decrease in linear strength of this correlation compared to the other bootstrapped
iterations. Through our analysis, we determined that the fifth bootstrapped iteration was the only
trend generated through the random removal of the outlier Arg-Asp at the dielectric associated
with hydrophobic residues. As we previously mentioned, the activation barrier of Arg-Asp at € =
4 was found to be a significant outlier within our modeled system and likely influences the strength
of the generated correlations. Therefore, the R? value of the bootstrapped iteration that randomly
removed Arg-Asp at € =4 would likely be smaller than the iterations which were generated using

Arg-Asp at € =4 as a data point.

Table 4.4.5. Statistical analysis of the overall Evans-Polanyi correlation, as well as the correlations
generated as a function of dielectric, for the gemdiol formation reaction given by sample
bootstrapped correlations.

Correlation [} Ey R? Pearson’s r
Value Value Value p-value Value p-value
Overall 0.89 7.67 0.72 <0.001 0.85 <0.001
4 0.69 10.1 0.77 <0.001 0.88 0.001
20 0.83 8.57 0.71 <0.001 0.84 <0.001
40 0.80 8.85 0.72 <0.001 0.85 <0.001
80 0.50 13.8 0.36 0.00 0.60 0.04

In addition to analyzing the impact of the bootstrapping sensitivity method on the overall
Evans-Polanyi correlation, we evaluated the dielectric-specific correlations to analyze how the
linear strength of each modeled generalization was impacted by bootstrapping. Through this
analysis, we determined that, similar to the initial Evans-Polanyi correlations, the linear trend at
the dielectric associated with pure water was the weakest of the five generated correlations. As we

previously mentioned, the variability associated with the enthalpy of reaction and activation barrier
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is lowest at € =80, suggesting that the trend is not dependent on the value of one particular data
point. Therefore, while the linear strength of the correlations ranged from weak (R? = 0.36, p =
0.00) to moderate (R? = 0.50, p < 0.001), it is likely that the predictiveness of the model will not
be as strongly impacted by the replacement values of the randomly removed data points.7!: 372!

Similarly, our hypothesis that the linear strength of the Evans-Polanyi correlation generated
at € =4 was a consequence of the outlier Arg-Asp was supported by the trends achieved by each
bootstrapping iteration. A correlation was found to exist between the presence of Arg-Asp as a
removed data point and the linear strength of the bootstrapped correlation, similar to the decrease
in linear strength observed in the fifth bootstrapped iteration of the overall correlation. Specifically,
correlations that did not randomly replace Arg-Asp were found to exhibit strong linearity (R? >
0.84, p <0.001), while correlations that did randomly replace Arg-Asp decreased in linear strength
(0.739 <R%?<0.77, p < 0.001).57": 372 Therefore, it is likely that the presence of Arg-Asp, in the
correlation causes an over prediction of the slope.

Of the four dielectric-dependent Evans-Polanyi correlations, the bootstrapped trends at € = 20
and € = 40 were found to both exhibit moderately strong to strong linearity and not be dependent
on a singular data point within the correlation.?”!: 372 As a result, we hypothesized that the
prediction error of the bootstrapped iterations at these dielectrics would be similar in nature to the
prediction error exhibited by the overall data set.
4.4.iii.c. Model Predictiveness

As we previously indicated, the data points that are randomly removed from the bootstrapped
correlation are used to represent the population through which the correlation would be applied to,
and the prediction error is the difference between the original value and the replacement value

generated by the bootstrapped correlation.[>*!] Therefore, to analyze the predictiveness of our
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generated Evans-Polanyi correlations we computed the average, absolute error between the
activation energies predicted through the bootstrapped correlation and the activation energies
computed by CalcK (Figure 4.4.6). As we previously noted, the five bootstrapped iterations of the
Evans-Polanyi correlation for the overall data set exhibited moderately strong linearity. As a result,
the prediction error associated with the overall correlation was found to be less than 2.000

kcal.mol! regardless of the bootstrapping iteration.

] [ ]All Samples
38 =4
3.4 B < = 20
3.2 B =40
5 .-

AError (kcal.

v01 v02 v03 v04 v05

Bootstrapping Iteration

Figure 4.4.6. Bar chart of the average and absolute value of AError (Ea,predicted - EA,computed) as a
function of the bootstrapped iteration. Ea,predicted refers to the activation barriers predicted by the
boostrapped correlations, while Ea,computed is the value calculated from quantum chemical
calculations and statistical thermodynamics.

Of the four modeled dielectric Evans-Polanyi correlations, the weakest bootstrapped trends

exhibited the lowest prediction error. As we previously mentioned, the standard deviation
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associated with the enthalpy of reaction and activation barrier was lowest at € = 80. Therefore, it
is likely that there were no data points within the correlation that the prediction accuracy was
dependent on. Similarly, the bootstrapped correlations at € = 4 exhibited the strongest linearity,
but the greatest prediction error. The greater prediction error associated with the five bootstrapped
trends at € = 4 is likely a consequence of the dependency of the Evans-Polanyi correlation on the
Arg-Asp outlier. As we previously noted, the correlations that randomly replaced Arg-Asp had
lower R? values relative to the correlations that did not resample the outlier. However, the
prediction accuracy at € = 4 was found to be lower relative to the other correlations regardless of
the presence of Arg-Asp as a replaced data point. Specifically, correlations that randomly removed
Arg-Asp significantly under predicted the activation barrier of the reaction, but were more accurate
in predicting the values of the other data points. Similarly, the correlations that included Arg-Asp
resulted in activation barriers that were over predicted by about 3.000 kcal.mol™!. Therefore, it is
likely that the inaccuracy of these correlations relative to the other generated Evans-Polanyi trends

is representative of the dependence on the Arg-Asp outlier at € = 4.

Four of the five bootstrapped iterations at € = 20 were found to yield an average prediction
error that was similar to the prediction error exhibited by the correlations at € = 80 and for the
overall data set. The fourth bootstrapped iteration yielded an average error that was about double
the prediction error of the other bootstrapped iterations, and can be attributed to under predicting
the activation barrier of a dipeptide that does not exhibit Evans-Polanyi energetics (Glu-Gly) by
4.887 kcal.mol™!. Similarly, the greatest average prediction error at &€ = 40 was observed for a
correlation that randomly replaced the Ala-Lys and Glu-Gly activation energies. The fifth
bootstrapping iteration at € = 40, which also exhibited a high average prediction error relative to

other correlations, was the only trend that did not randomly remove a reaction containing a
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nonpolar residue in the C-terminus. Therefore, it is likely that the electrostatic interactions of the

C-terminus residue are not represented by the Evans-Polanyi correlation.

Through our analysis of the average and absolute value of the prediction error associated with
each bootstrapped iteration of our generated Evans-Polanyi correlations, we determined that the
reduced accuracy was a result of either replacing the activation barrier of the reactions found to
not follow Evans-Polanyi behavior, or by replacing the Arg-Asp outlier at ¢ = 4. Therefore, we
determined that our bootstrapped correlations were accurate in predicting the activation barriers of

reactions which follow the Evans-Polanyi principle and are not outliers within our data set. [224 366

367]

4.5. Conclusions and Future Directions

In summary, a robust analysis of the impact of the modeled dielectric upon non-enzymatic
amide hydrolysis via the uncatalyzed, nucleophilic attack of water was completed for the stepwise
reaction mechanism. Rate coefficients and Arrhenius parameters for non-enzymatic dipeptide
hydrolysis at a neutral pH was computed for 168 (42 reactions per modeled dielectric) total
reactions using B3LYP and statistical thermodynamics.!'#!! The predicted rate coefficient of our
proposed rate-determining step was benchmarked against an experimental rate-coefficient to
validate our state of the art computational methodology and solvation model.['*!- %3] As a result,
we determined that the gemdiol formation step of the stepwise mechanism estimated a rate
coefficient that was within one order of magnitude of the value given by Radzicka et al.['**]
Additionally, we found the propensity of the proton transfer reaction to occur via charged or polar
residues, as well as bulk water, to be exhibited by our generated model.[***!

Lastly, a statistically significant linear correlation was generated for the gemdiol formation

step of the stepwise mechanism for the overall data set, as well as for each modeled dielectric. Via
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the modeled Evans-Polanyi correlations, we determined that the activation energies associated
with the gemdiol formation step of non-enzymatic amide hydrolysis could be generalized into
linear trends. Furthermore, five iterations of statistical bootstrapping analysis was applied to the
overall correlation, as well as the correlations generated at each modeled dielectric. While the
linear strength of the modeled correlations ranged from weak to strong, the average associated
error in predicted reaction activation barriers was consistently found to be less than 3.000 kcal.mol
!, and the higher associated error for the two bootstrapped iterations at &€ = 4 was a consequence of
the random removal of the Arg-Asp outlier. Future studies will automate the Evans-Polanyi
correlation so that generalization proposed rate-determining step of non-enzymatic peptide bond
fragmentation can be applied for larger polypeptide structures, and if necessary, a correction factor
can be derived so that the predicted values generated from the correlation can be included in the

generation of a microkinetic model of protein degradation.
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Chapter 5: Towards Pharmaceutical Protein Additive and Stabilizer Screening: A
Theoretical Study on the Effectiveness of Cations towards the Inhibition of Deamidation
via the Succinimide Reaction Pathway

5.1. Background and Motivation

Studies on the impact of additives and stabilizers towards inhibiting protein degradation
are of interest due to the current shelf-life of therapeutic proteins at room temperature. At room
temperature (T ~ 22 — 25 °C), the formulations are more susceptible towards degradation and

107-110] A5 a result, the current approach towards extending the

rapidly lose stability and efficacy.!
stability of the formulation is through lyophilization and long-term storage at low temperatures (-
80 °C < T < -20 °C).[M0- 2151 T yophilized formulations have been noted by previous studies to
increase the shelf-life of mAbs from weeks to years.!''*!""] However, prior studies have also
indicated that the approach can be detrimental to long-term stability due to the stresses
lyophilization places on the polypeptide formulation.['2%-127]

For this purpose, the inclusion of additives and stabilizers has been implemented to reduce

77, 83-85, 93-95, 97-1041 The compounds included as

protein degradation within mAb formulations.!
additives and stabilizers within mAb formulations are classified based on their role in improving
the stability and efficacy of the manufactured product. Sugars such as sucrose and dextrose are
implemented as cryoprotectants during lyophilization of the formulation, while polyols enhance
the conformational stability of the formulation.[3® 93-95: 971021 polymers are also used to reduce
protein self-interaction and the formation of aggregates within the formulation.[**°®! Buffers are
also common stabilizers included in mAb formulations and act to stabilize the formulation pH at
different points of the manufacturing process.[*>*% Furthermore, buffers can also be used to
stabilize the polypeptide by reducing the electrostatic interactions of charged residues on the

surface.[®!- 9%
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However, in the case of Asparagine deamidation, degradation via the succinimide
intermediate reaction pathway is predominant under ambient conditions. (80 82 110 150, I51, 153, 168, 169,
273, 219, 378, 311 Qpecifically, the formation of the succinimide intermediate is a self-promoted,
spontaneous process that first forms a cyclic intermediate that subsequently hydrolyzes into either
Aspartic Acid (Asp) or iso-Aspartic Acid (iso-Asp); where iso-Asp is the preferred product under
ambient conditions.[8% 110. 147,135,169, 279,297, 300, 301, 371 prior studies have indicated that the presence
of iso-Asp within the polypeptide formulation reduces the efficacy of the mAb.!H%: 380381 Tq
combat this issue, a patent was filed by Rehder in 2010 (Document ID: US 20100158908 A1),
where cations were proposed as additives to inhibit the deamidation of Asn residues into iso-Asp
within the mAb formulation.!'% Furthermore, the results highlighted by the patent indicated that

194 However,

the inclusion of CaClz to formulations reduced the rate of succinimide formation.!
fundamental understanding regarding the impact of the cations on the spontaneity of the

succinimide formation reaction was not analyzed (Figure 5.1.1).
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Figure 5.1.1. Multi-scale representation of the impact of cations on inhibiting deamidation via the
succinimide reaction pathway.

For this purpose, we conducted a computational study, using a model dipeptide complexed
with a single cation, to quantify the impact of cations on the spontaneity of the succinimide
formation reaction. This study presents the most probable spin states of 48 cation-dipeptide
complexes of Asparaginyl-Glycine (Asn-Gly) succinimide formation in the conductor-like
polarizability model (CPCM) solvated state. Density functional theory (DFT) at the B3LYP/6-
31+G(2d,2p) level of theory with the GD3 empirical dispersion correction was used to calculate
the electronic and Gibbs free energies at 298 K [187190.246.247] Qelective screening of the effective
cation additives as inhibitors of the succinimide reaction pathway was evaluated via the computed
binding free energies and free energies of inhibition of the site-specific complexes analyzed in this

study.
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5.2. Study Objectives

This study provides a first-principles analysis of the effectiveness of cations as inhibitors
towards the formation of the succinimide intermediate. Specifically, due to the presence of
transition metals within our analyzed complexes, we sought to identify the most energetically
favorable and realistic complexes formed at each proposed site of inhibition. In addition to
identifying the most probable spin states as a function of the cation oxidation state and site of
inhibition, we also sought to validate our proposed model against experimental data. After
verification of the chemical model and computational methodology was completed, we analyzed
how the site of inhibition impacted the binding strength and effectiveness of the cation-dipeptide
complexes towards the inhibition of Asn-Gly succinimide formation. Through this analysis, we
successfully screened seven cations in terms of the effectiveness towards the inhibition of the

succinimide intermediate as a function of the inhibition site of interest.

5.3. Computational Methodology

As we previously mentioned, this study builds upon the foundations of the developed
reaction networks of Asn-X and Gln-X deamidation under ambient conditions. For this purpose,
we implemented a similar base methodology for this study to reduce variability within our analysis

and maintain a self-consistent methodology amongst our developed databases.[8% 141147 251]

5.3.i. Cluster Development and Proposed Cation-Dipeptide Interactions

Cluster development was completed through the hypothesis that only the cation acts as an
additive against deamidation via the succinimide reaction pathway, while the anion acts as charge
stabilizer by forming a salt with the cation. Furthermore, when the formulation is in a solvated
state, the salt dissociates such that the cation exists freely within solution. Of the 19 Asn-X

dipeptides that can participate in deamidation via the succinimide reaction pathway, Asn-Gly has
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been noted to have a higher propensity towards deamidation due to the small, flexible nature of
the C-terminus Gly.[!3! 169 283,386, 387] Therefore, to analyze the effectiveness of cations towards
reducing the spontaneity of the succinimide formation reaction under ambient conditions, all
complexes were formed using the Asn-Gly structures generated in our Asn-X deamidation reaction

network study.®?!

All complexes were modeled via interactions between the cation and the carbonyl
functional group of the amide of interest in accordance to previous studies.***-**!! Analysis of the
site-specific impact of cation inhibition on Asn-Gly succinimide formation was completed via the
location of each complex. As we previously noted, deamidation via the succinimide pathway can
form either Asp-Gly or its more acidic isomer, iso-Asp-Gly; where iso-Asp-Gly is the preferred
product under ambient conditions, 8 147 153, 169,279,297, 300, 301] Formation of the two products occurs
via the hydrolysis of the Asn-Gly succinimide intermediate either at the sidechain carbonyl (Asp-

Gly) or the backbone carbonyl (iso-Asp-Gly).[8% 147 155, 169, 279,297, 300, 301]

Additionally, we sought to identify if the conformation of the backbone impacted the
effectiveness of the cations modeled in this study. Specifically, by manipulating the dipeptide
backbone such that the backbone and sidechain carbonyls are in the same geometric plane. For
site-specific inhibition of Asn-Gly succinimide formation where the reactant structure was not
manipulated, the torsional angle of the uninhibited reactant structure is 65.47° (Co-Cs-C3-Cs), while
the uninhibited reactant structure of the site-specific inhibition involving the presence of the

sidechain and backbone carbonyl groups within the same geometric plane was computed at 73.07°.
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Table 5.3.1. Classification of cations used to form cation-amide complexes for the inhibition of
Asn-Gly succinimide formation.

Cation Classification

Calcium Alkaline Earth Metal
Cobalt First-Row Transition Metal
Iron First-Row Transition Metal
Magnesium Alkaline Earth Metal
Manganese First-Row Transition Metal
Nickel First-Row Transition Metal
Zinc First Row Transition Metal

5.3.2. Quantum Chemical Calculations

250

Quantum chemical calculations were performed with Gaussian 16.2°% All electronic

energies for the protein dipeptides were calculated using the B3LYP method. [8% 141, 147, 246,247, 251,
2321 The electronic wave functions for all structures were optimized as a function of the oxidation
and spin states of the cation of interest.. Geometries and harmonic frequencies of the lowest energy
conformers were determined at the B3LYP/6-31+G(2d, 2p) level with a Grimme D3 (GD3)
empirical dispersion correction to account for van der Waals forces within the modeled

82, 141, 147, 188-190, 246, 247, 253] Qimilar to the Asn-X and GIn-X deamidation reaction

reactions.|
networks, a hybrid solvation method was implemented using implicit solvation, through the
conductor-like polarizable continuum model (CPCM), and a single stabilizing water molecule
interacting with the sidechain oxygen.8% 147 209 3701 Dye to the tedious nature of the spin
multiplicity calculations, only the dielectric associated with pure water (¢ = 80) was included
within our methodology, where future studies will include the electrostatic impact of the other
three modeled dielectrics on the inhibition of the succinimide formation reaction.[82 141, 147. 251]

Evaluation of the binding free energies of the modeled complexes was completed using equation

5.3.1, where AGcompLEx represents the free energy associated with the complex formed between
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the Asn-Gly reactant structure and the cation of interest and AGecation is the free energy of the free
cation within the CPCM solvated environment.
AGBINDING = AGcompLEX — AGAsn-Gly Reactant - AGCation (5.3.1)

The impact of the cations upon inhibiting succinimide formation was studied through
equation 5.3.2, where the inhibition of Asn-Gly succinimide formation is evaluated by the
perturbation of the reaction free energy. Specifically, a comparison of the free energy difference
of the inhibited product and reactant structures relative to the reaction free energy of uninhibited
Asn-Gly succinimide formation.
AGsF,INHIBITED = AGProduct Complex TAGNH3 — AGReactant_Complex (5.3.2)
5.3.iii. Oxidation States and Spin Multiplicity

As five of the seven cations of interest are classified as transition metals (Table 5.3.1), we
sought to determine the impact of their oxidation and spin states upon the electronic energy of our
modeled system, as well as which oxidation and spin states were accurately representative of the
formulation conditions. Rehder defines the oxidation numbers of the cations analyzed within the
patent to all be divalent in nature.['% Evaluation of the transition metals used in biological systems
indicated that Cobalt (Co), Iron (Fe), and Manganese (Mn) were found to frequently exist in both
the +2 and +3 oxidation states, while Nickel (Ni) and Zinc (Zn) were usually found in a +2
oxidation state.[**2-4% Therefore, to achieve a robust analysis of the impact of transition metals on
inhibiting the succinimide intermediate, Co, Fe, and Mn were modeled in their +2 and +3 oxidation
states.

Similar to the oxidation states associated with each of the transition metals analyzed in our
study, the impact of the spin state on the thermodynamics of the succinimide formation reaction

pathway must also be considered. A study by Halcrow noted that the spin state in biological
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systems was representative of the associated ligand.[**!l Prior studies regarding the impact of
metals on biological systems have classified as either ‘A’, ‘B’, or ‘borderline’ based on the ligand
type the metal is most likely to form a complex with.[4%%4%] Alkaline earth metals, such as Calcium
(Ca) and Magnesium (Mg) are referred to as class A metals due to their preference towards ligands
that contain oxygen, while transition metals are classified as ‘borderline’ due to their ability to
bind with either Class A or Class B ligands.[*0*4%4]

As we previously mentioned, this study analyzes how a subset of cations cited by Rehder
impacted the thermochemistry of the cyclic intermediate reaction pathway of deamidation. For this
purpose, while our developed clusters only include our modeled dipeptide and the cation of
interest, the salts formed via the interactions of the cations with their respective ligands can also
be used to indicate the spin state that would be most representative of the physiological system.
For this purpose, we sought to identify the spin states of the cations as a function of the cluster,
where the cation is treated as dissociated from its ligand, as well as a function of its respective salt.
Rehder cited that salts could be formed within the formulation via the ionic interactions of the
cations with CI,, SO4*, CH3COO", and PO4*, where the listed anionic compounds are considered
weak field ligands.!'% 4954081 Therefore, the salt form of the divalent cations is likely to prefer a
high spin state, while the dissociation of the salt within the solution would be more energetically

[406] To achieve a robust analysis of the impact of the spin states on

favorable in a low spin state.
the electronic energies of the Asn-Gly succinimide formation reactant and product structures, the
transition metal complexes were modeled at their low and high spin states; allowing us to identify
the most probable spin state of each cation at each site of inhibition analyzed in this study. Figure

5.3.1. provides the electron configurations of the low and high spin states of the Co(II) and Co(III)

complexes analyzed in this study.
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Figure 5.3.1. Example electron configurations of the low and high spin states of the transition
metals as a function of their respective oxidation states. (a). Co(Il) (low spin), (b). Co(Il) (high
spin), (c). Co(IIT) (low spin), (d). Co(III) (high spin).

The multiplicity associated with each structure is given by Equation 5.3.3:

Spin multiplicity = (n+1) (5.3.3)

Where n is the number of unpaired electrons. A single unpaired electron was present in the
electron configurations of Co(II) and Mn(Il), indicating that the two divalent cations would exist
in the doublet spin state, while Fe(I), Ni(II), and Zn(II) were found to exist in the singlet spin state

when the cations were treated as dissociated within the system. Evaluation of the spin states for
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the cation salts indicated that Co(II) exists in a sextet state, Fe(II) and Ni(Il) in a quintet spin state,
and Mn?" exists in the quartet spin state. Prior studies indicated that Zn(II) exists solely within a
singlet spin state, and as a result only the low spin state was considered.!**”! Furthermore, a study
by Bestgen in 2018 indicated that Zn(II) would behavior similarly to an alkaline earth metal due
to the closed shell nature of its electron configuration.!*!%! As we previously specified, Co, Fe, and
Mn were found to participate in biological processes while in their +3 oxidation states, therefore
we also needed to consider their associated high and low spin multiplicities. At low spin, Co(III)
and Mn(III) exist in the singlet state while Fe(III) exists in the doublet state. Analysis of the high
spin states indicated the associated high spin multiplicity of Co(Ill) is the quintet state, the
associated high spin multiplicity of Fe(Ill) is the quartet state, and the associated high spin
multiplicity of Mn(III) is the triplet spin state.
5.3.iv. Level of Theory and Chemical Model Validation

As we have previously noted, the base methodology implemented in this study was used
to ensure self-consistency within the developed databases and reduce the variability associated
with the comparison of the spontaneity of the cation-dipeptide complexes and the uninhibited
formation of the Asn-Gly succinimide intermediate. However, similar to prior studies, we sought
to validate that the level of theory and chemical model used in this study yielded results that were
an accurate representation of the physical system. For this purpose, we validated our model against
both an experimental and a computational study. An experimental study by Okur et al. provides
the IR frequency associated with the bond stretch of an amide backbone carbonyl complexed with
Ca(II), while the Pluharova study gives an indication of the acceptable error range associated with
the experimental - ab initio comparison.!**% 41! To reduce any variability within our analysis, only

complexes where Ca(Il) inhibits the backbone carbonyl were considered.
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Through this analysis (Table 5.3.2), we determined that the maximum associated error was
present in the reactant structure, where the carbonyl bond stretch was found to be 30.19 cm’!

1.5%91 Evaluation of the disparities between the

greater than the bond stretch reported by Okur et a
ab initio frequencies reported by Pluharova et al. relative to the experimental values given by Okur
et al. indicated that the associated error was about 23 cm™.3% 411l Therefore, as amide-Ca(II)
complexes analyzed by the Okur and Pluharova studies was not Asn-Gly, it is likely that the
additional 7 cm™ of deviation is a result of the modeled system and not the chemical model of level
of theory implemented in this study. For this purpose, we determined that our current methodology
would yield appropriate results of the impact of cations on the inhibition of the Asn-Gly

succinimide formation reaction.

Table 5.3.2. Comparative analysis of the computed and literature IR frequencies of the backbone
carbonyl bond stretches of amide-Ca(1I).1*%)

Computed Literature
Comblex C=0 bond Complex C=0 bond AError (cm™)
P stretch (cm™) P stretch (cm™)
Asn-Gly- Ca(II) SF
Product Amide-
(Cation inhibits 1660 Ca(I) 1645 15.0
backbone carbonyl)
Asn-Gly- Ca(Il) SF
Reactant (Cation Amide-
inhibits backbone 1670 Ca(Il) 1645 250
carbonyl)
Asn-Gly- Ca(II) SF .
Reactant (SGP 1660 ‘%mgﬁe) 1645 15.0
Conformation) a

Validation of our most probable spin state analysis was completed via a qualitative
comparison of the AEnsLs of Fe(Il) complexed with a strong field ligand, as given by the
computational study by Buijs et al.[*%! As we previously noted, carbonyl functional groups are

[412

defined as strong field ligands and would therefore favor the low spin state.[*!?] Evaluation of the
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energetics of the associated Fe-dipeptide complexes indicated that the low spin state was more
energetically favorable, and was validated against the energetics of Fe(Il) complexed with BPY
(2,2’-bipyridine), a strong field ligand.!%%!
5.3.v. Most Probable Spin State

Determination of the most probable electronic spin multiplicity for each of our transition
metals was completed after validation of both our computational methodology and chemical
model. To further validate our findings regarding the impact of different cations upon the inhibition
of Asn-Gly succinimide formation, we conducted a level of theory analysis to identify the most
probable spin state of the transition metal complexes analyzed in this study. Evaluation of the most
probable spin state was conducted for each modeled structure so that the impact of the site of
inhibition on the energetic favorability could be quantified. Specifically, to determine if the site of
cation-ligand binding influenced the spin multiplicity that yielded the most stable complex. For
the purpose of this study, the most stable spin state was defined as the spin multiplicity that did
not cause fragmentation in either the reactant or product structure, and exists in the lowest energy

state.

Table 5.3.3. depicts the most favorable spin state of each transition metal as a function of
its oxidation state and its site of inhibition. Fe was found to prefer the low spin state regardless of
its oxidized form and its site of inhibition, while the other transition metals favored both their low
and high spin states. Co(II) and Ni(II) were found to be more energetically favorable in their high
spin state at all inhibition sites, but, for the complexes where the cation of interest interacts with
the sidechain carbonyl, fragmentation was observed in both the reactant and product structures.
Analysis of the complex structures indicated that fragmentation of the high spin structures at the

dipeptide backbone carbon-carbon bonds was representative of the system attempting to form
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more sigma bonds as an approach towards stabilizing the unpaired electrons present when the
structures were optimized in the high spin state. Therefore, due to the structural instability
observed at the high spin state of these complexes, the low spin state was determined to be more
favorable.

Similarly, the complex formed between Co(III) and the backbone carbonyl of the Asn-Gly
succinimide formation product structure was found to fragment. However, unlike the structural
instability observed by Co(Il) and Ni(II), the fragmentation was not consistent in both the reactant
and product structures. Therefore, due to the conflicting spin state favorability between the reactant
and product structures, we concluded that Co(III) would not be an appropriate additive to inhibit
the formation of iso-Asp-Gly. Similarly, as the structural instability of the Co(II) and Ni(Il)-
sidechain carbonyl complexes was observed in the product structures, the inconsistency of the spin
states between the product structures and the complex formed when the sidechain and backbone
carbonyls were present in the same geometric plane eliminated those complexes from
consideration.

Lastly, the Co(III) and Fe(IIT) complexes formed at the sidechain carbonyl were eliminated
from our analyzed data set due to the observed fragmentation in both the low and high spin states.
Fragmentation of the Co(III) complex was only observed in the reactant structure, while the Fe(III)
complex fragmentation was observed at both the reactant and product structures. Evaluation of the
Co(IIT) sidechain carbonyl complex showed interactions between the cation and the stabilizing
water within the system, suggesting that the oxide formed stabilized the structure against
fragmentation. Prior studies had highlighted the propensity of Fe(IIl) towards fragmentation of the
protein backbone.*** Furthermore, evaluation of the low and high spin structures indicated that no

oxides were formed to stabilize against the unpaired electrons present in both structures. Therefore,
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Fe(III) was eliminated from consideration of effective cations for the inhibition of the succinimide
intermediate at the sidechain carbonyl.

Table.5.3.3. The most probable spin state of the transition metal-dipeptide complexes modeled as
a function of transition metal oxidation state and site of inhibition. ‘Denotes favorability
determined via structural stability instead of via AEms.Ls. 'Denotes structural instability observed
in both the low and high spin states. *Denotes conflicting spin state between reactant and product
structures due to structural instability.

Cation Inhibits Favors
Co(II) Reactant in cis conformation High spin
Co(II) Backbone carbonyl High spin
Co(1I)! Sidechain carbonyl Low spin
Co(IIT) Reactant in cis conformation Low spin
Co(1II)* Backbone carbonyl Low spin
Co(1ID)! Sidechain carbonyl Low spin
Fe(II) Reactant in cis conformation Low spin
Fe(Il) Backbone carbonyl Low spin
Fe(I) Sidechain carbonyl Low spin
Fe(IlI) Reactant in cis conformation Low spin
Fe(I1I) Backbone carbonyl Low spin
Fe(I1ID)! Sidechain carbonyl Low spin
Mn(II) Reactant in cis conformation Low spin
Mn(II) Backbone carbonyl High spin
Mn(II) Sidechain carbonyl Low spin
Mn(I1I) Reactant in cis conformation Low spin
Mn(I1I) Backbone carbonyl Low spin
Mn(I1I) Sidechain carbonyl Low spin
Ni(II) Reactant in cis conformation High spin
Ni(II) Backbone carbonyl High spin
Ni(II)' Sidechain carbonyl Low spin

5.4. Results and Discussion
5.4.i. Structures

All cation-dipeptide complexes were modeled using the same hybrid solvation
methodology as our prior studies on deamidation to ensure that the Gibbs free energies of our
modeled complexes were consistent with those observed in the uninhibited Asn-Gly succinimide

formation reaction. Therefore, all structures included a single water acting as a passive stabilizer
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at the N-terminus Asn carbonyl. The position of the cation of interest relative to Asn-Gly was
representative of the site of inhibition, where three types of complexes are formed. The first
modeled complex prohibits the formation of Asp-Gly through the succinimide reaction pathway,
where the cation of interest interacts with the sidechain carbonyl of the N-terminus Asn (Figure
5.4.1.a). Similarly, to inhibit the formation of iso-Asp-Gly via the succinimide reaction pathway,
the cation of interest forms a complex with the backbone carbonyl (Figure 5.4.1.b). The last cation-
dipeptide complex situates the cation between the sidechain and backbone carbonyls, where the
reactant structure has been manipulated such that the sidechain and backbone carbonyls are in the
same geometric plane (SGP), and the product structures are determined via the inhibition site of
interest (Figures 5.4.1.c and 5.4.1.d). The bond lengths observed between the cation of interest and
the corresponding carbonyl oxygen were found to be consistent with previously reported values
(AError < 0.2A).[4134211 Of the structures analyzed, the complex formed between Ni(Il) and the
backbone carbonyl was found to have a significantly different value relative to the literature, and

can be attributed to the stability of the structure in its high spin state.[4?"]
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Figure 5.4.1. Sample ball and stick representation of the three different types of cation-dipeptide
interactions to inhibit Asn-Gly succinimide formation. (A). Cation inhibits sidechain carbonyl: (i).
Reactant structure, (ii). Product structure; (B). Cation inhibits backbone carbonyl: (i). Reactant
structure, (ii). Product structure; (C). Cation inhibits sidechain carbonyl, cis conformation: (i).
Reactant structure (cis conformation), (ii). Product structure; (D). Cation inhibits backbone
carbonyl, cis conformation: (i). Reactant structure (cis conformation), (ii). Product structure.
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Evaluation of the reactant structures of the three different types of site-specific inhibition
analyzed within this study indicated that the two of the three typical types of cation coordination,
noted in prior studies, are observed.!*!® 4224251 A5 denoted by Deacon and Phillips in 1980, the
three types of cation-amide coordination are “unidentate, bidentate, and bridging”, where the type
of coordination is denoted by the number of oxygen atoms interacting with the cation as well as
the positioning of the formed complex.[*!¢ 422425] Unidentate coordination is observed at all Asn-
Gly succinimide formation product structures regardless of the inhibition site of interest, where
the distance between the cation of interest and the carboxylic acid of the C-terminus Gly residue
is greater than 3.7A. Examination of the complexes where bidentate coordination was observed
indicated that 1.80 A < Cation-COO" < 2.37 A, suggesting that the observed coordination of the
cation-amide complex formation in the reactant structures is determinant on cation proximity to
multiple carbonyls. Inverse bridging is observed in the Asn-Gly succinimide product structure of
the complexes formed at the sidechain carbonyl oxygen, where, instead of a ligand forming a
complex with two cations, the cation of interest forms a complex with the sidechain carbonyl
oxygen and the stabilizing water molecule within the system.[4?% 4244261 The interactions observed
between the stabilizing water and the cation-carbonyl complex suggests further stabilization within
the system, where the cation of interest attempts to form a metal oxide with the stabilizing

water. [427-429]

5.4.ii. Site-Specific Binding Free Energies

The binding free energies of the site-specific complexes evaluated in this study are present
in Table 5.4.2. Prior studies have indicated that the associated free energies of protein binding are
spontaneous, where the affinity of the cation towards forming a complex with the carbonyl of

interest is reflected in its spontaneity.[***44"] Furthermore, previous studies have indicated that
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irreversible binding was often found in strongly exergonic reactions, while weaker binding was
found to be reversible.*#!: 4421 The irreversibility of inhibitors complexed with proteins has been
found to induce adverse effects among administration, as well as reduce efficacy due to the stability
of the formed complex.[***-**1 Evaluation of the associated AGeinpinG of protein-ligand complexes

in the literature indicated that a free energies of binding were not greater than -30 kcal.mol’,

therefore we considered all binding energies greater than this value to be irreversible.

[430-440]

Table 5.4.2. Computed binding free energies of the cation-dipeptide complexes formed for the
site-specific inhibition of Asn-Gly succinimide formation.

Backbone and Sidechain
Sidechain Carbonyl Backbone Carbonyl Carbonyl in Same
Geometric Plane

. AGBINDING . AGBINDING . AGBINDING

e e e e T e e T )
Ca(Il) -3.03 Ca(Il) -3.41 Ca(I) -7.45
Co(I) -50.3 Co(II) -75.5 Co(Il) -84.3
Fe(Il) -33.6 Fe(Il) -17.5 Co(IIT) -187
Mg(II) -20.5 Fe(I1D) -181 Fe(Il) -71.3
Mn(1II) -60.1 Mg(1II) -13.1 Fe(III) -184
Mn(I1I) -125 Mn(II) -19.5 Mg(II) -34.6
Ni(II) -64.1 Mn(11T) -144 Mn(1I) -65.2
Zn(1I) -21.6 Ni(ID) -87.1 Mn(11I) -158
Zn(1l) -12.8 Ni(II) -114
Zn(II) -35.8

Evaluation of the three sites of inhibition indicated that the weakest complexes were
formed by the interactions of Ca(Il) and the Asn-Gly reactant structure, regardless of the site of
inhibition. Prior studies have indicated that Ca(Il) forms weak bonds with amide carbonyls.[*3% 411
4461 Fyrthermore, it was the only cation to be cited by Rehder to be effective in reducing the rate of
succinimide formation, suggesting that the binding of the additive to the carbonyl of interest is

reversible.'® Evaluation of complexes formed between the cations of interest and the dipeptide

functional groups at each of three specified sites indicated that the binding free energies of the
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cation-dipeptide complexes could be split into two groups: cations classified as or exhibiting
behavior similar to alkaline earth metals, and cations that are classified as transition metals. As we
previously noted, Zn(II) has been noted by Bestgen to exhibit behavior similar to alkaline earth
metals due to the closed shell nature of its electron configuration.[*!”? Additionally, an experimental
spectroscopy study by Okur et al. in 2013 evaluated the binding of alkaline earth metals to the
peptide backbone, where weak binding was exhibited between the cation of interest and the peptide
backbone.*®"! Furthermore, a study by Song indicated that the open shell nature of the d-orbital of
transition metals would result in more stable binding relative to the complexes formed by other

[447

metals and proteins.[**”] As a result, stronger binding free energies would be observed by the

complexes formed by transition metals.

Analysis of the complexes formed at the backbone and sidechain carbonyls indicated that
both the oxidation number and cation coordination impacted the binding free energies.
Specifically, the binding free energies of the +3 oxidative species were found to double the binding
free energies of the +2 oxidative species, and can be attributed to the electrostatic forces exhibited
by the higher oxidation number.[#4%]

As we previously noted, the complexes formed at the sidechain carbonyl were found to
observe bidentate coordination in the reactant structure of Asn-Gly succinimide formation, and
observed a greater affinity for binding relative to the complex formed at the backbone carbonyl.
Prior studies have indicated that bidentate coordination is more favorable than unidentate
coordination, and this was observed for four of the seven complexes with an oxidation number of
+2.1491 The three complexes that were found to deviate from the trend were Ca(II), Co(II) and

Ni(I), where Ca(II) observed unidentate coordination at both binding sites and was found to

exhibit similar binding free energies. The higher affinity for complex formation observed by Co(II)
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and Ni(II) can be attributed to our evaluation of the most probable spin state, where the structural
instability of the complexes at their respective high spin states resulted in the low spin state
energies being used in our analysis.

Evaluation of the binding free energies at this site suggests that the bidentate coordination
observed by all cations improves the binding affinity of the complexes because of the proximity
of both carbonyls to the cation of interest when present in the same geometric plane.[**”! The Ca(II)
complex formed when the backbone and sidechain carbonyls are in the same geometric plane was
found to be twice as strong as the Ca(Il) complexes formed at the backbone and sidechain
carbonyls. Additionally, it was significantly weaker than the complexes formed by the other
cations analyzed at the specified site of inhibition. Prior studies have indicated that complexes
formed by Ca(Il) and neutral groups are more energetically stable through unidentate coordination
compared to bidentate coordination.[**” Therefore, it would not have as strong an affinity as the
other cation complexes formed when the backbone and sidechain carbonyls are in the same

geometric plane.

5.4.iii. Impact of Site-Specific Cation Amide Complexes for the Inhibition of Asn-Gly
Succinimide Formation

Rehder determined that the inclusion of CaClz to the formulation was found to successfully
inhibit the formation of iso-Asp via the succinimide formation pathway.!'® Specifically, the rate
of succinimide formation was slowed after the inclusion of the additive within the formulation.*3”]
As we previously noted, the driving force of the succinimide reaction pathway is its spontaneity
under ambient conditions.[3% 273271 Therefore, it is likely that the inclusion of the cation to the
mAb formulation impacts the spontaneity of the succinimide formation reaction and, as a result,

[104]

reduces the kinetics associated with the formation of the intermediate. For this purpose,
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evaluation of the screened cations as effective inhibitors of Asn-Gly succinimide formation was
completed by comparing the inhibited and uninhibited free energies of succinimide formation.
5.4.iii.a. Inhibition of Asp-Gly Formation via the Succinimide Reaction Pathway

Of the eight complexes where the cation of interest inhibits the sidechain carbonyl, only
Fe(Il) was found to be ineffective in reducing the spontaneity of the formation of the Asn-Gly
succinimide intermediate (Table 5.4.3, Figure 5.4.2). The Gibbs free energy of succinimide
formation associated with Asn-Gly complexed with Fe(Il) was found to be about twice as
spontaneous as the uninhibited reaction, suggesting that the cation acts as a promoter instead of an
inhibitor at this site. A study by Gangwar et al. had noted that the presence of Fe(II), Mn(II), and
Ni(Il) in the media of the cultured CHO cells resulted in the formation of more acidic species
within the formulation, such as Asp-Gly and iso-Asp-Gly.*>!) Furthermore, previous studies have
indicated that Asp is a strong ligand for iron binding in physiological processes.[**2434 Therefore,
it is likely that Fe(II) would promote the formation of a product that it can form a strong complex
with, Asp-Gly. Similar to the observed free energies of binding between the carbonyl of interest
and the cation, the free energy associated with the formation of the succinimide intermediate at the
+3 complexes doubled the free energies observed at the complexes formed at the +2 complexes.
As we previously noted, the +3 oxidation state experiences a stronger electronegative force

48] Therefore, it is likely that the stability of the complex

compared to the +2 oxidation state.!
formed by the reactant structure inhibits the self-promoted formation of the succinimide

intermediate.
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Table 5.4.3. Ranked AGmmuisiTioN of cations inhibiting Asn-Gly succinimide formation (cation
inhibits sidechain carbonyl).

AGINHIBITED > Ranking [Strongest
Cation AGsr (keal.mol™) AGUNINHIBITED to weakest
(kcal.mol!) > inhibition]
Uninhibited -4.70 N/A N/A
Mn(I1I) 11.0 Yes 1
Mn(II) 6.66 Yes 2
Ni(II) 2.60 Yes 3
Co(II) 1.64 Yes 4
Mg(II) 0.62 Yes 5
Ca(I) -1.94 Yes 6
Zn(II) -3.99 Yes 7
Fe(I) -9.64 No 8

Evaluation of the Cation®" complexes indicated that all complexes, aside from Fe(II),
exhibited weak inhibition of succinimide formation. Furthermore, only the Ca(Il) and Zn(II)
complexes were found to yield a spontaneous AGsr. As we previously noted, prior studies have
noted that Ca(Il) binds weakly to amide carbonyls.[*¥ 411. 4461 Therefore, it would not be as
effective an inhibitor as the other cations complexed with the sidechain carbonyl. Zn has been
identified as a cofactor for the deaminase enzyme class, a class of enzymes that produce ammonia
from amides via the Zn coordinating with water to hydrolyze the amide.[**> 43¢ Given that the
complex formed at the sidechain carbonyl would inhibit the formation of Asp, the only product of
deamidation via the direct hydrolysis reaction pathway, it is likely that Zn would be a less effective
inhibitor at this site.[8% 82, 129, 147, 149-153, 242-244, 277] Eyyrthermore, evaluation of the AGsr associated
with Ca(Il), Mg(Il), and Zn(II) relative to the AGsr associated with the transition metal-SC
complexes indicated that the trends observed in the binding free energies impacted the
effectiveness of the cation as an inhibitor of Asp-Gly formation. Specifically, the stability of the
transition metal dipeptide complexes, relative to the complexes formed by alkaline earth metals,

resulted in a greater impact on the spontaneity of the Asn-Gly succinimide formation reaction.
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Figure 5.4.2. Bar plot of AGinuisiTION Of cations inhibiting Asn-Gly succinimide formation (cation
inhibits sidechain carbonyl).

5.4.iii.b. Inhibition of iso-Asp-Gly Formation via the Succinimide Reaction Pathway

Of the nine complexes where the cation of interest inhibits the backbone carbonyl, only
Ni(I) was found to be ineffective in reducing the spontaneity of the formation of the Asn-Gly
succinimide intermediate (Table 5.4.4, Figure 5.4.3). As we previously noted, Ni(IT) was cited as
a metal within the CHO cell culture medium that promoted the formation of acidic species during
mAb manufacturing.[**! Furthermore, unidentate coordination was observed in both the reactant
and product structures of the complexes formed at the backbone carbonyl. As a result, it is likely
that the cation would promote succinimide formation when interacting at the backbone

carbonyl.[*#]
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Table 5.4.4. Ranked AGmmuisiTioN of cations inhibiting Asn-Gly succinimide formation (cation
inhibits backbone carbonyl).

AGINHIBITED > Ranking [Strongest
Cation AGsr (keal.mol™) AGUNINHIBITED to weakest
(kcal.mol!) > inhibition]
Uninhibited -4.70 N/A N/A
Mn(I1I) 47.1 Yes 1
Fe(III) 18.1 Yes 2
Co(I) 8.23 Yes 3
Fe(II) 3.99 Yes 4
Mn(1I) 2.51 Yes 5
Mg(II) 2.36 Yes 6
Zn(II) 1.90 Yes 7
Ca(I) -1.14 Yes 8
Ni(II) -7.47 No 9

Evaluation of the complexes formed at the backbone carbonyl indicated that similar trends
were observed at both the backbone and sidechain carbonyl complexes. Specifically, the
complexes formed by cations with a +3 oxidation state were twice as inhibitive as those with a +2
oxidation state. Furthermore, Zn(Il) and Ca(Il) were found to be the weakest inhibitors of
succinimide formation when complexed with the backbone carbonyl. However, the inhibition of
the Zn(II) complex was found to be endergonic instead of exergonic, suggesting that the Zn(Il)
would be more effective for inhibiting the formation of iso-Asp-Gly due to its role as a cofactor
for hydrolytic removal of ammonia.[*>> 4] Similar to the complexes formed between the cation of
interest and the sidechain carbonyl, the weak effectiveness of the complexes formed by Ca(II),
Mg(II), and Zn(II) relative to the transition metal complexes indicates that the behavior of the

cation of interest directly impacts its effectiveness in inhibiting iso-Asp-Gly formation.
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Figure 5.4.3. Bar plot of AGiNuisiTION Of cations inhibiting Asn-Gly succinimide formation (cation
inhibits backbone carbonyl).

5.4.iii.c. Inhibition of Asp-Gly and iso-Asp-Gly Formation via the Succinimide Reaction
Pathway when the Backbone and Sidechain Carbonyls are in the Same Geometric Plane

Evaluation of the structural impact of manipulating the Asn-Gly reactant structure so that
both the sidechain and backbone carbonyls are in the same geometric plane indicated that the
uninhibited reactant structure promoted succinimide formation (Table 5.4.5, Figure 5.4.4). A study
by Liu et al. indicated that succinimide formation was more readily observed in protein splicing
when the sidechain carbonyl of a neighboring Asn residue was in a position to interact with the
backbone carbonyl, suggesting that the conformation of the interacting residues impacted the rate

[457

of succinimide formation.!*3’! Given that the distance between the carbonyls decreases by over 1A

when the dipeptide backbone is manipulated to put both functional groups in the same geometric
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plane, it is likely that the sidechain carbonyl promotes succinimide formation when a cation

inhibitor is not present within the system.

Table 5.4.5. Ranked AGinuisiTION Of cations inhibiting Asn-Gly and iso-Asp-Gly succinimide
formation, backbone and sidechain carbonyls in same geometric plane in reactant structure).

AGINHIBITED > Ranking [Strongest
Cation AGsr (kcal.mol™) AGUNINHIBITED to weakest
(kcal.mol ') inhibition]

Uninhibited -4.70 N/A N/A
Mn(I1I) [iso-Asp] 60.6 Yes 1
Fe(II) [iso-Asp] 57.2 Yes 2
Mn(III) [Asp] 44.0 Yes 3
Fe(I) [Asp] 27.5 Yes 4
Zn(II) [iso-Asp] 24.4 Yes 5
Mg(II) [iso-Asp] 233 Yes 6
Fe(IlI) [iso-Asp] 21.1 Yes 7
Co(III) [Asp] 20.5 Yes 8
Ni(II) [iso-Asp] 18.8 Yes 9
Co(II) [i1so-Asp] 16.5 Yes 10
Mg(II) [Asp] 14.2 Yes 11
Mn(II) [Asp] 11.2 Yes 12
Zn(1I) [Asp] 9.68 Yes 13
Ca(1Il) [iso-Asp] 2.33 Yes 14
Ca(Il) [Asp] 1.90 Yes 15
Uninhibited, SGP -5.27 No 16

Evaluation of the cation-amide complexes formed when the dipeptide backbone and
sidechain carbonyls are in the same geometric plane indicated that all free energies were
endergonic and greater than the free energies observed by the complexes formed at the backbone
and the sidechain carbonyls. As we previously noted, the SGP complexes observed greater binding
affinity due to bidentate coordination, and the coordination was found to be more stable due to the
closer proximity of the carbonyls to the cation of interest.[**”! Therefore, it is likely that the
enhanced stability of the complexes formed in the reactant structure deters Asn-Gly from

spontaneously cyclizing into the succinimide intermediate.
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Similar to the observed binding free energies, AGsr of the observed Ca(Il) complexes were
significantly smaller compared to the other complexes formed at the specified site. As we
previously noted, Ca(Il) is the only cation cited by Rehder for successfully reducing the rate of
succinimide formation, and we hypothesized that this was due to the ability of the cation to bind
weakly to the amide carbonyl.['* Furthermore, prior studies have indicated that complexes formed
by Ca(Il) and neutral groups are more energetically stable through unidentate coordination
compared to bidentate coordination.[**”] Therefore, the formation of the succinimide intermediate

at these complexes would not be non-spontaneous as those formed by the other cations.
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Figure 5.4.4. Bar plot of AGmuisiTion of cations inhibiting Asp-Gly and iso-Asp-Gly succinimide
formation (backbone and sidechain carbonyls in same geometric plane in reactant structure).

5.4.iv. Screening of Cations for Successful Inhibition of Asn-Gly Succinimide Formation
Screening of the cations noted by Rehder was contingent on two metrics — probability of
reversible binding and effectiveness in reducing the spontaneity of the Asn-Gly succinimide
formation reaction. Through the development of three different complexes, we achieved a site-
specific analysis of the effectiveness of each cation. For the inhibition of Asp-Gly formation via
the succinimide reaction pathway, the complexes formed by Ca(Il), Mg(Il), and Zn(II) were the
only complexes that met both criteria. In addition to these three cations, the complexes formed by

Fe(II) and Mn(II) were found to successfully inhibit iso-Asp-Gly formation.
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Evaluation of the differences between the two complexes suggests that the type of cation
coordinate observed between the two sites was most impactful, where prior studies have indicated
Fe and Mn are more stable in the bidentate coordination, as represented by their respective binding
free energies.[*>* *°1 Furthermore, the role of Zn(Il) as a cofactor for deaminases indicated that it
would be a more effective inhibitor of iso-Asp formation relative to Asp formation.[** 4% Lastly,
the manipulation of the backbone such that the backbone and sidechain carbonyls were present in
the same geometric plane increased reaction spontaneity while uninhibited. However, the bidentate
coordination observed between the backbone and sidechain carbonyls increased binding affinity
such that only the complex between Ca(Il) and the dipeptide would be reversible. Therefore, the

inhibition of the succinimide intermediate at this site would be undesired.

5.5. Conclusions and Future Directions

In summary, a theoretical investigation on the effectiveness of cations as inhibitors of Asn-
Gly deamidation via the succinimide reaction pathway was completed, and a database of cation-
dipeptide complexes was generated at the modeled dielectric associated with bulk water.
Evaluation of the impact of the cations on reducing the spontaneity of Asn-Gly succinimide
formation was achieved through a site-specific approach, where the 48 cation-dipeptide complexes
were representative of the three major sites of inhibition: the sidechain carbonyl, the backbone
carbonyl, and when the two carbonyls are present in the same geometric plane. Model validation
was achieved by comparing the bond stretch of the Ca(Il)-backbone carbonyl to experimental

(389, 406] Evaluation of the

results, as well as the most probable spin state of the Fe(Il) complexes.
site-specific binding free energies indicated that the strongest energy was observed for complexes

including cations with a +3 oxidation state, while bidentate coordination was found to improve the

binding affinity of the cation-dipeptide complexes, and similar energetic trends were observed in
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the inhibition of the succinimide intermediate.!**% 44°1 Additionally, the complexes formed with
transition metals were found to bind more strongly and have a greater impact on reducing the
spontaneity of the reaction than the complexes exhibiting alkaline earth metal behaviour; where
the observed trends are representative of more stable complexes formed between the transition
metals and proteins.!**”!

Lastly, screening of cation effectiveness towards reducing the formation of the succinimide
intermediate indicated that three parameters impacted if the cation of interest was likely to bind
reversibly and effectively reduce the spontaneity of Asn-Gly succinimide formation. The
complexes formed at the backbone carbonyl were found to be more effective than those formed at
the sidechain carbonyl due to the observed cation coordination in the reactant structure, while the
+3 oxidation state was found to produce the strongest inhibition at both complexes. Additionally,
the complexes formed using Ca(Il) were found to be the weakest effective inhibitors regardless of
the site of inhibition, and can be attributed to the propensity of the cation towards unidentate
coordination.[*3%! Future studies will expand the generated database to include the other three
dielectrics modeled in prior studies completed by our group so that the electrostatic impact can be
analyzed. Additionally, complexes with other C-terminus amino acids will be modeled to

determine if cation effectiveness is contingent on the sidechain functional group of the C-terminus

residue.
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Chapter 6: Towards Pharmaceutical Protein Stabilization: Generalizing the Energetics of
Non-enzymatic Peptide Bond Fragmentation during the Alkaline Wash Step of
Downstream Manufacturing

6.1. Background and Motivation

pH-dependent studies on protein degradation are of interest due to the environmental
factors associated during the downstream manufacturing portion of the pharmaceutical protein
manufacturing pipeline. Downstream manufacturing of mAbs focuses on the extraction and
purification of the mAb from its host cell culture, and can be broken up into three criteria —
extraction, purification, and polishing.[> 469-4641 Extraction and purification of the protein of
interest from its host cell culture occurs under both acidic and basic conditions,[6>-¢7- 70-72.74.76. 81,
4654731 Specifically, through a methodology patented by Breece et al. in 2003 (Patent ID:
EP2048154).14%1 Specifically, a wash step is included to the accepted protein elution technique,
protein A chromatography, to purify the mAb from any impurities prior to its elution from the
column.*®! This methodology was then expanded to more alkaline conditions, and used as a
technique for reducing aggregation and protein self-association during protein extraction, where
the wash buffer pH ranged from 9 < pH < 12 (Patent IDs: SG10201908027Q (Wang) and
W02016031932 (Yamanouchi)).[7- 684701

While it was determined that the inclusion of the alkaline wash step within protein A
chromatography was favorable for reducing aggregation, multiple studies have found
perturbations in the system pH to negatively impact protein stability and increase the rate of protein

[138, 142, 145, 470, 476-481

degradation. I ' Within the mAb, the hinge region is an area of the protein that is

138, 145, 4761 Fyrthermore, the hinge

most significantly impacted by changes in pH (Figure 6.1.1).!
region is prone towards structural degradation, where fragmentation of peptide bonds within the

polypeptide chain leads to structural instability.[128 138 142-145.476 Dy ring the alkaline washing stage
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of downstream manufacturing, peptide bond fragmentation occurs through the electrophilic attack

of OH", and the propensity of the polypeptide towards fragmentation under basic conditions is

likely representative of the electrostatic interactions observed within the reaction,!!42-144 3331
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Figure 6.1.1. Multi-scale representation of non-enzymatic peptide bond fragmentation on hinge
region fragmentation as a function of the pH ranges associated with the alkaline wash stage of
mAb downstream manufacturing.

A study by Kumar and Nussinov classifies the interactions within a protein structure as
either “specific” or “non-specific”, where electrostatic interactions are defined as the first category
and can contribute towards protein stability.[*** Specifically through the salt bridges and hydrogen
bonds that polar or charged residues can form with each other and with the solvated

[138, 482-484] However, the electrostatic interactions observed within the polypeptide

environment.
structure can also be destabilizing, such as the repulsive nature between two like-charged

residues.[*® 4861 Therefore, it is critical to account for the impact of the different residue

functionalities upon reaction energetics. The advancement of bioinformatics have provided new
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insights towards how the structural integrity of the hinge region can be affected by the amino acid

(1631 As a result, the impact of electrostatic

residues most prevalent within the hinge region.
interactions on non-enzymatic peptide bond fragmentation under basic conditions can be modeled
using amino acids that are most prevalent within the hinge region. Furthermore, the
thermochemical and kinetic parameters predicted for those reactions can be used to generalize the
energetics associated with the reaction.

For this purpose, we conducted a computational study, using a subset of dipeptides, to
predict the thermochemistry and kinetic parameters of the acidic and basic non-enzymatic peptide
bond fragmentation mechanisms. This paper presents the thermochemical and kinetic properties
non-enzymatic peptide bond fragmentation under basic conditions (180 reactions (Appendix D)
per modeled dielectric, 720 total reactions) in the conductor-like polarizability model (CPCM)
solvated state, i.e. standard enthalpies of reaction, standard entropies of reaction, Gibbs free
energies of reaction, activation energies, and kinetic rate constants. Density functional theory
(DFT) at the B3LYP/6-31+G(2d,2p) level of theory with the GD3 empirical dispersion correction
was used to calculate the electronic energy, and then statistical thermodynamics was applied to all
fragmentation reactions to determine temperature effects on the reaction.[8% 141, 147, 187-190, 246, 247]
All thermochemical properties were calculated at standard pressure and temperature to reduce
external variabilities. Furthermore, a statistically significant generalization was achieved so that

the activation energy of the proposed rate-determining step of the dipeptide fragmentation reaction

of interest could be predicted from its reaction enthalpy.

6.2. Study Objectives

In this study, the impact of the non-enzymatic peptide bond fragmentation on the stability

of the hinge region of the mAb was analyzed relative as a function of the alkaline wash stage of
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downstream manufacturing. As we previously specified, the purpose of the compiled works is to
analyze the impact of different stages of the mAb manufacturing pipeline on functional and
structural degradation. During downstream manufacturing, where the proteins are subjected to
perturbations in pH, structural degradation is the more prevalent than functional degradation.
Especially in the hinge region, where fragmentation of the peptide bond within the polypeptide
chains results in structural instability. For this purpose, we leveraged our understanding of peptide
bond fragmentation, from our study under ambient conditions, to determine if the energetics of the
proposed rate-determining step of peptide bond fragmentation could be generalized under the
environmental conditions associated with the alkaline wash step of the mAb downstream
manufacturing. Furthermore, by modeling dipeptide reactions that only contained the nine amino
acids that occur at the highest frequency within the hinge region, we were able to analyze the
impact of these amino acids on reaction energetics. Specifically, we sought to determine how the
residue functional groups and the position of the residue of interest within our modeled dipeptide
influenced the rate coefficients of peptide bond fragmentation. Overall, this study examines the
reaction energetics of the basic mechanism of peptide bond fragmentation and identifies key

correlations that can be used to generalize the reaction behavior of these mechanisms.

6.3. Computational Methodology

As we previously mentioned, this study builds upon the foundations of the developed
reaction network of non-enzymatic peptide bond fragmentation under ambient conditions. For this
purpose, we implemented a similar base methodology for this study to reduce variability within

our analysis and maintain a self-consistent methodology amongst our developed databases. 8% 141

147, 251]

183



6.3.i. Proposed Reaction Mechanism and Reaction Class

Modeling of non-enzymatic peptide bond fragmentation under basic conditions was
completed via a stepwise approach, where the electrophilic attack of OH  resulted in the formation
of a five-membered intermediate centered around the peptide bond, and was hypothesized as the

[142] Once the intermediate was formed, a subsequent hydrogen

proposed rate-determining step.
transfer cleaved the central amide bond to form the free amino acids.['**! This mechanism agrees

with experimental studies on peptide bond fragmentation under basic conditions and is depicted in

Figure 6.3.1.
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Figure 6.3.1. Proposed mechanism of non-enzymatic peptide bond fragmentation under basic
conditions. (a). The electrophilic attack of OH to form an intermediate (Proposed rate-
determining). (b). Proton transfer to cleave the central amide bond and form free amino acids in
solution.

As we have previously mentioned, the dipeptide is the smallest model system through

which polyamide peptide bond hydrolysis can be studied. Furthermore, there are 400 possible

dipeptide combinations that can be modeled within the system. To reduce our training set to a more
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manageable number of reactions, as well as to model reactions that are more likely to occur within
the hinge region of the mAb, we derived our model dipeptides from the most frequently occurring
amino acids present in the hinge region. A bioinformatics study conducted by Flores et al.
identified how often each amino acid appeared within the hinge region, where small, flexible
residues such as Glycine (Gly) and Serine (Ser) were the most common occurrences.!!93 164]
Through this study, we were able to identify the 10 amino acids that were most likely to appear
within the hinge region of the protein.['®] Of those 10 amino acids, Aspartic Acid (Asp) and
Glutamic Acid (Glu) were found to occur at the same frequency.!'%*! Therefore, as Asp and Glu
share the sidechain classification of ‘acidic’, we hypothesized that the reaction energetics exhibited
by the pH-dependent hydrolysis of Asp-containing dipeptides would be representative of the
energetics of reactions containing Glu.[*! Through this approximation, we generated a reaction
class of 81 model dipeptides through which pH-dependent peptide bond hydrolysis could be
analyzed. Furthermore, the impact of sidechain functionalities on reaction energetics was taken
into consideration by modeling all but two classifications —thiol-containing and aromatic.?*! The
exclusion of these two functional group classifications was a result of their occurrence within the

hinge region, where Flores et al. determined that aromatic and thiol-containing amino acids were

ranked among the residues least likely to be present.['®*]

Evaluation of residue position on reaction energetics was evaluated through the
development of our reaction class. The basic mechanism of peptide bond fragmentation were
modeled using 81 dipeptides; where each dipeptide contained residues that were cited by Flores et
al. as the most frequent to occur within the hinge region in either the N or C-terminus position of
the dipeptide.['®3) By modeling the interactions of the residues with one another, as well as the

impact of their position in either the N or C-terminus, we achieved a robust understanding of how
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the interactions between different functionalities impacted the energetics of peptide bond
fragmentation. Furthermore, as depicted in Table 6.3.1, the ionization states of each residue
modeled within our reaction class was analyzed as a function of the modeled mechanism. Of the
nine amino acids used to generate our reaction class, only Asp and Lysine (Lys) contain ionizable
sidechains where Asp is an acidic residue and Lys is a basic residue.***! Furthermore, while the
titration point of Asp does not fall within the pH range associated with the techniques implemented
to polish and purify the mAb during manufacturing, the sidechain of Lys does shift from cationic

to neutral at a pH of 10.4.[67: 68,470, 487, 488]

Table 6.3.1. Ionization states of amino acid sidechains under the basic conditions associated with
downstream manufacturing,[67- 68, 470, 487, 488]

Basic pH

. . Ionizable ; i i

SIMID 25 ] sidechain 8.0 < Charge I(;I:)lzazlel? (ie;lllasm Charge

pH < 10.4 -oP :

Ala No 0 No 0
Asp Yes -1 No 0
Gly No 0 No 0
Leu No 0 No 0
Lys Yes 1 No 0
Pro No 0 No 0
Ser No 0 No 0
Thr No 0 No 0
Val No 0 No 0

Therefore, to fully correlate the impact of the pH range associated with the alkaline wash
stage of the downstream manufacturing of mAbs, the titratable nature of the Lys sidechain must
be taken into consideration. For this purpose, the reaction classes were expanded to 90 reactions
within the dataset, where the nine additional reactions were representative of how the neutral Lys

sidechain impacts the reaction energetics of peptide bond fragmentation under basic conditions.
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Furthermore, we have accounted for the electrostatic impact upon reaction energetics by
modeling the reactions within the dataset under four dielectrics (g = 4, 20, 40, and 80).[210-220. 48]
As we noted in our previous studies, a robust analysis of the factors influencing protein degradation
includes modeling the reactions under the dielectrics associated with the different sites of the
protein.[®% 141: 1971 Specifically, the smallest dielectric used to model non-enzymatic peptide bond
fragmentation under alkaline conditions (g = 4) is representative of the hydrophobic core, as well

[82,141,147,212,213,221, 222, 489] Slmllarly
2

interactions formed by residues with hydrophobic sidechains.
modeled reactions under the dielectrics of € = 20 and € = 40 are representative of the electrostatic
interactions associated with charged and polar residues, as well as a representation of the reaction
behavior on the protein surface.[8 141 147.212,213, 216, 2231 [ a5ly. the dielectric associated with bulk
water (¢ = 80) provides insights towards the behavior of polypeptide chains floating freely in

solution, thus giving us a full analysis into how the behavior of the electrostatic interactions

observed at each of the modeled dielectrics influences reaction energetics.[8% 141- 147, 2131

6.3.ii. Quantum Chemical Calculations and Statistical Thermodynamics

Expansion of our previously developed non-enzymatic peptide bond fragmentation
database was completed through the use of a self-consistent methodology.[8% 14! 147- 2511 Quantum
chemical calculations were performed with Gaussian 16.18% 141- 147,250, 2511 A[] electronic energies
for the protein dipeptides, free amino acids, intermediates and transition states were calculated
using the B3LYP method.[8% 141- 147, 246,247, 251, 252] The electronic wave functions for all structures
were optimized in the singlet state. Geometries and harmonic frequencies of the lowest energy
conformers were determined at the B3LYP/6-31+G(2d, 2p) level with a Grimme D3 (GD3)

empirical dispersion correction to account for van der Waals forces within the modeled
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[82, 141, 147, 188-190,246, 247. 2531 T account for anharmonicity in the normal vibrational modes,

reactions.
as suggested by Scott and Random, the harmonic frequencies and zero-point energy (ZPE) were
scaled by factors of 0.96 and 0.98 respectively.[®% 141: 147. 234 Following the work of previous
reaction modeling completed by our group, partition functions based on the harmonic oscillator
and rigid rotor approximations were used to calculate thermodynamic and kinetic properties as a

82, 141, 147, 255, 256

function of temperature.! 1 This procedure was performed automatically using a

modified version of the CalcK script previously employed by our group for reaction kinetics
analysis.[$2 141, 147,257-263]
6.3.iii. Transition State Theory and Kinetic Parameters

Transition states associated with the basic mechanism of peptide bond fragmentation were
found using the Berny method.[?*+2%6] The imaginary frequency of each transition state was
animated, and intrinsic reaction-coordinate calculations were performed to confirm that the normal
vibrational mode pertained to the reaction coordinate of interest. Conventional transition-state
theory (TST) was then used to calculate rate coefficients at 1 atm, according to the macroscopic

formulation in Equation (6.3.1).[2¢7)

*

k™ST(T)= nak = naA exp% exp(

) (6.31)

H
RT
Where A is defined in Equation (6.3.2):

—-An
A = (T e (6.3.2)

Here, k is the single-event rate coefficient, k(T) is the Wigner tunneling correction at
temperature T, kg is Boltzmann’s constant, / is Planck’s constant, Vi is the molar volume, R is
the ideal gas constant, AS™ is the entropy of activation, AH* is the enthalpy of activation, An is
the change in the number of moles going from the reactant to the transition state (i.e., -1 for

bimolecular reactions such as the intermediate formation step in the forward direction, and the
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proton transfer step in the reverse direction; and 0 for unimolecular reactions such as the
intermediate formation step in the reverse direction and the proton transfer step in the forward
direction), and nd is the reaction path degeneracy, or number of single events. The reaction path

degeneracy follows Equation (6.3.3). AH* and AS™ are calculated using standard formulae, and

there were no internal rotation corrections needed within our system,[8% 141. 147, 196, 267]

The reaction path degeneracy, n4, definition is based upon the symmetry of the reactant(s)

82, 141, 147, 196

and the transition state.! I Symmetry was determined by the number of chiral centers

82, 141, 147, 196, 239, 256, 263

present in each molecule.! 1 To achieve an unbiased representation of each

modeled reaction, the maximum symmetry numbers were applied to each reaction.[8> 141 147, 239]
Analysis of the reaction path degeneracies used in our model, noted that the inclusion of chiral
centers did not impact the forward reaction path degeneracy developed through the exclusion of
chiral centers. Therefore, our model may be applied to both natural and synthetic proteins in the

forward direction of each computed reaction. The reaction path degeneracies for this study follow

Equation (6.3.3):

n+' Hj Ureactant.j

chiral
reactant.j g #
i ehiral

nd:

(6.3.3)

Where nchiral is the number of chiral isomers for the transition state and reactant(s); ¢ is a
product of the external rotation symmetry numbers for the transition state and reactant(s). Internal
symmetry numbers for non-cancelling internal rotations treated as hindered or free rotations were
included in the hindered and free rotor partition functions, respectively.

The single-event parameters of the Arrhenius relationship, log(A) and Ea were obtained by

fitting In(k) versus T over the temperature range 298 — 1500 K. This procedure was performed
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automatically using a modified version of the CalcK script previously employed by our group for
reaction kinetics analysis.[8% 141> 147. 255, 257-263] Throygh linear regression analysis, we determined
Arrhenius behavior was obeyed well for the majority of the reactions modeled within this study,
where non-Arrhenius behavior was observed by the reactions which contained negative apparent
activation barriers. The solvation impact of liquid phase kinetics is beyond the scope of this work
but will be addressed in future studies following the work of Jalan et al, which computes liquid-

phase kinetics in relation to both the solute and the solvent.26%!

6.3.iv. Generalized Model Validation

To maintain the self-consistent methodology associated with non-enzymatic peptide bond
fragmentation, we applied the computational methodology and chemical model of our peptide
fragmentation study under ambient conditions to this study.¥> 41 1471 A5 we previously noted,
there is experimental agreement that non-enzymatic peptide bond fragmentation under basic

conditions is a stepwise mechanism.['4?]

Therefore, to validate our methodology and chemical
model, we compared the forward rate coefficient of the proposed rate determining step of the
mechanism against experimental values provided by Sun and by Smith and Hansen (Table
6.3.1).1142 144

Evaluation of the associated error between our computed rate coefficients and the
experimental values was completed via linear interpolation to reduce variability within the
analysis.[14> 1441 Additionally, we found that the pseudo-first order approximation we had
previously applied to our fragmentation study under ambient conditions was not appropriate for
the basic mechanism. Therefore, to convert the rate coefficients associated with the proposed rate-

determining step of Gly-Gly and Gly-Val peptide bond fragmentation into first-order rate

coefficients, we multiplied the concentration of H [= 10° M (pH = 9), 101 M (pH = 10)] with the
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rate coefficients derived from our Arrhenius parameterization at the modeled dielectric associated
with pure water. Through this we determined that the proposed rate-determining step of Glycyl-
Valine (Gly-Val) and Gly-Gly peptide bond fragmentation could be computed within two orders
of magnitude of the values provided experimentally.!!*? 1441 Therefore, we determined that both
our chemical model and computational methodology would accurately reflection the reaction

energetics of peptide bond fragmentation under basic conditions.

Table 6.3.2. Comparative analysis of the computed Arrhenius parameters and forward rate
coefficients of Gly-Gly and Gly-Val peptide bond fragmentation under basic conditions against
the experimental rate coefficients.!'*? %] The rate coefficients of the proposed rate-determining
step was computed via interpolation of the rate coefficients derived from Arrhenius
parameterization, so that temperature variability could be removed from the analysis. Furthermore,
the comparative rate coefficients of Gly-Gly and Gly-Val peptide bond fragmentation were
computed using a second order approximation was applied to the basic mechanisms by multiplying
the concentration of H" at pH = 9.0 and pH = 10.0 to the Arrhenius-predicted rate coefficients to
convert the rate coefficient into the first order.

Stud Dipeptide H Temperature k (s) Comll()uted AKF (Literature
Y| Reaction | P (K) () — Computed)

Sun et

al. Gly-Gly | 10.0 368 8.4x 107 2.73x 108 3.08 x 10!
(2019)
Smith

and Gly-Val | 9.0 310 233x 101 | 6.76x 10 3.44x 1072
Hansen
(1998)

6.3.v. Generalized Reaction Models and Applications towards Hinge Region Fragmentation

Similar to our work completed under ambient conditions, we sought to determine what
correlations could be applied to non-enzymatic peptide bond hydrolysis under basic conditions.
The first correlation applied to our models was the Evans-Polanyi correlation, a linear correlation
between the reaction activation barrier (Ea) and its associated reaction enthalpy.!'*!: 224l Through

this, the activation barrier of dipeptide hydrolysis under the fragmentation mechanism of interest
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can be predicted by using its associated enthalpy of reaction (Equation 6.3.4).1141: 2241 Furthermore,
we can examine the impact of each modeled dielectric on reaction energetics by generating Evans-
Polanyi correlations as a function of the modeled dielectric, as well as for the overall dataset.

Ea = Eo + aAHrxN (6.3.4)

To maintain the self-consistency of our methodology, as well as determine the robustness
and predictiveness of each generated correlation, statistical sensitivity analysis was applied to all
statistically significant Evans-Polanyi correlations through a script developed in R by our
group.l*!: 2741 As we previously mentioned, bootstrapping is a statistical sensitivity method that
evaluates a model through the random removal of points within the data set.!!4!: 225-227, 230-232, 348]
After the random removal of 20 percent of the data points, a new correlation is generated to predict
the replacement values of the removed observations,!41: 229227, 230-232. 348] Throygh this approach,
the linear strength of the replacement trend, as well as the prediction accuracy of the replacement
data points can be evaluated. The use of 5 iterations of random resampling evaluates the model
robustness to ensure that the linear strength and prediction accuracy is not a byproduct of specific
data points being removed and replaced through the bootstrap method.

Furthermore, principle component analysis (PCA) was implemented to ensure that any
clustering observed in the initial Evans-Correlations did not bias the generated models. Ringnér
describes PCA as a “mathematical algorithm that reduces the dimensionality of the data while
retaining most of the variation in the dataset.”?*®! Specifically, by combining variables to form
new linear variable, known as principal components.[>*®! The first principal component (PC 1)
represents the direction of the largest source of variation, while the second principal component
(PC 2) describes the largest source of variation orthogonal to PC 1.[23% 237- 4901 Through this

analysis, the variables associated within the proposed rate-determining reaction of the basic
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mechanism was analyzed to identify if additional parameters were necessary to generate a
statistically significant and robust Evans-Polanyi correlation. PCA was conducted through the use

(491 The inclusion of additional

of an R script that was adapted from PCA tutorial code on Github.
parameters within the Evans-Polanyi correlation was completed through the use of regression with
a binary descriptor (B = 0 or f = 1). Acting as a dummy variable, the binary descriptor acts as an

[492-494

additional source of input within the correlation. I Similar to the PCA code, the regression of

the Evans-Polanyi correlation with a binary descriptor was completed through the use of an R

script that was adapted from the Statology tutorial.[**>!

6.4. Results and Discussion

6.4.i. Structures

As we previously specified, a subset of 90 dipeptides was used to model the basic reaction
mechanisms of non-enzymatic peptide bond hydrolysis in accordance with the 10 most frequently
occurring amino acid residues present within the mAb hinge region, as well as the titratable nature
of the Lys sidechain.[!® 488 4961 The impact of the functional groups on reaction energetics as a
function of the pH range that was modeled was accounted for via its position at the N and C-
terminus. Furthermore, the impact of the modeled dielectric on reaction energetics was observed
via the conformational behavior of each dipeptide.

The mechanism of non-enzymatic peptide bond fragmentation under basic conditions was
modeled as a stepwise process, where the formation of the intermediate was the proposed rate-
determining step. The dipeptide and OH™ were treated as infinitely separated reactants, where OH
decomposed in the transition state structure to attack the peptide bond carbonyl of the dipeptide,
and then formed a 5-membered intermediate. Once the intermediate has been formed, the neutral

hydroxyl group donated its proton to the peptide bond nitrogen, cleaving the peptide bond and
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forming an anionic N-terminus residue and a net neutral C-terminus residue, where the final
products exist separately from each other in the solution. A representative ball and stick schematic

of the stepwise mechanism is present in Figure 6.4.1.

a.
+H,0 F . ?
1

Reactant TS Intermediate
b.
g ! — +
Intermediate TS2 Products

Figure 6.4.1. Ball and stick representation of non-enzymatic peptide bond fragmentation under
basic conditions. (a). Intermediate formation step, (b). Proton transfer step.

6.4.ii. Thermochemistry and Arrhenius Parameterization

The overall reaction was found to be net exothermic and spontaneous in nature at all
modeled dipeptides, where the proposed rate-determining step was found to be endothermic and
endergonic at € = 20, 40, and 80. At the modeled dielectric associated with hydrophobic residues,
the majority of the reactions within the dataset were found to be more exothermic than at the other
three dielectrics; where the reactions that were computed to be more endothermic contained

anionic Asp.
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6.4.ii.a. Non-enzymatic peptide bond fragmentation under basic pH (Intermediate formation
reaction)

Analysis of the proposed rate-determining step of the basic mechanism indicated that the
reaction became more energetically favorable as the modeled dielectric decreased (Table 6.4.1).
At the modeled dielectric associated with hydrophobic residues, the average AHrx~n and Grxn were
found to be the most exothermic and spontaneous compared to the other modeled dielectrics. The
computed Arrhenius parameters were similar at the modeled dielectrics associated with charged
and polar residues, as well as pure water, but significantly lower at the modeled dielectric
associated with hydrophobic residues. At the modeled dielectric associated with polar residues, Eo
=10.7 % 3.30 kcal.mol™!, Ea= 13.4 4 3.33 kcal.mol™!, and log(A) = 8.89 + 0.44 L.mol.s! in the
forward direction, while Eo= 1.99 + 2.54 kcal.mol"!, Ea= 2.96 + 2.68 kcal.mol!, and log(A) =
13.8 4+ 0.56 57!, respectively. At & = 4, the value of the activation barrier is about 5.50 kcal.mol™!

lower, suggesting the reaction is most energetically favorable under hydrophobic conditions.

Table 6.4.1. Average B3LYP Arrhenius parameters, zero point energy corrected barriers, enthalpy
of reaction, and Gibbs free energy of reaction for the intermediate formation step of the non-
enzymatic peptide bond fragmentation reaction under basic conditions at 298 K and 1 atm. A has
units of L.mol!.s! and s for the forward and reverse reactions, respectively. Eo, Ea, and
AH?%15 have units of kcal.mol ™.

c Forward Reaction AHrxx | AGrax Reverse Reaction

Eo log(A) Ea Eo log(A) Ea
4 4.54 8.95 7.28 -0.25 114 2.62 14.0 3.71
20 10.1 8.86 12.8 6.10 17.6 1.95 13.8 2.92
40 10.7 8.89 13.4 6.66 18.2 1.99 13.8 2.96
80 11.0 8.91 13.7 6.95 18.5 2.00 13.8 2.70

The lower energetics exhibited at € = 4 can be partially attributed to the presence of
negative apparent activation energies within the forward reaction. The presence of the negative Ea
suggests that the presence of ‘barrierless’ reactions, where the transition state is present within the

potential energy well of the reactant adduct.[**”1 Of the 90 dipeptides analyzed, 13 were computed
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with a negative forward Ea. Furthermore, each of the 13 dipeptides contained a positively-charged
Lys residue in either the N or C-terminus position. Through the generation of the adduct structures,
we determined that the negative Ea was relative, as we had hypothesized. Additionally, we
identified a position-dependent hydrogen transfer present in 12 of the 13 adduct structures. When
Lys was observed in the N-terminus position, the amide bond nitrogen acted as the hydrogen
donor, while the amino group donated the hydrogen atom when Lys was present in the C-terminus
position. Of the 13 modeled adducts, only Prolyl-Lysine (Pro-Lys) was not found to follow the
observed behavior. Instead, the amide bond nitrogen was found to be the hydrogen donor, which
is likely a consequence of the steric hindrance of the cyclic Pro backbone.

Examination of prior literature indicated the propensity of the Lys sidechain towards
deprotonation under a hydrophobic environment.[**®! A study conducted by Takayama et al., under
a mildly basic environment, analyzed the behavior of Lys within the hydrophobic core of the
protein.!*’®! Specifically, they determined that the deprotonation of the buried sidechain to donate
its hydrogen atom to bulk water was a near instantaneous process.'**® Furthermore, it was evident
of that penetration of water within the hydrophobic core would result in a hydrogen exchange

t.[498

between the buried Lys sidechain and the solvent.[**®! Similarly, prior studies have also noted the

propensity of the amide bond nitrogen to participate in hydrogen exchanges is catalyzed by the
presence of OH™ atoms, as well as the neighboring effect of residues close to the amide group.[***-
S0 Tn the study conducted by Molday et al., Lys was among the residues noted to promote OH-
catalyzed hydrogen exchange under hydrophobic conditions.’! Therefore, it is likely that the

negative apparent activation energies observed for the observed reactions within our dataset are

indicative of the dipeptides attempting hydrogen exchange within their environment prior to the
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fragmentation of the peptide bond, and would not be observed in larger structures where the
cationic Lys sidechain would be able to form salt bridges to stabilize the structure.

While reactions containing Lys were found to have negative activation energies under the
most hydrophobic modeled dielectric, the activation energies of the reactions containing the
anionic Asp were found to increase as the modeled dielectric decreased. Prior studies have
indicated that the presence of ionized residues within the hydrophobic core of the protein are
destabilizing."?! Furthermore, as Asp is an anionic residue, the repulsive nature of the like-like
charges within the hydrophobic core would further destabilize the reaction.>**! Therefore, it is
likely that these two factors increased the thermodynamic cost associated with the proposed rate-
determining step at the modeled dielectric.
6.4.ii.b. Proton Transfer Step

Evaluation of the average thermochemical and Arrhenius parameters (Table 6.4.2.)
associated with the proton transfer step of the basic mechanism indicated that the reaction was
both exothermic and spontaneous in nature. Furthermore, as the modeled dielectric decreased, the
energetic favorability of the reaction increased. At £ =4, Eo=12.9 + 2.80 kcal.mol!, EA=13.7 +
2.91 kcal.mol™!, and log(A) = 14.0 &+ 0.63 s in the forward direction, while Eo= 36.2 + 7.74
kcal.mol”!, Ea= 38.7 &+ 7.77 kcal.mol!, and log(A) = 6.88 + 0.57 L.mol s}, respectively. A
study conducted by Isom et al. discusses the paradox that is associated with the presence of charged
residues within the hydrophobic core of proteins.[*°?l Specifically, while the presence of ionized
amino acids within the core is considered to be energetically unfavorable, it has also been noted
that these residues promote proton transfer.3>® 392 The rationale behind the propensity of ionized
residues towards the increased favorability of the hydrogen transfer reaction is due to the prior

finding that charged and polar residues promote the formation of a hydrogen bonding network.>®!
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Through this network, proton transfer reactions are more energetically favorable because the

capacity of ionized and polar residues to act as hydrogen acceptors and donators stabilizes the

358, 504

structures involved in the reaction.! I Therefore, the presence of anionic Asp at the modeled

dielectric associated with hydrophobic residues will be energetically favorable due to the salt

bridge formed between the proton and the negatively-charged Asp residue.**®]

Table 6.4.2. Average B3LYP Arrhenius parameters, zero point energy corrected barriers, enthalpy
of reaction, and Gibbs free energy of reaction for the proton transfer step of the non-enzymatic
peptide bond fragmentation reaction under basic conditions at 298 K and 1 atm. A has units of s™!
and L.mol™.s™! for the forward and reverse reactions, respectively. Eo, Ea, and AH?>**>;x; have units
of kcal.mol .

c Forward Reaction AHrxx | AGrxn Reverse Reaction

Eo lOg(A) E A Eo lOg(A) E A
4 12.9 14.0 13.7 -23.1 -37.2 36.2 6.88 38.7
20 13.3 14.0 14.1 -25.9 -39.9 394 6.88 41.9
40 13.5 13.9 14.3 -26.0 -39.9 39.6 6.91 42.1
80 13.6 14.0 14.4 -26.0 -39.9 39.7 6.94 423

However, we determined that, at the modeled dielectric associated with hydrophobic
residues, our hypothesis regarding the rate-determining step was proven to be incorrect. Our
proposal that the formation of the intermediate would be rate-determining was supported by prior
studies on peptide bond fragmentation, and was proven to be an accurate hypothesis for the
majority of the reactions at € = 20, 40, and 80.[14!-305.5%I However, at € = 4, 50% of the reactions
found the proton transfer step to be rate-determining. Of the reactions that found the proton transfer
reaction to be rate-determining, 13 dipeptides were found to have negative apparent activation
energies during the formation of the intermediate and therefore had negative temperature
dependence.[*7-397-3%] Therefore, these reactions were not considered in our evaluation of the rate-

determining step at € = 4.
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The 34 dipeptides that found the intermediate formation step of the basic mechanism to be
rate-determining at € = 4 likely exhibited this behavior due to electrostatic and steric factors. When
Asp and Leu are in the N-terminus position, the formation of the intermediate is rate-determining.
Similarly, eight out of the nine reactions that contained Asp and Pro in the C-terminus position
found the proton transfer reaction to occur at a quicker rate relative to the intermediate formation
reaction. As we previously specified, the presence of ionized residues within the hydrophobic core
of the protein was found to be both energetically unfavorable and a facilitator for reactions within
the hydrophobic core, such as proton transfer reactions.>¥ Therefore, reactions containing Asp
would be more likely to find the proton transfer reaction energetically favorable relative to the

intermediate formation reaction.

6.4.iii. Generalizing non-enzymatic peptide bond fragmentation under basic conditions via
the Evans-Polanyi correlation

Similar to the non-enzymatic peptide bond fragmentation under storage, we sought to
determine if the Evans-Polanyi correlation could be applied to the proposed rate-determining steps
of the basic mechanism. As we previously specified, the dipeptide is the smallest system that can
be used to analyze peptide bond fragmentation within the hinge region, and there are 400 possible
dipeptides that can be formed. Within the modeled reaction mechanism, generalization of the
proposed rate-determining step would provide the most insight towards reaction energetics.
Therefore, we analyzed the intermediate formation reaction as an overall correlation, as well as a
function of each of the four modeled dielectrics, to determine if a statistically significant
correlation could be achieved.
6.4.iii.a. Initial Correlations

Evaluation of the correlations associated with the proposed rate-determining step of the

basic mechanism indicated that the activation energy could be generalized through a statistically
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significant linear trend (Table 6.4.3, Figure 6.4.2). The overall correlation and the correlation
generated at the dielectric associated with hydrophobic residues were found to exhibit strong
linearity, while the correlations at the dielectrics associated with charged residues, polar residues,

3713721 As we previously noted, negative

and bulk water were found to exhibit moderate linearity.!
apparent activation energies were observed for 13 dipeptide reactions within the € = 4 dataset.
However, those reactions were also found to be exothermic in nature. As a result, the Evans-
Polanyi principle was observed where the R? of the correlation was found to be strong, while the
correlations at the other three modeled dielectrics were found to be moderate in comparison.*’"
3721 Similarly, the R? value associated with the full dataset is representative of the energetics

exhibited at each modeled dielectric, where it exhibits stronger linearity than the correlations at €

= 20, 40, and 80, but a weaker linearity than the trend observed at € = 4.

Table 6.4.3. Statistical parameters associated with the Evans-Polanyi correlations of the proposed
rate-determining step of the basic mechanism of non-enzymatic peptide bond fragmentation as a
function of the modeled dielectric [Initial Correlation].

Correlation Eo (1] R? p-value p p-value
All 7.64 0.86 0.83 <0.001 0.91 <0.001
e=4 7.51 0.92 0.91 <0.001 0.96 <0.001
e=20 8.65 0.68 0.56 <0.001 0.75 <0.001
£=40 9.11 0.65 0.49 <0.001 0.70 <0.001
=80 9.39 0.62 0.45 <0.001 0.67 <0.001

Figure 6.4.2 depicts the overall Evans-Polanyi correlation, as well as the modeled
dielectric-specific correlations, generated for the proposed rate-determining step of the basic
mechanism. As we previously noted, a statistically significant Evans-Polanyi correlation was
achieved for the overall correlation, as well as at each modeled dielectric. Analysis of the five
correlations the majority of data points were centered around the linear trendline for the € = 20,

40, and 80 correlations, while the overall and € = 4 correlations were more linearly distributed.
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However, the reduced spread of the data points used to generate the € =20, 40, and 80 correlations,
relative to the overall and € = 4 correlations, negatively impacted their linear strength. While the
reduced spread observed in each correlation appeared to be indicative of the low standard deviation
present in each reaction class, we sought to evaluate its impact on the linear strength and
predictiveness of our model. Specifically to see if the linearity and predictiveness of the previously
noted correlations could be improved via the inclusion of additional parameters. For this purpose,

we included supervised learning methods into our study.
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Figure 6.4.2. Evans-Polanyi correlations as a function of modeled dielectric [Initial correlation].
(a). Full dataset, (b). € =4, (c). € =20, (d). € =40, (e). € = 80.

6.4.iii.b. Supervised Learning through Principal Component Analysis (PCA) and its Impact
on the Evans-Polanyi Correlation

developed for the proposed rate-determining step of the basic mechanism of peptide bond
fragmentation. However, the presence of clustering within the developed models suggested the

possibility of model bias within each correlation. For this purpose, we applied Principal
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Component Analysis (PCA) to identify if the prediction accuracy of the developed Evans-Polanyi
correlations could be increased through the inclusion of additional descriptors. Using the full
dataset, five parameters were analyzed and their respective contributions to variability were
computed (Table 6.4.4). The most significant variation observed within the dataset is present in
the PC 1 direction, while the direction orthogonal to PC 1 (PC 2) accounts for observed variability,

233. 2341 Of the five parameters, the two parameters

which does not contribute as significantly.!
associated with the derivation of the Evans-Polanyi correlation, AHrx~ and Ea, contributed the
most significantly to the variation observed along the PC 1 direction. The contribution of AHrxN
and Ea to the variance observed in the PC 1 direction was computed to be slightly more than the
next contributing parameter — the associated net charge of the reaction. Additionally, the
contributions of the propensity of the residues to be found in the hinge region were found to
contribute significantly in the PC2 direction, while the reaction net charge, AHrxn and Ea were
found to be negligible in comparison. Evaluation of the propensity of the N and C terminus
residues to occur within the hinge region was not found to be negligible relative to the variability
associated with the reaction net charge, AHrxn and Ea. Therefore, evaluation of the contributions
of the two parameters to reaction variability would not be appropriate for inclusion within our
developed Evans-Polanyi models. As a result, through PCA we determined that, while our initial
Evans-Polanyi correlations accounted for a significant amount of the variability within our dataset,

the inclusion of a third parameter would likely improve the correlation strength and predictiveness

of our generated models.
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Table 6.4.4. Parameter contributions to variability within the intermediate formation reaction of
non-enzymatic peptide bond fragmentation under basic conditions [Full dataset].

PC 1 Direction PC 2 Direction
Parameter Contribution to Parameter Contribution to
Variability Variability

AHRrxN 33.8 AHRrxN 0.72

Ea 33.3 Ea 0.06

Net Charge 31.3 Net Charge 0.22
N-terminus residue N-terminus residue

rank 0.14 rank 47.8
C-terminus residue C-terminus residue

rank 1.46 rank 51.2

Evaluation of the net charges within the dataset indicated that the datasets could be split
into three categories: cationic, neutral, and anionic. For the basic mechanism, the presence of net
neutral reactions is indicative of the pH range where the ionization state of the Lys sidechain
counteracts the electrophilic attack of attack of OH™ upon the peptide bond. Additionally, the
cationic net charge within the reaction class is representative of Lys-Lys peptide bond
fragmentation, where the sidechains of both Lys residues are cationic (pH < 10.4).1%7- 48] For this
purpose, we hypothesized that the clustering observed in our initial correlations could be accounted
for via the development of charge-driven correlations. To test this hypothesis, we generated three
Evans-Polanyi correlations — the initial correlation, a PCA-driven correlation that includes the
associated net charge of the reaction as a binary descriptor, and a PCA-driven correlation that splits
the associated net charge of the reaction into two correlations (anionic and charge > 0), and then

evaluates the statistically significant correlation.

The impact of a charge-driven correlation was analyzed by splitting the dataset into anionic
and cationic or neutral correlations, where only the anionic trend was found to be statistically

significant.B”!> 3721 Through this correlation, we developed an alternative approach towards
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addressing the variability indicated by PCA. Evaluation of the linear strength of each anionic
correlation indicated that the linear strength of the correlations observed at ¢ = 20, 40, and 80
increased by 0.05, while the overall correlation and the € = 4 correlations decreased by 0.03. The
observed perturbations suggest that, at € = 20, 40, and 80, the reactions containing cationic Lys did
not exhibit Evans-Polanyi-like behavior, and therefore decreased the linearity of the modeled
correlations. Similarly, for the € = 4 correlations where the cationic Lys reactions exhibited strong
Evans-Polanyi-like behavior, the linearity of the generated correlation would be very strong
relative to other generated correlations. Clustering was observed at the € = 4 correlation, where
two separate clusters of data points were observed in the correlation. Evaluation of the anionic
dataset at the modeled dielectric associated with hydrophobic residues indicated that the one
cluster was representative of the reactions that did not include Asp (R? = 0.37), while the other
cluster only contained reactions that included Asp (R? = 0.97). As we previously indicated, the
presence of anionic Asp in the hydrophobic core was noted to be destabilizing and

502,503

thermodynamically unfavorable.! I Therefore, it is likely that the presence of the energetically

unfavorable reactions drove the increased linearity of the € = 4 correlation.

As we previously specified, the net charge of the reactions within our dataset drove
variability in the direction orthogonal to the variability associated with the AHrx~ and Ea of our
dataset. Furthermore, the reaction class can be split into anionic dipeptides and dipeptides that are
either net neutral or cationic. For this purpose, we associated the dummy variable within our
correlation with the net charge of the reaction; where 1 represents anionic reactions and 0
represents the neutral and cationic reactions within the dataset. Initial analysis indicates that the
binary correlation would not improve model predictiveness because the inclusion of a dummy

variable within the Evans-Polanyi correlation did not significantly impact its linear strength.
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6.4.iii.c. Model Sensitivity and Robustness: Unsupervised versus Supervised Correlations
As we noted in our previous study on peptide bond fragmentation under ambient
conditions, validation of our generalized Evans-Polanyi correlations was achieved through
statistical sensitivity analysis.!'*!! By applying five iterations of statistical bootstrapping to each of
the previously developed Evans-Polanyi correlations, we evaluated both the linear strength and

1411 Evaluation of statistical sensitivity on the initial Evans-

robustness of the generated trends.|
Polanyi correlation indicated that the model linearity and robustness of the bootstrapped

correlations exhibited similar trends to the original correlation (Table 6.4.5, Figure 6.4.3).

Table 6.4.5. Sample statistical parameters associated with the bootstrapped with replacement
Evans-Polanyi correlations as a function of modeled dielectric [Initial Correlation].

Correlation Eo (1] R? p-value p p-value
All 7.45 0.87 0.87 <0.001 0.93 <0.001
£e=4 7.55 0.92 0.92 <0.001 0.96 <0.001
=20 7.50 0.83 0.74 <0.001 0.86 <0.001
=40 8.96 0.66 0.54 <0.001 0.74 <0.001
=80 10.1 0.52 0.43 <0.001 0.66 <0.001

Specifically, the five bootstrapped correlations observed by the overall and € = 4 datasets
were found to exhibit strong linearity and minimal variance (owrp < 0.01), while the € = 20, 40, and
80 datasets demonstrated weaker linearity and larger variance (0.06 < Gwmp < 0.11).371:3721 The
trends observed among the bootstrapped iterations of the initial Evans-Polanyi correlations
indicated that replacing the values of the activation barriers of the reactions randomly removed
from the dataset did little to impact model linearity. Furthermore, the negligible variance observed
among the five iterations of bootstrapping indicated that the generated correlations were not reliant
on the energetics of specific peptide bond fragmentation reactions.!**®! Therefore, we validated the

linearity and robustness of the initial Evans-Polanyi correlations regardless of the modeled dataset.
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Figure 6.4.3. Sample bootstrapped with replacement Evans-Polanyi correlations as a function of
modeled dielectric [Initial correlation]. (a). Full dataset, (b). € =4, (¢). € =20, (d). € =40, (¢). €=
80.

The trends observed by the initial Evans-Polanyi correlations were also observed in the
PCA-driven correlations, where both correlations were found to slightly increase model linearity.
As we previously specified, the associated R? of the binary Evans-Polanyi correlations was not
found to be significantly different from the initial correlation. Therefore, it is likely that the charge-

based parameter is an extraneous metric within our generated trend, and does little to improve the
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accuracy of the Evans-Polanyi correlation for the proposed rate-determining step of peptide bond

fragmentation under basic conditions.

6.4.iii.d. Prediction Accuracy of Generated Correlations: Unsupervised versus Supervised
Correlations

The average associated error between the computed activation barriers and the predicted
activation barriers was found to fall within the accepted error range (AError < 4 kcal.mol ™) for
each of the three types of Evans-Polanyi correlations (Figure 6.4.4). Across the five iterations of
bootstrapping, the binary correlation was found to be the least accurate of the three Evans-Polanyi
correlations regardless of the modeled dataset. As we previously indicated, the inclusion of a
binary descriptor for the associated net charge of the reaction within the Evans-Polanyi correlation
did not significantly impact the linear strength of the modeled correlations, suggesting that the
inclusion of the dummy variable as an additional parameter within the correlation would cause

510-512

overfitting.! I' A study by Hawkins indicated that, while the overfit correlation yields strong

linearity, the inclusion of the unnecessary parameter results in reduced model predictiveness.!"’
As we previously noted, the inclusion of the charge-based dummy variable as an additional
parameter within the binary correlation was not found to improve the linearity of our generated
Evans-Polanyi correlations. Therefore, it is likely that the binary correlation is overfit and the most

inaccurate of the three types of Evans-Polanyi correlations.[3%-312]
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Figure 6.4.4. Bar plot of the average, absolute error associated with the initial, binary, and anionic
correlations for the overall dataset.

Evaluation of the associated prediction error of the modeled dielectric-specific correlations
indicated that the initial and anionic correlations were found to be least accurate at the modeled
dielectric associated with hydrophobic residues, while the binary correlation was least accurate at
the modeled dielectric associated with charged residues. As we previously indicated, the
electrostatic interactions associated with the different modeled dielectrics impacted the reaction
energetics of the modeled reaction. Furthermore, the presence of the cationic Lys reactions within
the € = 4 dataset was found to skew the linearity of the initial correlation. As a result, the

predictiveness of the bootstrapped correlation would be less accurate relative to the correlations at
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the other modeled dielectrics. In the binary correlation, the dummy variable is defined by either a
‘1’ for anionic reactions or a ‘0’ for reactions that have a net charge > -1. Within the dataset, the
reaction energetics of the dipeptides containing cationic Lys were found to shift more from ¢ = 40
to ¢ = 20 relative to other dipeptides. Furthermore, the binary correlation was most accurate in
predicting the average Ea at the dielectric associated with polar residues. Therefore, it is likely that
the impact of the electrostatic interactions observed in the ¢ = 20 dataset is detracted by the
inclusion of the charged-based parameter in the correlation.
6.4.iv. Insights towards mAb Hinge Region Stability under Alkaline Conditions

Evaluation of the computed forward rate coefficients indicated that, similar to the generated
Evans-Polanyi correlations, the associated net charge of the proposed rate-determining step
influenced its propensity towards non-enzymatic peptide bond fragmentation under basic
conditions. Specifically, the reactions that contained anionic Asp were found to have small forward
rate coefficients relative to the other reactions analyzed within our generated dataset. As we
previously specified, the presence of like-like charges within a protein structure were found to be

303, 513-516] A5 a result, the propensity of the specified

destabilizing due to electrostatic repulsion.!
reactions towards non-enzymatic peptide bond fragmentation under basic conditions would be less
energetically favorable relative to the dipeptides comprised of unionized or cationic residues.
While Lys was found by Flores et al. to occur less frequently in the hinge region relative to all
other amino acids, aside from Val, within our generated dataset, 11 of the reactions containing Lys

(1631 Of those 11 reactions,

were listed among the top third of computed forward rate coefficients.
only three dipeptides contained Lys residues with unionized sidechains. Therefore, it is likely that
electrostatic attraction was observed between the cationic Lys sidechain and OH™ acted to stabilize

the transition state structure, resulting in larger forward rate coefficients.[70% 313,514,517, 518]
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The frequency of the residues to occur within the hinge region were found to impact the
propensity of the reactions towards non-enzymatic peptide bond fragmentation under basic
conditions. Specifically, out of the 30 reactions computed to have the largest k¥, 13 contained Gly.
As we previously noted, Gly was highlighted by Flores to occur the most frequently within the
hinge region.!'®*! The propensity of Gly towards occurring within the hinge region, as well as its
favorability towards non-enzymatic peptide bond fragmentation under basic conditions, is likely
due to the flexible nature of the residue. Prior studies have indicated that the susceptibility of the
hinge region towards fragmentation was due to its flexible nature.[!38: 157: 158, 480. 519-5221 Gimjar to
the reactions containing Gly, the non-enzymatic peptide bond fragmentation reactions containing
Ala (fourth most occurring) and Ser (second most occurring) were also found to be the most
energetically favorable. Of the 20 amino acids, Gly, Ala, and Ser are all classified as small and

flexible residues.!!6% 23% 365, 523. 524] Therefore, it is highly probable that the flexibility of the

residues, similar to the flexibility of the hinge region, contributed to reaction favorability.

Similarly, dipeptides containing N-terminus Val and C-terminus Pro were found to be
among the least energetically favorable reactions observed within the generated dataset. A study
by Huang and Nau ranked the 20 amino acids based on their flexibility, where Val and Pro were
determined to be the third least flexible and least flexible residues, respectively.**> Therefore, it
is likely that the rigid nature of the respective residues influenced their propensity towards non-
enzymatic peptide bond fragmentation under basic conditions, and their frequency of occurrence
within the hinge region. Additionally, prior studies on polypeptide fragmentation indicated that
the “Proline effect”, where C-terminus Pro promotes fragmentation, was least energetically
favorable under a basic environment, such as during the alkaline wash stage of downstream

manufacturing.’-52°1 As a result, the forward rate coefficients associated with Xaa-Pro non-
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enzymatic peptide bond fragmentation analyzed within our study would not be representative of

the “Proline effect”.[323-52°]

6.5. Conclusions and Future Directions

In summary, a theoretical study on non-enzymatic peptide bond fragmentation under basic
conditions was completed to analyze the impact of the degradation mechanism on the stability of
the mAb hinge region during the alkaline wash stage of mAb downstream manufacturing. Rate
coefficients and Arrhenius parameters for the stepwise reaction mechanism were computed for
720 total reactions (180 reactions per modeled dielectric) using B3LYP and statistical
thermodynamics. The forward rate coefficient of the proposed rate-determining step of the reaction
mechanism was benchmarked against two experimental studies to validate our computational

1.1142. 144 Fyrthermore, the impact of the insights derived

methodology and proposed chemical mode
from our study upon the stability of the mAb hinge region was evaluated through the development
of our modeled reaction class, where the residues most likely to be found in the area of interest, as

163,487, 488] Eyaluation of the

well as the ionization states of the Lys sidechain, were accounted for.!
reaction energetics under the four modeled dielectrics indicated that reactions containing Asp
become more kinetically unfavorable as the modeled dielectric decreased, while the other reactions
modeled within the reaction class were computed to be more kinetically favorable as the modeled
dielectric decreased. Furthermore, the Lys sidechain was found to deprotonate at the modeled
dielectric associated with hydrophobic residues, resulting in a negative apparent activation
barrier.[*8]

A statistically significant Evans-Polanyi correlation was achieved for the proposed rate-

determining step of non-enzymatic peptide bond fragmentation under basic conditions. Through

the application of PCA, three different types of Evans-Polanyi correlations were developed and
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analyzed through statistical sensitivity methods. Evaluation of the model robustness and
predictiveness for the overall correlation, as well as the correlations developed at each modeled
dielectric, indicated that the binary Evans-Polanyi correlation was the least accurate of the three
types of generalizations. Furthermore, while the anionic and initial correlations yielded similar
prediction accuracies, the overall reaction net charge associated with the anionic correlation was
found to limit its effectiveness. For this purpose, we concluded that the initial correlation was the
most accurate for predicting the activation barriers of the intermediate formation reaction as a
function of the enthalpy of reaction of the dipeptide of interest.

Lastly, evaluation of the forward rate coefficients associated with the proposed rate-
determining step indicated that charge-charge interactions and residue flexibility contributed to
reaction propensity towards non-enzymatic peptide bond fragmentation,[36% 303, 513-516, 523, 524]
Furthermore, the propensity of the flexible residues to promote fragmentation under alkaline
conditions indicated that the tendency of the hinge region towards fragmentation was a product of
the residues most likely to occur within the hinge region, where three out of the four most
frequently occurring residues were all ranked to be small and highly flexible.[!37 158 163, 365, 519-524]
Future studies will automate the Evans-Polanyi correlation to improve its predictive accuracy.

Additionally, the thermochemical and kinetic parameters computed by our developed database

will be used to generate a robust microkinetic model of protein degradation.
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Chapter 7: Towards Pharmaceutical Protein Stabilization: Data-Driven Analysis of Non-
enzymatic Peptide Bond Fragmentation during the Protein A Chromatography Stage of
Downstream Manufacturing

7.1. Background and Motivation

As we previously noted, the downstream manufacturing stage of the pharmaceutical
protein pipeline is pH-dependent, where the protein is exposed to both acidic and basic
environments during its extraction and purification. Protein A chromatography, which is a popular
technique used to separate the protein of interest from its host cell, is completed under acidic

conditions.[64-66]

A study conducted by Amritkar indicated that binding between the
complimentary binding region of the protein and the cell is preferred under neutral conditions, but
the shift in environment pH to acidic weakens the observed hydrophobic interactions via the
repulsion of like charges.!® As a result, the protein dissociates from the cell to be extracted from
the column.[®+%%] While the perturbation in system pH is a necessary step within the manufacturing
pipeline, multiple studies have identified the hinge region to be highly susceptible to fragmentation
via the pH-dependent fragmentation of peptide bonds.[138 142 145.470.476-481) ypder acidic conditions,
fragmentation is observed via the electrophilic attack of H3O" on the peptide bond to cleave the

polypeptide chain into two fragments, 4% 144]

As we previously noted, the effectiveness of Protein A chromatography is observed via the
electrostatic repulsion observed between two like-charged residues at the binding site.[®”]
Therefore, it is necessary to take the impact of different residue functionalities on the reaction
energetics of non-enzymatic peptide bond fragmentation under acidic conditions into account.
Furthermore, the correlation between the frequency of residues to occur within the hinge region,

the functionality of their sidechains, and the propensity of the hinge region towards fragmentation

must be taken into consideration (Figure 7.1.1).[16%]
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Figure 7.1.1. Multi-scale representation of non-enzymatic peptide bond fragmentation on hinge
region fragmentation as a function of the pH ranges associated with the Protein A Chromatography
stage of mAb downstream manufacturing.

For this purpose, we conducted a computational study, using a subset of dipeptides, to
predict the thermochemistry and kinetic parameters of the acidic non-enzymatic peptide bond
fragmentation mechanism. This paper presents the thermochemical and kinetic properties non-
enzymatic peptide bond fragmentation under basic conditions (90 reactions (Appendix E) per
modeled dielectric, 360 total reactions) in the conductor-like polarizability model (CPCM)
solvated state, i.e. standard enthalpies of reaction, standard entropies of reaction, Gibbs free
energies of reaction, activation energies, and kinetic rate constants. Density functional theory
(DFT) at the B3LYP/6-31+G(2d,2p) level of theory with the GD3 empirical dispersion correction
was used to calculate the electronic energy, and then statistical thermodynamics was applied to all
fragmentation reactions to determine temperature effects on the reaction.[82 141 147 187-190, 246, 247]
All thermochemical properties were calculated at standard pressure and temperature to reduce

external variabilities. Furthermore, supervised learning methods were used to identify the

correlation between the parameters associated with the modeled reaction, and those learnings were
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applied to determine the reactions most susceptible to non-enzymatic peptide bond fragmentation

under acidic conditions.

7.2. Objectives

The purpose of this study was to separately analyze the perturbations in the system pH
associated with the downstream manufacturing of mAbs, where the reactions analyzed in this study
are representative of non-enzymatic peptide bond fragmentation as a function of the Protein A
chromatography stage of downstream manufacturing. By analyzing the Protein A chromatography
and alkaline wash stages as separate studies, we were able to evaluate the similarities observed
between the two pH-endpoints associated with the therapeutic protein manufacturing pipeline, and
correlate those finds to mAb hinge region stability. Furthermore, we sought to determine what
correlations were conserved between the pH-dependent fragmentation mechanisms in regards to
reaction favorability and generalization of reaction energetics. Overall, this study examines the
reaction energetics of the acidic mechanism of peptide bond fragmentation and identifies key
correlations that can be used to evaluate the propensity of the hinge region towards non-enzymatic

peptide bond fragmentation under acidic conditions.

7.3. Computational Methodology

7.3.i. Modeled Mechanism and Reaction Class

As we previously noted, the impact of the perturbations in system pH on the stability of
the mAb hinge region during the downstream manufacturing of mAbs was treated as two separate
studies: one to analyze the impact of the Protein A chromatography stage of downstream
manufacturing (acidic conditions) and one under basic conditions to study the impact of the

alkaline wash stage of downstream manufacturing on hinge region stability. For this purpose, we
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developed a similar reaction class to analyze the energetics of non-enzymatic peptide bond
fragmentation for each stage of downstream manufacturing, where the only deviation was in
regards to taking the ionization state of Aspartic Acid (Asp) into account. Similar to the Lysine
(Lys) sidechain shifting from cationic to neutral during the alkaline wash stage of downstream
manufacturing, the sidechain of Asp transitions from neutral to anionic during the Protein A
chromatography stage of downstream manufacturing (Table 7.3.1).16 66, 71. 72, 74, 81, 513, 530, 531]
Therefore, to achieve a robust analysis of the electrostatic interactions observed by the non-

enzymatic peptide bond fragmentation reaction, we augmented our reaction class to include nine

reactions containing anionic Asp.

Table 7.3.1. Ionization states of amino acid sidechains under the acidic conditions associated with
downstream manufacturing. (6> 66, 71,72, 74, 81, 515, 530, 531]

Acidic pH
Amino Acid Ionizable Ionizable
sidechain 3.0 < pH Charge sidechain 3.90 < Charge

<3.90 pH <5.0
Ala No 0 No 0
Asp No 0 Yes -1
Gly No 0 No 0
Leu No 0 No 0
Lys Yes 1 Yes 1
Pro No 0 No 0
Ser No 0 No 0
Thr No 0 No 0
Val No 0 No 0

The mechanism of non-enzymatic peptide bond fragmentation under acidic conditions was
adapted from the mechanism proposed by Sun et al. at a system pH of 3.0, where H NMR Spectra

142] Sun

was implemented to compute the pseudo-first order kinetics associated with the reaction.!
proposed that the non-enzymatic fragmentation of Glycyl-Glycine (Gly-Gly) under acidic

conditions occurred through proton coordination between H3O" and the peptide bond carbonyl

oxygen prior to the nucleophilic attack of H20 to form an intermediate where the carbonyl carbon
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contains a hydroxyl and a protonated hydroxyl functional group(HO-C-OH?").l!*?1 The
intermediate was then proposed to return to a net neutral form (HO-C-OH) prior to its interaction
with H* to cleave the amide bond, resulting in two Gly amino acids within the solution. 4%
Preliminary modeling of the reaction mechanism proposed by Sun et al. indicated that the
coordination between the carbonyl oxygen and H3O" was equilibrated. Furthermore, without an
explicit solvent molecule to interact with, the hydrogen atom would be attracted to the more
electrophilic nitrogen atom of the peptide bond, instead of protonating one of the two hydroxyl
functional groups.** >3] When the amide bond nitrogen was attacked by the proton instead of the
hydroxyl oxygen, the generated intermediate structure was found to be fragmented in nature,
suggesting that a concerted proton transfer occurred to cleave the amide bond during the
electrophilic attack of H3O". Furthermore, evaluation of the potential energy surface indicated that
the reaction would continue to roll “downhill” from the fragmented intermediate to the infinitely
separated products, suggesting that the change in protonation from the N-terminus residue to the
C-terminus residue is equilibrated. For this purpose, we modeled the non-enzymatic peptide bond

fragmentation under acidic conditions as a single reaction (Figure 7.3.1), where the equilibrated

reactions are accounted for in the reactant and product species.
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Figure 7.3.1. Proposed mechanism of non-enzymatic peptide bond fragmentation under acidic
conditions.

All modeled reactions were generated using four modeled dielectrics to maintain our self-
consistent methodology and achieve a robust analysis of the impact of electrostatic interactions on
reaction behavior.[21%-22%- 481 The inclusion of the four different modeled dielectrics (e = 4, 20, 40,
and 80) is representative of the different sidechain functionalities modeled in this study, as well as

(210220, 4891 Specifically, the reaction

different sites where the protein degradation might occur.
energetics exhibited by small polypeptides floating freely in solution would likely be represented
by ¢ = 80, while the ionic and charged interactions observed at the protein surface would be

82, 141, 147, 212, 213, 216, 223] Lastly
3

represented by € = 40 and & =20, respectively.! € =4 was used to

mimic the reaction energetics of non-enzymatic peptide bond fragmentation at the hydrophobic

n.[82. 141, 147, 212, 213, 221, 222. 489] Through this analysis, we achieved an in-depth

core of the protei
understanding regarding the impact of electrostatics on reaction favorability towards non-

enzymatic peptide bond fragmentation under acidic conditions.

7.3.ii. Quantum Chemical and Statistical Thermodynamics Calculations

Expansion of our previously developed non-enzymatic peptide bond fragmentation
database was completed through the use of a self-consistent methodology.[®% 141 147- 2511 Quantum

chemical calculations were performed with Gaussian 16.18% 141:147.250. 2511 A[] electronic energies
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for the protein dipeptides, free amino acids, intermediates and transition states were calculated
using the B3LYP method.[8% 141- 147, 246,247, 251, 2521 The electronic wave functions for all structures
were optimized in the singlet state. Geometries and harmonic frequencies of the lowest energy
conformers were determined at the B3LYP/6-31+G(2d, 2p) level with a Grimme D3 (GD3)
empirical dispersion correction to account for van der Waals forces within the modeled

82,141, 147, 188-190,246,247. 2531 T account for anharmonicity in the normal vibrational modes,

reactions.!
as suggested by Scott and Random, the harmonic frequencies and zero-point energy (ZPE) were
scaled by factors of 0.96 and 0.98 respectively.[8> 141. 147. 2341 Following the work of previous
reaction modeling completed by our group, partition functions based on the harmonic oscillator
and rigid rotor approximations were used to calculate thermodynamic and kinetic properties as a

82, 141, 147, 255, 256

function of temperature.! 1 This procedure was performed automatically using a

modified version of the CalcK script previously employed by our group for reaction kinetics
analysis. (82 141, 147,257-263]
7.3.iii. Transition State Theory and Kinetic Parameters

Transition states associated with the acidic mechanism of peptide bond fragmentation were
found using the Berny method.[?*+266] The imaginary frequency of each transition state was
animated, and intrinsic reaction-coordinate calculations were performed to confirm that the normal

vibrational mode pertained to the reaction coordinate of interest. Conventional transition-state

theory (TST) was then used to calculate rate coefficients at 1 atm, according to the macroscopic

formulation in Equation (7.3.1).[2¢7)

K™ST(T)= nak = nak exp™— exp(—) (7.3.1)
Where A is defined in Equation (7.3.2):

A = k(T 2 (73.2)
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Here, & is the single-event rate coefficient, k(T) is the Wigner tunneling correction at
temperature T, kg is Boltzmann’s constant, 4 is Planck’s constant, Vi is the molar volume, R is
the ideal gas constant, AS* is the entropy of activation, AH* is the enthalpy of activation, An is
the change in the number of moles going from the reactant to the transition state (i.e., -1 for
bimolecular reactions, the forward and reverse reactions), and nd is the reaction path degeneracy,
or number of single events. The reaction path degeneracy follows Equation (7.3.3). AH* and AS*
are calculated using standard formulae, and there were no internal rotation corrections needed
within our system.[82 141, 147, 196, 267]

The reaction path degeneracy, n4, definition is based upon the symmetry of the reactant(s)

82, 141, 147, 196

and the transition state.! I Symmetry was determined by the number of chiral centers

present in each molecule.[8% 141, 147, 196,239,256, 263] T4 achieve an unbiased representation of each
modeled reaction, the maximum symmetry numbers were applied to each reaction.[32 141 147, 23]
Analysis of the reaction path degeneracies used in our model, noted that the inclusion of chiral
centers did not impact the forward reaction path degeneracy developed through the exclusion of
chiral centers. Therefore, our model may be applied to both natural and synthetic proteins in the

forward direction of each computed reaction. The reaction path degeneracies for this study follow

Equation (7.3.3):

# reactant.j
Nl [To

reactant,j O #
j "'chiral

nd=

(7.3.3)

Where nchiral is the number of chiral isomers for the transition state and reactant(s); ¢ is a

product of the external rotation symmetry numbers for the transition state and reactant(s). Internal
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symmetry numbers for non-cancelling internal rotations treated as hindered or free rotations were
included in the hindered and free rotor partition functions, respectively.

The single-event parameters of the Arrhenius relationship, log(A) and Ea were obtained by
fitting In(k) versus T-! over the temperature range 298 - 1500 K. This procedure was performed
automatically using a modified version of the CalcK script previously employed by our group for
reaction kinetics analysis.[8% 141- 147. 235, 257263 Throygh linear regression analysis, we determined
Arrhenius behavior was obeyed well for the majority of the reactions modeled within this study,
where non-Arrhenius behavior was observed by the reactions which contained negative apparent
activation barriers. The solvation impact of liquid phase kinetics is beyond the scope of this work
but will be addressed in future studies following the work of Jalan et al, which computes liquid-

phase kinetics in relation to both the solute and the solvent.?6%!

7.3.iv. Chemical Model and Level of Theory Validation

Model validation was completed by comparing the forward rate coefficients of Glycyl-
Glycine (Gly-Gly) and Glycyl-Valine (Gly-Val) non-enzymatic peptide bond fragmentation at a
pH of 3.0 to the literature values provided by Sun et al. and by Smith and Hansen (Table 7.3.2).
[142,144] validation was completed using the values computed at the modeled dielectric associated
with bulk water to reduce variability within the analyzed system. Similarly, as the forward rate
coefficient given by Sun et al. falls between two temperature ranges of the CalcK output, the value
used as a validation point was achieved via linear interpolation. Furthermore, analysis of our
modeled system suggested that, similar to our study under ambient conditions, a pseudo-first-order
approximation would be an appropriate metric to apply to our analysis. Through this, we
determined the forward rate coefficient of Gly-Val non-enzymatic peptide bond fragmentation was

Il.[144

within one order of magnitude of the value given by Smith and Hanse I Evaluation of the
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forward rate coefficient of Gly-Gly non-enzymatic peptide bond fragmentation indicated that a

greater margin of error was observed between the computed and literature values, and can be

e.[142

attributed to the linear interpolation applied to the generated valu I Therefore, we determined

that both our self-consistent chemical model and computational methodology would accurately

reflect the reaction energetics of peptide bond fragmentation under acidic conditions.

Table 7.3.2. Comparative analysis of the computed Arrhenius parameters and forward rate
coefficients of Gly-Gly and Gly-Val peptide bond fragmentation under acidic conditions against
the experimental rate coefficients [ = 80].!> 14l The rate coefficients of the value compared
against the Sun study was computed via interpolation of the rate coefficients derived from
Arrhenius parameterization, so that temperature variability could be removed from the analysis.
Furthermore, the comparative rate coefficients of Gly-Gly and Gly-Val peptide bond
fragmentation were computed using a pseudo-first order approximation.

. . AKF
Study I;;s:ftti:ﬂf pH Tem[();:(r)ature k (s Com([s)_lll;ed = (Literature —
Computed)
Sun et
al. Gly-Gly 3.0 368 4.80x 107 9.30x 10 5.16x 102
(2019)
Smith
and -9 -8 -1
Gly-Val 3.0 310 1.35x 10 1.01x 10 1.34x 10
Hansen
(1998)

7.3.v. Supervised Learning Methods and Applications towards Hinge Region Stability

Evaluation of the Evans-Polanyi correlations generated for the full dataset, as well as at
each modeled dielectric indicated that zero statistically significant correlations could be achieved
by generalizing the relationship between the enthalpy of reaction and the activation barrier. As we
previously noted, the fundamental principle of the Evans-Polanyi correlation is that the more
exothermic reactions will have lower activation barriers.?**! Analysis of the thermochemical and
kinetic parameters associated with the non-enzymatic peptide bond fragmentation reaction under

acidic conditions indicated that the computed activation energies did not scale linearly with the
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exothermicity of the modeled reactions, suggesting that the Evans-Polanyi correlation would be
an inappropriate model to apply to the developed reaction class.

To confirm our hypothesis that the Evans-Polanyi correlation would be inappropriate for
our modeled system, we applied principal component analysis (PCA) to our generated dataset.
PCA was conducted through the use of an R script that was adapted from PCA tutorial codes and
applied to the full dataset associated with the non-enzymatic peptide bond fragmentation reaction

(491,534 As we previously noted, PCA provides valuable insight towards

under acidic conditions.
identifying the parameters within a dataset that contribute the most significantly to the observed
variation.[?% 237 991 Additionally, the calculation of the correlation coefficients between
parameters can be implemented to identify the most significant relationships.***) Therefore,
through the application of supervised learning methods, we were able to identify the parameters

that contributed to non-enzymatic peptide bond fragmentation under acidic conditions and obtain

insights towards their impact on mAb hinge region stability.

7.4. Results and Discussion
7.4.i. Structures

As we previously noted, analysis of the stages associated with downstream manufacturing
of mAbs was completed using similar reaction classes, where the nine deviating structures were
representative of the residue ionization states of interest. To model the reaction energetics of non-
enzymatic peptide bond fragmentation under the conditions associated with the Protein A
chromatography stage of downstream manufacturing, nine reactions including anionic Asp were
appended to the 81 reactions used to generate our initial reaction class. Similar to the reactions
used to model non-enzymatic peptide bond fragmentation under the environmental conditions

associated with the alkaline wash stage of downstream manufacturing, the initial reaction class
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was developed by modeling the nine most frequently occurring residues within the hinge region

in both the N and C-terminus position.!!*]

The mechanism of non-enzymatic peptide bond fragmentation under acidic conditions was
modeled as a single reaction, where the proton coordination between H3O" and the peptide bond
carbonyl oxygen was found to be instantaneous and lumped into the rate-determining step.
Similarly, initial analysis of the modeled mechanism indicated that peptide bond fragmentation
occurred during the electrophilic attack of H3O" on the peptide bond. The dipeptide and H3O" were
treated as infinitely separated reactants, where H3O" decomposed in the transition state structure
to cleave the peptide bond and form a net neutral N-terminus residue and a cationic C-terminus
residue that were treated as infinitely separated products. A representative ball and stick schematic

of the stepwise mechanism is present in Figure 7.4.1.

+ H,0* ©
adie o adeeod
TS

Reactant Products

Figure 7.4.1. Ball and stick representation of non-enzymatic peptide bond fragmentation under
acidic conditions.

7.4.ii. Thermochemistry and Arrhenius Parameterization

Non-enzymatic peptide bond fragmentation under acidic conditions was found to be both
net exothermic and spontaneous in nature where, similar to non-enzymatic peptide bond
fragmentation under basic conditions, reaction favorability increased as the modeled dielectric

decreased, where the largest increase in reaction favorability was observed between the modeled

225



dielectrics associated with hydrophobic and charged residues (Table 7.4.1). At the modeled
dielectric associated with charged residues, Eo=18.9 + 4.78 kcal.mol™!, Ea= 18.4 + 4.89 kcal.mol
!, and log(A) = 5.85 4+ 0.47 L.mol.s! in the forward direction, while Eo=44.2 + 5.48 kcal.mol’
|, EA= 45.6 + 5.64 kcal.mol!, and log(A) = 5.49 + 0.45 s, respectively. Ate =4, Eo=11.4 +
10.7 kcal.mol™!, Ea=11.2 4 10.9 kcal.mol’!, and log(A) = 5.84 + 0.61 L.mol"".s™! in the forward
direction, while Eo= 40.1 + 10.4 kcal.mol’!, EaA= 41.6 & 10.6 kcal.mol!, and log(A) = 5.58 +
0.61 s!, respectively.

Table 7.4.1. Average B3LYP Arrhenius parameters, zero point energy corrected barriers, enthalpy
of reaction, and Gibbs free energy of reaction for the intermediate formation step of the non-
enzymatic peptide bond fragmentation reaction under basic conditions at 298 K and 1 atm. A has

units of L.mol!.s™! for the forward and reverse reactions, respectively. Eo, Ea, and AH?*!°x, have
units of kcal.mol ™.

c Forward Reaction AHrxx | AGrxn Reverse Reaction

Eo log(A) Ea Eo log(A) Ea
4 11.4 5.84 11.2 -30.9 -31.5 40.1 5.58 41.6
20 18.6 5.85 18.4 -27.7 -28.4 442 5.49 45.6
40 19.5 5.84 19.2 -27.3 -28.1 447 5.43 46.0
80 19.9 5.83 19.6 -27.1 -27.9 44.9 5.42 46.2

Evaluation of the reactions modeled under the most hydrophobic dielectric indicated that
the reactions containing anionic Asp yielded a similar phenomena to the trend observed by cationic
Lys under hydrophobic conditions associated with non-enzymatic peptide bond fragmentation
under alkaline conditions. Specifically, negative apparent activation barriers were observed by the
reactions containing cationic Asp at € = 4. Prior studies on hydrogen exchange have indicated that
the phenomenon is catalyzed by either strong acids or strong bases.[>*>->37] Prior studies have
highlighted anionic Asp as a residue that is prone towards promoting hydrogen exchange under
acidic conditions, where Asp was computed as the residue to promote the highest rate of hydrogen
exchange in both the N and C-terminus positions.[*°%301:338] Additionally, it is likely that the polar

interactions that would be exhibited between the residue and the modeled dielectrics at € =20, 40,
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and 80 would stabilize it against the phenomenon. Therefore, as the reactions modeled within this
study do not account for the salt bridges and other electrostatic interactions typically observed
within the hydrophobic core to protect the acidic sidechain from hydrogen exchange, it is likely

that the observed energetics would not be physiological in larger structures.

7.4.iii. Application of Supervised Learning Methods towards Identifying Contributing
Factors of Non-enzymatic Peptide Bond Fragmentation under Acidic Conditions

As we previously indicated, one of the primary motivators of this study was to identify the
parameters that contributed the most significantly to the energetics associated with non-enzymatic
peptide bond fragmentation under acidic conditions, and correlate those findings to the stability of
the mAb hinge region. Comparative analysis of the correlation heatmaps generated for the acidic
and basic datasets (Figure 7.4.2) yielded significant insight towards why the Evans-Polanyi
correlation would be an appropriate generalization of the energetics associated with the proposed
rate-determining step of non-enzymatic peptide bond fragmentation under basic conditions, but
not under acidic conditions. As indicated by the color legends on the right hand side of each
heatmap, the correlation observed between the parameters associated with the respective datasets
ranged from strongly positive (dark red) to strongly negative (dark blue).[**!- 3% 339 Evaluation of
the basic correlation heatmap (Figure 7.4.2.b) indicated evidence of a strong positive correlation
between the enthalpy of reaction and the activation barrier. Similarly, both AHrxn and Ea were
found to observe strong negative correlation when paired with the overall net charge of the
reaction. Furthermore, evaluation of the pair correlation coefficients indicated that the correlation
observed between AHrx~n and Ea was extremely strong (p = 0.91), while the correlations observed
between the reaction net charge and AHrx~ (p = -0.54), and the reaction net charge and Ea (p = -

371, 372

0.54) were computed to be moderate in comparison.! I Therefore, the stronger correlation

observed between the enthalpy of reaction and activation energy indicated that the Evans-Polanyi
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correlation would be suitable for the basic dataset, and the inclusion of the reaction net charge

parameter could be implemented to improve model linearity and predictiveness.
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Figure 7.4.2. Heatmap of the correlation observed between the parameters associated with non-
enzymatic peptide bond fragmentation [full dataset]. (a). Fragmentation under acidic conditions,
(b). Fragmentation under basic conditions.

Conversely, the strongest correlation observed in the acidic dataset was found in the
correlation associated with the reaction net charge and the activation barrier (p = 0.55). Evaluation
of the correlation observed between AHrx~ and Ea indicated a weaker correlation (p = 0.37) was
observed relative to the strongest correlation, suggesting that the associated net charge of the
reaction was more responsible for the variability observed in the computed activation barriers
relative to the associated enthalpy of reactions. Furthermore, comparative analysis of the
correlation coefficients observed for the acidic and basic datasets indicated that a greater number
of parameters contributed to the variability observed in the acidic dataset. Specifically, evaluation
of the correlation coefficients in the basic dataset indicated that the difference in the correlation
observed between the reaction net charge and AHrxn was significantly greater than the fourth
strongest correlation (C-terminus Rank: C-terminus Type; p =-0.25). Additionally, the correlation
observed between AHrxn and the other parameters, or Ea and the other parameters, was computed

to be weak or negligible. *7!:372] In the acidic dataset, the observed decrease in correlation strength
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was not as significant, suggesting that the variability observed within the acidic dataset could be

accounted for through the inclusion of more parameters relative to the basic dataset.

As we previously noted, the Evans-Polanyi correlation was not applicable for non-
enzymatic peptide bond fragmentation under acidic conditions due to a moderate linear correlation
being observed between the associated reaction net charge and the activation barrier, while
relatively weak correlations were observed between the net charge and the enthalpy of reaction
and between the enthalpy of reaction and the activation energy. For this purpose, we expanded the
descriptors used within our dataset to obtain a robust analysis of the parameters contributing to the
variation observed within our generated dataset. The flexibility of the hinge region has been
identified as a factor that influences its propensity towards fragmentation, 138 157 158, 480, 519-522]
Furthermore, three out of the four residues determined by Flores to be the most frequently
occurring within the hinge region are classified as small via the Sigma Aldrich datasheet on amino
acid molecular weights.['®* 1641 For this purpose, we expanded our analysis of the parameters

included in PCA to evaluate the impact of the residue size in either the N or C-terminus position,

as well as the flexibility of the residues in accordance to the scale developed by Huang and Nao.3%"]
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Figure 7.4.3. Heatmap of the correlation observed between the parameters associated with non-
enzymatic peptide bond fragmentation [full dataset] relative to In(k)F.

Figure 7.4.3. depicts the heatmap of the correlation between the parameters observed
within the dataset, where the parameters associated with the enthalpy of reaction and activation
barrier were replaced with In(k)" at 298 K. Evaluation of the correlation between In(k)" and the
other parameters observed within the dataset indicated that the most significant linear correlation
was observed between In(k)f and the associated reaction net charge (p = -0.56). Additionally,
weakly negative linear correlation was observed between In(k)" and the following parameters: the
propensity of the C-terminus residue to occur in the hinge region (p = -0.22), the N-terminus
residue sidechain type (p = -0.17), the flexibility of the N-terminus residue (p = -0.17), and the
flexibility of the C-terminus residue (p =-0.27).371-372] For this purpose, only the previously noted

parameters were included within PCA.
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7.4.iv. Identification of Residues Promoting Non-enzymatic Peptide Bond Fragmentation
and Insights towards mAb Hinge Region Stability under Acidic Conditions

Table 7.4.2 gives the parameter contributions to variability relative to the direction
associated with the greatest amount of variance (PC 1), and the direction orthogonal to it (PC 2).
Evaluation of the parameter contributions observed in the PC 1 direction indicated that In(k)F, the
associated reaction net charge, and the flexibility of the C-terminus residue were the three most
significant contributors to variability.!**> 23%! In the direction orthogonal to PC 1, the flexibility of
the N-terminus residue towards fragmentation, functionality of the N-terminus sidechain, and the
propensity of the C-terminus residue to occur within the hinge region were found to contribute the
most significantly to variability. Therefore, we hypothesized that the impact of the previously
noted parameters on the favorability of the reaction would be ranked as follows: associated reaction
net charge, C-terminus residue flexibility, N-terminus residue flexibility, N-terminus sidechain
functionality, propensity of the C-terminus residue to occur within the hinge region. Via this
analysis, we examined the propensity of the modeled reactions towards non-enzymatic peptide
bond fragmentation under acidic conditions via the ranking of their forward rate coefficients as a

function of the modeled dielectric.
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Table 7.4.2. Non-enzymatic peptide bond fragmentation under acidic conditions parameter
contributions to variability [Full Dataset].

PC1 PC2
Parameter Contribution to Parameter Contribution to
Variability Variability
Net Charge 25.5 Net Charge 6.08
In(k)* 33.1 In(k)* 9.03
C-terminus residue C-terminus residue
) 18.3 ) 17.1
ranking ranking
N-terminus residue N-terminus residue
. ) 0.01 . . 20.1
sidechain type sidechain type
N-terminus residue N-terminus residue
flexibility 0.97 flexibility 33.0
C-terminus residue C-terminus residue
flexibility 221 flexibility 14.8

7.4.iv.a. Impact of Net Charge on Reaction Favorability

Evaluation of the ranked forward rate coefficients by their propensity towards non-
enzymatic peptide bond fragmentation under acidic conditions indicated that the associated net
charge of the reaction impacted reaction favorability. Figure 7.4.4 depicts the reaction favorability
as a function of the modeled dielectric, where the color scale ranges from dark blue (most
kinetically favorable reactions) to dark red (least kinetically favorable reactions), and is split into
the three reaction net charges associated with non-enzymatic peptide bond fragmentation under

acidic conditions.
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Figure 7.4.4. Heatmap of the computed k'
fragmentation under acidic conditions as a function of the modeled dielectric. Dark blue represents
the dipeptide reactions with the largest computed k¥, while dark red is associated with the reactions
with the smallest computed computed kF. Dipeptides are arranged via the associated net charge of
reaction. (a). Anionic and net neutral reactions, (b). Cationic reactions (charge = 1), (¢). Cationic

reactions (charge > 2).

quickest forward rate coefficients, while reactions containing Lys in the N-terminus were among

Analysis of the heatmap indicated that reactions containing Anionic Asp generated the
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the slowest. As we previously noted, all parameters that were found to be weakly correlated to the
forward rate coefficient exhibited negative correlation. In regards to the relationship between k"
and associated reaction net charge, the negative correlation indicated that as the reaction would
become more kinetically unfavorable as it became more cationic.!*’?! This trend is representative
of the electrostatic repulsion exhibited by like charges, where the electrophilic attack of H3O"

[503,513-515

would be repulsed by the cationic Lys sidechain. I Similarly, reactions containing Asp in

its ionized state (net anionic) would be attracted to the cationic H3O", and therefore the forward
rate coefficient would be increased by the electrostatic attraction.>0% 313.514.517. 518]

However, the upper and lower bounds of reaction favorability were not limited to the
reactions where charge-charge interactions were exhibited between the modeled dipeptide and
H30". Evaluation of Figure 7.4.4.b indicated that the k' associated with the reactions containing
net neutral residues ranged from large forward rate coefficients to small coefficients. The range of
forward rate coefficients, when the net charge of the reaction is 1, indicates that the propensity of
dipeptides towards non-enzymatic peptide bond fragmentation is influenced by parameters other
than the associated net charge of the reaction. As we previously specified, the propensity of the C-
terminus residue to occur in the hinge region and the functionality of the N-terminus sidechain
were also found to exhibit weakly linear correlation to k™. Therefore, it is likely that the size of the
forward rate coefficient associated with the computed reactions is dependent on all three
parameters.
7.4.iv.b. Impact of Residue Flexibility on Reaction Favorability

As we previously noted, the flexibility of the N and C-terminus residues were found to

observe weak linear correlation the forward rate coefficient. For this purpose, we generated

heatmaps of the reaction favorability as a function of the modeled dielectric (Figure 7.4.5). Of the
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10 reactions containing Gly in the C-terminus, only two reactions fell within the least kinetically
favorable range (red) [Lys-Gly and Val-Gly]. As we previously noted, reactions containing
cationic Lys in the N-terminus were found to be kinetically unfavorable due to the electrostatic
repulsion of like-like charges.[?%>13-515] Additionally, Val is classified as one of the least flexible
residues within our dataset.[***! Unlike Val-Ser, which is ranked among one of the more kinetically
favorable reactions within our dataset, the generated heatmap indicates that Val-Gly fragmentation
under acidic conditions is kinetically unfavorable. The favorability of Val-Ser towards non-
enzymatic peptide bond fragmentation under acidic conditions is likely due to the polar
interactions observed between the hydroxyl of the Ser functional group and the reactive center,
where the distance is 1A less than the distance between the Asp functional group and the reaction

(239, 5031 Fyrthermore, the hydroxyl group of the Thr sidechain was oriented away from the

center.
reaction center, suggesting that the sidechain would not be able to interact with the reaction center.

As aresult, only the Val-Ser reaction would be kinetically favorable.
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Figure 7.4.5. Heatmap of the computed k' associated with non-enzymatic peptide bond
fragmentation under acidic conditions as a function of the modeled dielectric. Dark blue represents
the dipeptide reactions with the largest computed k¥, while dark red is associated with the reactions
with the smallest computed computed k¥. Dipeptides are arranged via the flexibility of the C-
terminus residue. (a). Most flexible, (b). Medium flexibility relative to other residues in dataset,

(c). Least flexible.

Reactions containing C-terminus Ser indicated that the most kinetically favorable reactions
occurred when Ser was covalently bound to inflexible residues in the N-terminus or anionic Asp.
As we previously noted, polar interactions between the Ser sidechain and the reactive center would
increase reaction favorability.[23%39%54% The reduced favorability of the reactions containing small,
flexible residues covalently bound to one another was observed by all reactions aside for Gly-Ala

and Ser-Gly (Figure 7.4.6), where all nine reactions were found to fall within the top half of
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reaction favorability. Furthermore, the reduced favorability of the reactions is likely a result of the

other factors influencing the reaction favorability of non-enzymatic peptide bond fragmentation

under acidic conditions.
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Figure 7.4.6. Heatmap of the computed k' associated with non-enzymatic peptide bond
fragmentation under acidic conditions as a function of the modeled dielectric. Dark blue represents
the dipeptide reactions with the largest computed k¥, while dark red is associated with the reactions
with the smallest computed computed k'. Dipeptides are arranged via the flexibility of the N-
terminus residue. (a). Most flexible, (b). Medium flexibility relative to other residues in dataset,

(c). Least flexible.
7.4.iv.c. Impact of Residue Sidechain Functionalities on Reaction Favorability

The correlations associated with the residue sidechain functionality and k' and the
propensity of the C-terminus residue to occur in the hinge region and k' were found to exhibit
weaker linear correlation relative to the relationship observed by the associated reaction net charge

and k. However, similar to the associated reaction net charge, the functionality of the residue
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sidechain was found to not be position dependent at € = 4. As depicted in Figure 7.4.7, the rate
coefficients associated with dipeptides containing Lys were found to decrease at € = 4, regardless
of the residue position in the dipeptide. Similarly, the reactions containing anionic Asp were more
significantly impacted than the reactions containing Asp in its unionized form. Prior studies on
charged residues in the hydrophobic core of proteins found the presence of charged residues that

(502,515, 541-545] While the sidechain of Lys is cationic in

do not form salt bridges to be destabilizing.
nature, the reactions containing Asp were modeled using the ionized and neutral form of the acidic
sidechain. Therefore, the net charge associated with the reaction would either be net neutral, where
the charges are canceled by the electrostatic attraction between the anionic sidechain of Asp and
the cationic H3O", while the reactions containing neutral Asp behaved similarly to the reactions
containing unionized residues. As a result, only the Lys-containing reactions would be impacted

by the energetic cost of buried residues within the hydrophobic core of the protein.[29% 315, 341-343]
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Figure 7.4.7. Heatmap of the computed k' associated with non-enzymatic peptide bond

fragmentation under acidic conditions as a function of the modeled dielectric. Dark blue represents
the dipeptide reactions with the largest computed k", while dark red is associated with the reactions
with the smallest computed computed k'. Dipeptides are arranged via the functionality of the N-
terminus residue sidechain. (a). Aliphatic, (b). Charged, (c). Hydrolytic, (d). Special.

Evaluation of the trends exhibited in Figure 7.4.6 indicated that the non-enzymatic peptide

bond fragmentation was more kinetically favorable when Pro was the N-terminus residue. The
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propensity of Pro-Ybb towards fragmentation was found to contradict prior experimental findings,
where the “Proline effect” indicated that the presence of Pro in the C-terminus position would
promote the fragmentation of polypeptides.l>!> 325321 The rate coefficients associated with our
study on the energetics of non-enzymatic peptide bond fragmentation during the alkaline wash
stage of downstream manufacturing indicated that the reactions containing Pro in the C-terminus
position were among the least kinetically favorable, and agree with the finding by Loo et al. that
the proximity of the residue to a basic environment reduced its propensity towards
fragmentation.>?”] Furthermore, prior studies on the “Proline effect” indicated that polypeptides
containing Pro were more likely to fragment when the polypeptide was protonated.>?% 929 5461
Previous studies indicated that the “Proline effect” was representative of the affinity of the amine
of the Pro ring to accept protons relative to other amino acids.>*’->*1 Evaluation of the transition
state structures indicated that the proton closest to the Pro ring amine was oriented towards the
functional group, while it was oriented towards the peptide bond in the structures of the other N-
terminus residues. Therefore, it is likely that the N-terminus Pro acts as a proton acceptor during
the electrophilic attack of H3O", thus increasing the propensity of the dipeptides towards non-
enzymatic fragmentation under acidic conditions. Only Pro-Lys and Pro-Pro were found to deviate

from this trend, where the basic nature of the Lys sidechain and the steric hindrance of the C-

terminus Pro likely reduce the favorability of the reaction.[!3%:527]

7.4.iv.d. Impact of Residue Frequency on Reaction Energetics

As we previously specified, the correlation observed between the propensity of the C-
terminus residue to occur in the hinge region and k' was found to be weaker than the correlation
associated with the associated net charge of reaction. Additionally, at the modeled dielectric

associated with hydrophobic residues, negligible correlation was observed. Figure 7.4.8 depicts
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the heatmap of k as a function of the modeled dielectric, where the x-axis represents the propensity
of the C-terminus residue to occur in the hinge region. Evaluation of the generated heatmap
indicated that the rate coefficients associated with both Gly and Ser were larger when the residues
were in the C-terminus position of the dipeptide relative to the N-terminus position. While the
reactions containing Gly in the N-terminus position were found to be among the more kinetically
favorable, the associated rate coefficients of Gly covalently bound to a bulkier residue indicated
that the flexibility of the smallest amino acid promoted non-enzymatic peptide bond

138.239] Similarly, the reactions containing N-terminus Ser towards non-enzymatic

fragmentation.!
peptide bond fragmentation were most kinetically favorable when the residue was covalently
bound to either the first (Gly) or third (Leu) most frequently occurring residues in the hinge region.
Furthermore, the three most frequently occurring amino acids in the hinge region, according to
Flores et al., were found to promote non-enzymatic peptide bond fragmentation when covalently
bound to one another. Of the nine dipeptides, only Leu-Leu was found to not observe this trend;
where the reaction unfavorability can be attributed to the bulky nature of the aliphatic

1631 As a result, we determined that, similar to the associated net charge of the reaction

sidechains.!
and the classification of the residue sidechain, the propensity of residues to occur in the hinge

region influenced non-enzymatic peptide bond fragmentation.
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Figure 7.4.8. Heatmap of the computed k' associated with non-enzymatic peptide bond
fragmentation under acidic conditions as a function of the modeled dielectric. Dark blue represents
the dipeptide reactions with the largest computed k¥, while dark red is associated with the reactions
with the smallest computed computed k'. Dipeptides are arranged via the frequency of the C-
terminus residue to appear in the hinge region. (a). Reactions containing Gly, Ser, or Leu in the C-
terminus, (b). Reactions containing Ala, Thr, or Asp in the C-terminus, (c). Reactions containing

Pro, Lys, or Val in the C-terminus.
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7.4.7. Overall Insights towards mAb Hinge Region Stability

Figure 7.4.9 depicts the spectrum of reaction favorability of the generated reaction class
towards non-enzymatic peptide bond fragmentation under acidic conditions. As we previously
noted, multiple factors influenced the propensity of the modeled dipeptides towards non-enzymatic
peptide bond fragmentation under acidic conditions; where the impact of the reaction net charge
is most evident at € = 4. The smaller forward rate coefficients associated with the Lys-containing
residues can be attributed to both its net charge and its respective ranking in terms of frequency
within the hinge region. Similarly, Val was the residue least likely to occur in the hinge region
within our modeled dataset, and promoted fragmentation when in the C-terminus position and
covalently bound to small residues. Val-Ser fragmentation was also found to be kinetically
favorable, and can be attributed to both the frequency Ser occurs in the hinge region and its

163. 2391 Specifically, the ability of the hydrolytic functional group to form

functional group.!
hydrogen bonds with H3O" to stabilize the reaction,!?3% 303 540

Dipeptide reactions containing Gly, Ser, and Ala were found to promote non-enzymatic
peptide bond fragmentation under acidic conditions, indicating that the propensity of small,
flexible residues to occur within the hinge region and promote peptide bond fragmentation was
conserved across pH-dependent environments. Conservation of the impact of reaction net charge
upon reaction energetics was also observed, where reactions containing anionic Asp yielded large

forward rate coefficients while the electrostatic repulsion between the cationic Lys sidechain and

H3O" significantly decreased reaction favorability.
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Figure 7.4.9. Heatmap of the computed k' associated with non-enzymatic peptide bond
fragmentation under acidic conditions as a function of the modeled dielectric. Dark blue represents
the dipeptide reactions with the largest computed k¥, while dark red is associated with the reactions
with the smallest computed computed k¥. (a). Most kinetically favorable reactions (b). Midpoint
of reaction favorability, (c). Least kinetically favorable reactions.

Evaluation of the parameters influencing k" indicated the following. First, that unlike the
energetics exhibited by the fragmentation reactions modeled under the environmental conditions
associated with the alkaline wash stage of downstream manufacturing, propensity towards
fragmentation was not driven only by the presence of flexible residues within the modeled

reactions. Instead, the conformationally rigid Pro was found to promote non-enzymatic peptide
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bond fragmentation when present in the N-terminus of the dipeptide and is representative of
analytical methods such as mass spectrometry for protein analysis.[36% 346-349: 3501 Ag we previously
specified, the “Proline effect” is promoted through the proton affinity observed by the amine group
of the Pro ring, where it is likely that one of the H3O" hydrogen atoms coordinates with the amine
during the electrophilic attack of H3O" on the peptide bond of Pro-Ybb dipeptides.>47-34]
Therefore, it is likely that the observed “Proline effect” would counteract the rigidity of the residue,
and promote fragmentation under the environmental conditions associated with the Protein A
chromatography stage of downstream manufacturing. Additionally, both Gly and Leu were found
to promote fragmentation when covalently bound to C-terminus Pro, while Ser-Pro was found to
be kinetically unfavorable. The unfavorability of the Ser-Pro fragmentation is likely representative
of the hydroxyl group of the N-terminus Ser residue being more attractive to the free hydrogen
compared to the amine of the Pro ring. As a result, the rigidness of the Pro residue would reduce

its favorability towards non-enzymatic peptide bond fragmentation under acidic conditions.

7.5. Conclusions and Future Directions

In summary, a theoretical study on non-enzymatic peptide bond fragmentation under acidic
conditions was completed to analyze the impact of the degradation mechanism on the stability of
the mAb hinge region during the Protein A chromatography stage of mAb downstream
manufacturing. Rate coefficients and Arrhenius parameters for the stepwise reaction mechanism
were computed for 360 total reactions (90 reactions per modeled dielectric) using B3LYP and
statistical thermodynamics. The forward rate coefficient of the proposed rate-determining step of
the reaction mechanism was benchmarked against two experimental studies to validate our
computational methodology and proposed chemical model.['*> 44 Furthermore, the impact of

electrostatic interactions between the ionized residues and the attacking H3O" was found to exhibit
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similar behavior as the study associated with the alkaline wash stage of downstream
manufacturing, where the attraction of opposing charges resulted in a lower Ea while reactions
containing like charges were found to kinetically unfavorable in comparison.[°%3:313. 314, 517, 18]
Furthermore, evaluation of the correlation between the parameters associated with the
developed model indicated that the Evans-Polanyi correlation was not an appropriate
generalization for the reaction class associated with non-enzymatic peptide bond fragmentation
under acidic conditions. Additionally, negative and weakly linear correlation was observed
between k', the associated reaction net charge, propensity of the C-terminus residue to occur within
the hinge region, and functionality of the N-terminus residue sidechain.®7!: 372 As a result, we
analyzed reaction propensity towards fragmentation as a function of three parameters. Evaluation
of the parameters that were correlated to the forward rate coefficient indicated that the electrostatic
interactions exhibited by the ionized residues and the pH-driven environment were conserved
across pH extremes, where favorability was dependent on electrostatic attraction and repulsion.[%*
313, 514, 517, 5181 Fyrthermore, the frequency of residues occurring in the hinge region was likely
representative of its propensity towards fragmentation, where reactions containing small, flexible
residues yielded a larger k¥ than the reactions with bulky sidechains 263303, 513-516.523. 24| R eqction
favorability was also found to resemble analytical results, such as the “Proline effect”, where the
affinity of the ring amine promoted fragmentation.’*’*) Future studies will evaluate the
fragmentation reaction energetics of larger polypeptides to analyze the impact of the previously
noted parameters on reaction favorability. Additionally, the thermochemical and kinetic
parameters computed by our developed database will be used to generate a robust microkinetic

model of protein degradation.
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Chapter 8: Conclusions and Future Directions

8.1. Overall Summary of Projects

In summary, databases of thermochemical and kinetic parameters have been developed to
represent the reaction energetics associated with two mAb CQAs along the different stages of the
therapeutic manufacturing pipeline. The generated databases are also representative of how
degradation impacts the generated formulation, where the chemical degradation-induced
mutations associated with functional degradation reduce the efficacy of the final product, and
structural degradation is observed via fragmentation of the peptide bond to cause instability within

82, 141, 147] The propensity of the protein to be impacted by these forms of

the protein structure.!
degradation was found to be dependent on the stage of the manufacturing pipeline, where
fragmentation was more likely to occur than deamidation during downstream manufacturing and
both deamidation and fragmentation occurred under ambient conditions.[®? 141-147] Fyrthermore,
the propensity of the succinimide reaction pathway to occur under ambient environmental
conditions indicated that the screening of cations to inhibit the reaction pathway was only
applicable to the specified reaction pathway. Additionally, by using dipeptides with different
sidechains and four different dielectrics to model the analyzed reactions the impact of residue
functionalities on reaction energetics at the primary structure was quantified.’®? 41- 1471 Via this
analysis, we determined how the propensity of residues towards degradation via the specified
reaction was correlated to its frequency within the protein. Additionally, the inclusion of the four
modeled dielectrics gave insights towards reaction behavior at different sites within the protein

structure, as well as for freely floating polypeptides in solution.[32 141- 147]

The studies associated with the storage of the generated formulation under ambient

conditions identified the most probable reaction pathway of Asn-X and GIn-X deamidation,
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quantified why Asn-X deamidation was more readily observed in mAbs relative to GIn-X
deamidation, generalized the energetics of non-enzymatic peptide bond fragmentation along a
linear trendline, and analyzed the reaction behavior of the sidechain functionalities at different
portions of the protein. Structure-property relationships were observed between Asn-Gly and the
modeled cation of interest, where the interaction site, oxidation state, spin multiplicity, and type
of coordination influenced the binding free energies and effectiveness of the cation as an additive
against the succinimide reaction pathway. Modeling the perturbations in pH observed during the
downstream manufacturing stage of the mAb manufacturing pipeline indicated that the Evans-
Polanyi correlation could be applied to generalize the energetics associated with non-enzymatic
peptide bond fragmentation under alkaline conditions, but not acidic conditions. Additionally, the
propensity of the hinge region towards fragmentation was correlated to the types of residues found

to occur most frequently within the region.

8.2. Advancements and Limitations in Regards to mAb Formulations and Manufacturing

As we previously noted, the databases that were developed within this study were
generated to complement prior analytical insights towards the non-enzymatic deamidation and
peptide bond fragmentation as a function of different points within the pharmaceutical protein
manufacturing pipeline. Specifically, to screen the impact of both intrinsic factors, such as the
interactions between the N and C-terminus residue sidechains, and extrinsic factors, such as the
modeled pH, dielectric, and cation-dipeptide complexes. Via this screening, we have provided the
following advancements towards mAb formulations and manufacturing. First, by developing the
thermodynamic and kinetic databases of mAb degradation as a function of the manufacturing
pipeline, the forward rate coefficients of the specified degradation reaction can be predicted as a

function of temperature. Table 8.2.1. depicts a two-sample t-test for the difference in means
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between the forward rate coefficients computed by CalcK relative to the forward rate coefficients
that were computed using EaF and log(A)" from the developed databases as a function of
temperature. Evaluation of the two-sample t-test indicated that the difference in means was
statistically insignificant at each specified temperature, suggesting that the Ea" and log(A)F could
be used to accurately predict In(k)" without the use of the CalcK script.[*’ Therefore, the forward
rate coefficients associated with the different degradation pathways analyzed within this document
can be evaluated at both the temperature indicated by the experimental studies used to validate the

databases and the temperatures associated with long-term storage of mAbs.

Table 8.2.1. Two-sample t-test for the difference in means between In(k)" [CalcK] and In(k)"
[Using dataset parameters] as a function of temperature (K) and over four modeled dielectrics (¢).

T=233K
Database Reaction t-value DOF p-value
Sl 0.31 158 0.75
De:ﬁr?ld-;(t'on SE -0.04 150 0.97
(Storal e lH) SHD 1.01 150 0.32
sep SHI 0.95 150 0.34
DH 1.10 158 0.27
Deacl;li?(iiion GF 0.04 150 0.97
(Storage pH) e 0.92 150 0.36
s¢P GHI 0.47 150 0.64
Fragmentation Intermediate
(Storage pH) Formation 0.64 166 0.53
T=273K
Database Reaction t-value DOF p-value
DH 0.18 158 0.86
Deﬁz?&fﬁon 21 -0.02 150 0.98
(Storage pH) SHD 0.60 150 0.55
&P SHI 0.5 150 0.57
DH 0.64 158 0.53
Dea?li?(iz)l(tion GE 0.01 150 0.99
(Storage pH) GHE 0.56 150 0.58
sep GHI 0.28 150 e
Fragmentation Intermediate
(Storage pH) Formation 0.39 166 0.70
T=281K
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Database Reaction t-value DOF p-value

DH 0.16 158 0.87

Bearmiation SE -0.02 150 0.98

(Storage pH) SHD 0.52 150 0.60

s¢P SHI 0.51 150 0.61

DH 0.56 158 0.57

Dea?r:;l(iz)u(tion o 0.00 150 1.00

(Storage pH) GHE 0.49 150 0.63

i il 0.22 150 0.82
Fragmentation Intermediate

(Storage pH) Formation 0.34 166 0.74

T =298 K
Database Reaction t-value DOF p-value

DH 0.13 158 0.90

Dez;?;;l(iz)l(tion - 0.00 150 1.00

(Storage pH) SLED 0.40 150 0.69

s°P SHI 0.37 150 071

DH 0.43 158 0.67

Dea(l;li?(iz)l(tion GF 0.02 150 0.98

(Storage pH) GHE 0.37 150 0.72

=P GHI 0.18 150 0.86
Fragmentation Intermediate

(Storage pH) Formation 0.26 166 0.80
Fragmentation Intermediate

(Basic pH) Formation 0.45 718 0.65

Fragmentation (Acidic pH) 0.29 718 0.77

By computing the instantaneous selectivity between the primary and secondary reaction
pathways of Asn-X and GIn-X deamidation, we identified the most probable reaction pathway
under ambient pH as a function of the C-terminus residue that Asn and Gln are covalently bound
to, as well as the overall trends observed in regards to the modeled dielectric. Via this analysis,
deamidation hotspots can be predicted, and additives and stabilizers can be developed to
specifically target the more competitive degradation reaction pathway. Similarly, by generalizing
the activation barrier associated with the proposed rate-determining step of non-enzymatic peptide
bond fragmentation under ambient conditions, the energetics of potential hotspots within the hinge

region can be predicted as a function of the enthalpy of reaction.
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Additionally, as we previously specified, the patent filed by Rehder evaluated the
effectiveness of cation-based additives in reducing the amount of iso-Asp generated within the

[194]' By evaluating the impact of the cations on reducing the spontaneity of the

formulation.
succinimide formation reaction, we were able to obtain novel insights regarding how the site of
interaction, type of cation-peptide coordination, and cation classification impacted the binding
free energy and spontaneity of the succinimide formation reaction. Via these learnings, we
screened the cations in terms of their effectiveness in reducing the spontaneity of the succinimide
formation reaction, which in turn would reduce the formation of iso-Asp within the formulation.
In our downstream manufacturing studies, we combined chemical engineering insights with
statistical learning methods and bioinformatics to identify the factors that most significantly
impacted the kinetic favorability of non-enzymatic peptide bond fragmentation under acidic and
basic conditions. Through this analysis, we were able to apply the Evans-Polanyi correlation to
generalize the proposed rate-determining activation barriers of the dipeptide reactions most likely
to occur within the hinge region, and correlate amino acid frequency within the hinge region to the

hinge region propensity towards fragmentation. These insights provide fundamental insights

towards

In addition to the insights that these works have provided regarding the manufacturing and
formulation of mAbs, there are also limitations. Specifically, due to the tradeoff between model
accuracy and computational cost, we chose to model the impact of residue and environmental
interacts through the simplest chemical model, the model dipeptide. By selecting the model
dipeptide as our model structure to evaluate the different protein degradation reactions, we reduced
the computational complexity of our models. However, by reducing the computational complexity

of our models, there is a possibility that the predicted trends identified in our studies are not
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representative of the degradation behavior exhibited by the mAb. Prior experimental findings can
be used to validate the quantitative and qualitative trends observed by the developed models, as
well as the applied methodology. However, the model validation is limited to the environments
and polypeptides directly cited in literature. For the models that predicted the dipeptides most
prone towards degradation, such as the non-enzymatic peptide bond fragmentation under acidic
conditions, forced degradation at the predicted hotspots would be necessary to evaluate the
accuracy of the predicted trends. Additionally, for our developed Evans-Polanyi correlations,
further validation of the linear generalization is dependent on the experimental value of the
enthalpy of reaction for the proposed rate-determining step, which we were unable to find within
our literature review. For this purpose, further validation of the trends analyzed and the databases

generated within this document is necessary.

8.3. Future Directions

A three-pronged approach is necessary to expand the findings of this work into the next
stage. As we previously noted, all degradation reactions analyzed in this study were modeled at
using the smallest structure, the dipeptide. As a result, the impact of the sidechain interactions on
reaction energetics needs to be evaluated in the secondary and tertiary structures. By modeling
these interactions, the trends reaction selectivity and site-specific propensity observed at the

primary structure can be correlated to trends observed at the secondary and tertiary structures.

Experimental validation of the kinetic parameters predicted by the studies in this work is
necessary to determine the associated error of building a microkinetic model based on these values,
as well as if a scaling factor is necessary for any of the reactions modeled within this work. Nuclear
Magnetic Resonance (NMR) and Isotope Enrichment NMR ('H, *C, >N, °F etc) spectroscopy

are two widely used techniques for evaluating the rates of protein degradation, where the shifts in
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the observed peaks associated with the labeled molecule of interest are evaluated to determine the

(1425511 A study by Hu et al. indicated that quantification of the parameters of

rate of degradation.
interest is tedious without the presence of the labeled isotopes due to the NMR signal intensities
exhibited by other molecules within the solution, where the specificity of the spectroscopy method
towards identifying degradation at a site of interest within the polypeptide sequence would be
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reduced.®>!) Furthermore, the application of transverse relaxation optimization spectroscopy

(TROSY) and replacing the hydrogen atom with deuterium at the residue of interest improved the

sensitivity of the spectroscopy towards larger polypeptides.!>>!-5%]

For this purpose, further experimental validation would be accomplished via Isotope
Enrichment NMR. Specifically, for each of the reaction mechanisms modeled in the study, the
dipeptides that were computed to yield the smallest and largest rate coefficients associated with
the degradation reaction of interest would be tagged to analyze the accuracy of our developed
model. By tagging the dipeptides associated with the endpoints of the computed rate coefficients,
the need for a scaling factor can be evaluated through the margin of error associated with the

experimental and computed rate coefficients.

Once the kinetic parameters predicted by the developed models associated with each
reaction pathway have been validated, or have been flagged for the inclusion of a scaling factor,
the microkinetic model can be tuned to generate the time-scale profiles necessary to quantify the
degradation behavior of deamidation and fragmentation under different environments.
Development of an appropriate microkinetic model for this work would be achieved via the

[554-559) The method of moments is a deterministic

“method of moments modeling approach”.
modeling approach that is popular for modeling the kinetics associated polymerization reactions.

[554-559] Prior studies on the kinetic modeling of polymerization reactions have highlighted the

253



method of moments approach due to its simplicity, where its popularity attributed to model
simplicity in regards to the derivation of model parameters, the diverse array of reactions the
methodology can be applied to, and its generation of average properties to produce chain-specific

and full distributions.[>>*

The sequence of the protein at its primary structure can be treated as a polypeptide chain,
so it is likely that the method of moments approach would be an appropriate approach towards the
generation of timescale profiles of protein degradation. Figure 8.2.1 depicts the proposed process
flow diagram that would be used to generate the microkinetic model of protein degradation via the
method of moments modeling approach. The results generated in our prior studies have indicated
that multiple factors influence the propensity of polypeptides towards degradation, ranging from
the environmental conditions associated with the different stages of the mAb manufacturing
pipeline to the interactions of residue sidechains with the environment and with one another.
Therefore, the conditions associated with the degradation reaction of interest should be specified

at model initiation.

Conditions such as pH, the propensity of residues to occur within the modeled polypeptide
chain, and the impact of the sidechain functionality on the energetics associated with the
degradation reaction of interest influence the identification of the pertinent reactions to include
within the developed model. For example, evaluation of deamidation as a function of time under
ambient conditions via the cyclic intermediate pathways would exclude reactions containing Pro
in the C-terminus from consideration, while the stability of the cyclic intermediate under acidic
conditions would indicate that the direct hydrolysis pathway would be the only reaction
considered.[8% 147, 153, 168, 560-362] Once the pertinent reactions have been identified and written as

elementary reactions, the population mass balances associated the degradation mechanism can be
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derived.[* 351 Generation of the population mass balances is the first step to account for the
distributions that have not been predicted through our atomistic modeling, and takes both the
length and type of the modeled polypeptide chains into consideration.[*>* >3 Once the mass
balances have been derived, they are transformed into moment balances to generate the differential
equations associated with computing the distribution of the model parameter of interest.>>*
Calculation of the average parameter of interest would then be accomplished via numerical or

analytical methods, depending on how the derived differential equations are able to be solved.>>*

Once those properties have been computed via the method of moments approach,
parameters such as the Arrhenius pre-exponential factor, activation barrier, and enthalpy of
reaction can be implemented to scale the kinetic parameters associated with degradation to the

334,553] Scaling

length of the polypeptide chain, and increase the complexity of the generated model.!
of the kinetic parameters to accurately reflect the physical rates of protein degradation will be
accomplished through the iterative process of model validation against experimental results, where
the number of parameters included within the model will be increased first to determine if model
complexity increases the accuracy of the generated results. If the accuracy of the model is not

impacted by increasing its complexity, a correction factor will be implemented to scale the

generated reaction energetics so they accurately reflect experimental results.
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Appendix A: List of Dipeptides used to Map the Asn-X Deamidation Reaction Network
during Storage (Chapter 2)

Table A.1. List of Dipeptides Used to Model Asn-X Direct Hydrolysis.

Dipeptide Net Charge
Asparginyl-Alanine (Asn-Ala) 0
Asparaginyl-Arginine (Asn-Arg) 1
Asparaginyl-Asparagine (Asn-Asn) 0
Asparaginyl-Aspartic Acid (Asn-Asp) -1
Asparaginyl-Cysteine (Asn-Cys) 0
Asparaginyl-Glutamine (Asn-Gln) 0
Asparginyl-Glutamic Acid (Asn-Glu) -1
Asparaginyl-Glycine (Asn-Gly) 0
Asparaginyl-Histidine (Asn-His) 0
Asparaginyl-Isoleucine (Asn-Ile) 0
Asparaginyl-Leucine (Asn-Leu) 0
Asparaginyl-Lysine (Asn-Lys) 1
Asparaginyl-Methionine (Asn-Met) 0
Asparaginyl-Phenylalanine (Asn-Phe) 0
Asparaginyl-Proline (Asn-Pro) 0
Asparaginyl-Serine (Asn-Ser) 0
Asparaginyl-Threonine (Asn-Thr) 0
Asparaginyl-Tryptophan (Asn-Trp) 0
Asparaginyl-Tyrosine (Asn-Tyr) 0
Asparaginyl-Valine (Asn-Val) 0
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Table A.2. List of Dipeptides Used to Model Asn-X Succinimide Formation, Succinimide
Hydrolysis into Asp-X, and Succinimide Hydrolysis into iso-Asp-X.

Dipeptide Net Charge
Asparginyl-Alanine (Asn-Ala) 0
Asparaginyl-Arginine (Asn-Arg) |
Asparaginyl-Asparagine (Asn-Asn) 0
Asparaginyl-Aspartic Acid (Asn-Asp) -1
Asparaginyl-Cysteine (Asn-Cys) 0
Asparaginyl-Glutamine (Asn-Gln) 0
Asparginyl-Glutamic Acid (Asn-Glu) -1
Asparaginyl-Glycine (Asn-Gly) 0
Asparaginyl-Histidine (Asn-His) 0
Asparaginyl-Isoleucine (Asn-Ile) 0
Asparaginyl-Leucine (Asn-Leu) 0
Asparaginyl-Lysine (Asn-Lys) 1
Asparaginyl-Methionine (Asn-Met) 0
Asparaginyl-Phenylalanine (Asn-Phe) 0
Asparaginyl-Serine (Asn-Ser) 0
Asparaginyl-Threonine (Asn-Thr) 0
Asparaginyl-Tryptophan (Asn-Trp) 0
Asparaginyl-Tyrosine (Asn-Tyr) 0
Asparaginyl-Valine (Asn-Val) 0
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Appendix B: List of Dipeptides used to Map the GIn-X Deamidation Reaction Network
during Storage (Chapter 3)

Table B.1. List of Dipeptides Used to Model GIn-X Direct Hydrolysis.

Dipeptide Net Charge
Glutaminyl-Alanine (GIn-Ala) 0
Glutaminyl-Arginine (Gln-Arg) 1
Glutaminyl-Asparagine (Gln-Asn) 0
Glutaminyl-Aspartic Acid (GIn-Asp) -1
Glutaminyl-Cysteine (GIn-Cys) 0
Glutaminyl-Glutamine (GIn-Gln) 0
Glutaminyl-Glutamic Acid (Gln-Glu) -1
Glutaminyl-Glycine (GIn-Gly) 0
Glutaminyl-Histidine (Gln-His) 0
Glutaminyl-Isoleucine (Gln-Ile) 0
Glutaminyl-Leucine (Gln-Leu) 0
Glutaminyl-Lysine (Gln-Lys) 1
Glutaminyl-Methionine (GIn-Met) 0
Glutaminyl-Phenylalanine (GIn-Phe) 0
Glutaminyl-Proline (Gln-Pro) 0
Glutaminyl-Serine (Gln-Ser) 0
Glutaminyl-Threonine (GlIn-Thr) 0
Glutaminyl-Tryptophan (GIn-Trp) 0
Glutaminyl-Tyrosine (GIn-Tyr) 0
Glutaminyl-Valine (GIn-Val) 0
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Table B.2. List of Dipeptides Used to Model GIn-X Glutarimide Formation, Glutarimide
Hydrolysis into Glu-X, and Glutarimide Hydrolysis into iso-Glu-X.

Dipeptide Net Charge
Glutaminyl-Alanine (Gln-Ala) 0
Glutaminyl-Arginine (Gln-Arg) 1
Glutaminyl-Asparagine (GIn-Asn) 0
Glutaminyl-Aspartic Acid (GIn-Asp) -1
Glutaminyl-Cysteine (GIn-Cys) 0
Glutaminyl-Glutamine (GIn-Gln) 0
Glutaminyl-Glutamic Acid (GIn-Glu) -1
Glutaminyl-Glycine (Gln-Gly) 0
Glutaminyl-Histidine (GIn-His) 0
Glutaminyl-Isoleucine (Gln-Ile) 0
Glutaminyl-Leucine (Gln-Leu) 0
Glutaminyl-Lysine (Gln-Lys) 1
Glutaminyl-Methionine (GIn-Met) 0
Glutaminyl-Phenylalanine (Gln-Phe) 0
Glutaminyl-Serine (Gln-Ser) 0
Glutaminyl-Threonine (GIn-Thr) 0
Glutaminyl-Tryptophan (GIn-Trp) 0
Glutaminyl-Tyrosine (Gln-Tyr) 0
Glutaminyl-Valine (GIn-Val) 0
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Appendix C: List of Dipeptides used to Model Non-Enzymatic Dipeptide Fragmentation
during Storage (Chapter 4)

Table C.1. List of Dipeptides Used to Model Non-Enzymatic Peptide Bond Fragmentation.

Dipeptide Net Charge

Alanyl-Lysine (Ala-Lys) 1

Alanyl-Serine (Ala-Ser)

Alanyl-Threonine (Ala-Thr)

Alanyl-Tyrosine (Ala-Tyr)

Arginyl-Aspartic Acid (Arg-Asp)

O OO

Arginyl-Lysine (Arg-Lys)

1
p—

Aspartyl-Alanine (Asp-Ala)

Aspartyl-Arginine (Asp-Arg)

Aspartyl-Glutamic Acid (Asp-Glu)

Aspartyl-Serine (Asp-Ser)

Llllble

Aspartyl-Threonine (Asp-Thr)

1
[\

Glutamyl-Aspartic Acid (Glu-Asp)

1
[

Glutamyl-Glycine (Glu-Gly)

Glycyl-Glycine (Gly-Gly)

Glycyl-Proline (Gly-Pro)

Glycyl-Tyrosine (Gly-Tyr)

Prolyl-Arginine (Pro-Arg)

Prolyl-Glycine (Pro-Gly)

Tyrosyl-Glycine (Tyr-Gly)

Tyrosyl-Serine (Tyr-Ser)

=l el el el Ll fe) el {an]

Valyl-Alanine (Val-Ala)
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Appendix D: List of Dipeptides used to Model Non-Enzymatic Dipeptide Fragmentation
during Alkaline Wash Stage of Downstream Manufacturing (Chapter 6)

Table D.1. List of Dipeptides Used to Model Non-Enzymatic Peptide Bond Fragmentation.

Dipeptide Net Charge
Alanyl-Alanine (Ala-Ala) 0
Alanyl-Aspartic Acid (Ala-Asp) -1
Alanyl-Glycine (Ala-Gly) 0
Alanyl-Leucine (Ala-Leu) 0
Alanyl-Lysine (Ala-Lys) 1
Alanyl-Lysine (Ala-Lys) 0
Alanyl-Proline (Ala-Pro) 0
Alanyl-Serine (Ala-Ser) 0
Alanyl-Threonine (Ala-Thr) 0
Alanyl-Valine (Ala-Val) 0
Aspartyl-Alanine (Asp-Ala) -1
Aspartyl-Aspartic Acid (Asp-Asp) -2
Aspartyl-Glycine (Asp-Gly) -1
Aspartyl-Leucine (Asp-Leu) -1
Aspartyl-Lysine (Asp-Lys) 0
Aspartyl-Lysine (Asp-Lys) -1
Aspartyl-Proline (Asp-Pro) -1
Aspartyl-Serine (Asp-Ser) -1
Aspartyl-Threonine (Asp-Thr) -1
Aspartyl-Valine (Asp-Val) -1
Glycyl-Alanine (Gly-Ala) 0
Glycyl-Aspartic Acid (Gly-Asp) -1
Glycyl-Glycine (Gly-Gly) 0
Glycyl-Leucine (Gly-Leu) 0
Glycyl-Lysine (Gly-Lys) 1
Glycyl-Lysine (Gly-Lys) 0
Glycyl-Proline (Gly-Pro) 0
Glycyl-Serine (Gly-Ser) 0
Glycyl-Threonine (Gly-Thr) 0
Glycyl-Valine (Gly-Val) 0
Leucyl-Alanine (Leu-Ala) 0
Leucyl-Aspartic Acid (Leu-Asp) -1
Leucyl-Glycine (Leu-Gly) 0
Leucyl-Leucine (Leu-Leu) 0
Leucyl-Lysine (Leu-Lys) 1
Leucyl-Lysine (Leu-Lys) 0
Leucyl-Proline (Leu-Pro) 0
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Leucyl-Serine (Leu-Ser)

Leucyl-Threonine (Leu-Thr)

Leucyl-Valine (Leu-Val)

Lysyl-Alanine (Lys-Ala)

Lysyl-Aspartic Acid (Lys-Asp)

(Rl (el el fen)

Lysyl-Aspartic Acid (Lys-Asp)

1
[a—y

Lysyl-Glycine (Lys-Gly)

Lysyl-Leucine (Lys-Leu)

Lysyl-Lysine (Lys-Lys)

Lysyl-Lysine (Lys-Lys)

Lysyl-Proline (Lys-Pro)

Lysyl-Proline (Lys-Pro)

Lysyl-Serine (Lys-Ser)

Lysyl-Threonine (Lys-Thr)

Lysyl-Threonine (Lys-Thr)

Lysyl-Valine (Lys-Val)

Prolyl-Alanine (Pro-Ala)

O = | O =t = [ = | OO | | et |

Prolyl-Aspartic Acid (Pro-Asp)

1
[a—y

Prolyl-Glycine (Pro-Gly)

Prolyl-Leucine (Pro-Leu)

Prolyl-Lysine (Pro-Lys)

Prolyl-Proline (Pro-Pro)

Prolyl-Serine (Pro-Ser)

Prolyl-Threonine (Pro-Thr)

Prolyl-Valine (Pro-Val)

Seryl-Alanine (Ser-Ala)

(=l el el el (el Lo el {e

Seryl-Aspartic Acid (Ser-Asp)

1
p—

Seryl-Glycine (Ser-Gly)

Seryl-Leucine (Ser-Leu)

Seryl-Lysine (Ser-Lys)

Seryl-Lysine (Ser-Lys)

Seryl-Proline (Ser-Pro)

Seryl-Serine (Ser-Ser)

Seryl-Threonine (Ser-Thr)

Seryl-Valine (Ser-Val)

Threonyl-Alanine (Thr-Ala)

(=} el le)e) el fol Lol le) (e

Threonyl-Aspartic Acid (Thr-Asp)

1
p—

Threonyl-Glycine (Thr-Gly)

Threonyl-Leucine (Thr-Leu)

Threonyl-Lysine (Thr-Lys)

Threonyl-Proline (Thr-Pro)

Threonyl-Serine (Thr-Ser)

Threonyl-Threonine (Thr-Thr)

Threonyl-Valine (Thr-Val)

Valyl-Alanine (Val-Ala)

=l el ) el fel Lo el {e
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Valyl-Aspartic Acid (Val-Asp)

1
[y

Valyl-Glycine (Val-Gly)

Valyl-Leucine (Val-Leu)

Valyl-Lysine (Val-Lys)

Valyl-Proline (Val-Pro)

Valyl-Serine (Val-Ser)

Valyl-Threonine (Val-Thr)

Valyl-Valine (Val-Val)

[l (el fel Ll fe) fen)
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Appendix E: List of Dipeptides used to Model Non-Enzymatic Dipeptide Fragmentation
during the Protein A Chromatography Stage of Downstream Manufacturing (Chapter 7)

Table E.1. List of Dipeptides Used to Model Non-Enzymatic Peptide Bond Fragmentation.

Dipeptide Net Charge
Alanyl-Alanine (Ala-Ala) 0
Alanyl-Aspartic Acid (Ala-Asp) 0
Alanyl-Glycine (Ala-Gly) 0
Alanyl-Leucine (Ala-Leu) 0
Alanyl-Lysine (Ala-Lys) 1
Alanyl-Proline (Ala-Pro) 0
Alanyl-Serine (Ala-Ser) 0
Alanyl-Threonine (Ala-Thr) 0
Alanyl-Valine (Ala-Val) 0
Aspartyl-Alanine (Asp-Ala) 0
Aspartyl-Alanine (Asp-Ala) -1
Aspartyl-Aspartic Acid (Asp-Asp) 0
Aspartyl-Aspartic Acid (Asp-Asp) -2
Aspartyl-Glycine (Asp-Gly) 0
Aspartyl-Glycine (Asp-Gly) -1
Aspartyl-Leucine (Asp-Leu) 0
Aspartyl-Leucine (Asp-Leu) -1
Aspartyl-Lysine (Asp-Lys) 1
Aspartyl-Lysine (Asp-Lys) 0
Aspartyl-Proline (Asp-Pro) 0
Aspartyl-Serine (Asp-Ser) 0
Aspartyl-Serine (Asp-Ser) -1
Aspartyl-Threonine (Asp-Thr) 0
Aspartyl-Valine (Asp-Val) 0
Glycyl-Alanine (Gly-Ala) 0
Glycyl-Aspartic Acid (Gly-Asp) 0
Glycyl-Aspartic Acid (Gly-Asp) -1
Glycyl-Glycine (Gly-Gly) 0
Glycyl-Leucine (Gly-Leu) 0
Glycyl-Lysine (Gly-Lys) 1
Glycyl-Proline (Gly-Pro) 0
Glycyl-Serine (Gly-Ser) 0
Glycyl-Threonine (Gly-Thr) 0
Glycyl-Valine (Gly-Val) 0
Leucyl-Alanine (Leu-Ala) 0
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Leucyl-Aspartic Acid (Leu-Asp)

Leucyl-Glycine (Leu-Gly)

Leucyl-Leucine (Leu-Leu)

Leucyl-Lysine (Leu-Lys)

Leucyl-Proline (Leu-Pro)

Leucyl-Serine (Leu-Ser)

Leucyl-Threonine (Leu-Thr)

Leucyl-Valine (Leu-Val)

Lysyl-Alanine (Lys-Ala)

Lysyl-Aspartic Acid (Lys-Asp)

Lysyl-Aspartic Acid (Lys-Asp)

Lysyl-Glycine (Lys-Gly)

Lysyl-Leucine (Lys-Leu)

Lysyl-Lysine (Lys-Lys)

Lysyl-Proline (Lys-Pro)

Lysyl-Serine (Lys-Ser)

Lysyl-Threonine (Lys-Thr)

Lysyl-Valine (Lys-Val)

Prolyl-Alanine (Pro-Ala)

Prolyl-Aspartic Acid (Pro-Asp)

olo|lm|mlim|lm|lm|—_m—lOo~—~Ooococlolo~loolo

Prolyl-Aspartic Acid (Pro-Asp)

1
[

Prolyl-Glycine (Pro-Gly)

Prolyl-Leucine (Pro-Leu)

Prolyl-Lysine (Pro-Lys)

Prolyl-Proline (Pro-Pro)

Prolyl-Serine (Pro-Ser)

Prolyl-Threonine (Pro-Thr)

Prolyl-Valine (Pro-Val)

Seryl-Alanine (Ser-Ala)

Seryl-Aspartic Acid (Ser-Asp)

Seryl-Glycine (Ser-Gly)

Seryl-Leucine (Ser-Leu)

Seryl-Lysine (Ser-Lys)

Seryl-Proline (Ser-Pro)

Seryl-Serine (Ser-Ser)

Seryl-Threonine (Ser-Thr)

Seryl-Valine (Ser-Val)

Threonyl-Alanine (Thr-Ala)

Threonyl-Aspartic Acid (Thr-Asp)

Threonyl-Glycine (Thr-Gly)

Threonyl-Leucine (Thr-Leu)

Threonyl-Lysine (Thr-Lys)

k=l (==l k=l el =) o) el i} el foj jel fo) ol fel fol Fel L Fe) Re)
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Threonyl-Proline (Thr-Pro)

Threonyl-Serine (Thr-Ser)

Threonyl-Threonine (Thr-Thr)

Threonyl-Valine (Thr-Val)

Valyl-Alanine (Val-Ala)

Valyl-Aspartic Acid (Val-Asp)

Valyl-Glycine (Val-Gly)

Valyl-Leucine (Val-Leu)

Valyl-Lysine (Val-Lys)

Valyl-Proline (Val-Pro)

Valyl-Serine (Val-Ser)

Valyl-Threonine (Val-Thr)

Valyl-Valine (Val-Val)

=l il el el ol el el fal o) o) ol Rl R
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