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ABSTRACT

A Molecular Dynamics Simulation Study of the Protein Stability of Reteplase in

Formulation with Various Excipients during Freeze-Drying Processing

The purpose of this project was to investigate protein stabilization by formulation excipients
during the process of freeze-drying using Molecular Dynamics (MD) simulation. A recombinant
therapeutic protein, Reteplase, was used as a model and the study focused on a comparative
analysis of two excipients, arginine and tranexamic acid (TXA), as included in commercially
available formulations of Reteplase. The simulation of freeze-drying was divided into five
consecutive steps based on the conditions applied to the system: room temperature, freezing,
primary drying, secondary drying and reconstitution at room temperature. Protein conformational
changes and the existence of aggregation-prone regions (APRs) were investigated, as to assess
the conformational stability during freeze-drying. The relevant stabilization mechanisms were
analyzed with respect to protein-excipient interactions and the nature of preferential interaction.
The study found a modest degree of conformational instability of Reteplase, which was mainly
attributed to the tertiary structure level and effectively reduced in the presence of either arginine
or TXA. In this regard, arginine was effective at a lower concentration than TXA. The
stabilization mechanism was associated with preferential binding to exposed protein residues,

mainly mediated via ionic interactions. A higher strength of interaction was observed for TXA,
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which was suggested as a consequence of its high accessibility to the protein surface and its
chemical character, which enables multiple types of interactions. A correlation was suggested
between the stabilization of certain APRs and selective protein-excipient interactions. The results
from a parallel study of another protein, Granulocyte Colony-Stimulating Factor (G-CSF), was
used provide basic level support for the impact of protein surface charge on the proposed modes
of stabilization. The conformational space of Reteplase was explored through the application of
cluster analysis to Accelerated Molecular Dynamics (aMD) simulation, which provided further
support for the good stability of secondary structure elements. The colloidal stability of
Reteplase was investigated in a preliminary small-scale study using Coarse-grained (CG) MD
simulation. Initial results suggest a tendency of arginine to reduce the strength of unique protein-
protein interactions, as to prevent the experimentally observed aggregation-propensity of

Reteplase.

111



Chapter 1. INtrOQUCTION.......cccuiiiiiiecieecie ettt ettt e s e e e e e et e eraeeaaeesseesaneessseesans 1
Chapter 2. Freeze-drying TREOTY ......cccvoiiiiiiiiieieeie ettt 3
2.1 The Process of Freeze-drying in the Pharmaceutical Industry..........cccceevvevierienienvennnnne. 3
2.2 The Freeze-drying CYCle ......cciiiiiriiiieiieeieeieee ettt ettt seeeens 4
221 FT@EZINE .ottt ettt ettt e st st e s et e s et e s st e snteeatesnteenseenseenseenseenteens 4
2.2.2  ANNEAIING......viiiiiieiie ettt ettt tb e e stae e s be e e beeebeeereeeaaeenns 4
2.2.3  Primary DIVING ....cccuiiiiuiiiiiieiieecie ettt sttt ae e ae e s e e s e e ssbeeenbaeesaeessaeensseennnes 4
2.2.4  Secondary DIYING ......ccoeeiieeiiieiiiesieeeieeeieeeiteestteesae e teesbeesseessseeesaeesaeensseessseennses 5

2.3 Denaturation SEIESSES ......eeoveerueerueertiertientienteniteeitesiteeteesteeateetesbeebeebeebe e bt enbeesseesseesseenaee 5
2.3.1  LOW TemMPETAtUIE STIESS ..c.uveerurieriieeiieeiieesiteeriteesieesteeeteeesateeseseesnseesseesseesnseeensseenns 6
2.3.2  Formation of Ice-water INterface.........ccoverieiininieiiiiiicceeeeee e 6
2.3.3  Freeze-concentration Effects .........cccooiiviiiiiiiiiniiiiicc e 6
2.3.4  Dehydration StIESSES .......ccuieruieeiiieeiieeiieeeeeeeteeereeeiteeesteeesaeessaeesseesseessseeesseeessseenns 7

2.4 The Role of Excipients in Cryo- and Lyoprotection ............cccceeveereenieeneeneenieneeneeneennns 7
2.4.1 The Stabilization Mechanism of Cryoprotection............ccceecveercieerrieeeneeenieeneeesveeeenes 7
2.4.2 The Stabilization Mechanism of Lyoprotection ............ccceecveereieeriieenieenieerieeseeeee 8

2.5 Case Studies of Stabilizing EXCIPIENES .....ccceeviieiieiieiieieeieeie e 9

B T B N 41101131 PRRPTRRR 11
2.5.2 TraneXamiC ACIA ......coouiririiiiiniieieteeeet ettt 13
2.5.3 SUCTOSC. ..ttt ettt sttt st st st s 14
Chapter 3. The Biopharmaceuticals Of INteTeSt ...........ceevvieiiieiiieiiieiieieiieeeeeeece e 17

TABLE OF CONTENTS

v



3.1 REEEPIASE. . .eeeeieieeeee ettt ettt ettt ettt 17

3.1.1 The Function of RetePlase.........cceeeruieeiiiiiiieiieeciee sttt 17
3.1.2 The Structure of Tissue-type Plasminogen Activator...........ccccecveereeerieenieenriieeenenne 18
3.1.3  The Catalytic DOMAIN......c.ceeiiiiiiiieiieeiie ettt e e ens 19
3.1.4 The Kringle-2 DOmMaiN........cccueeiiiiieiiieieeieeieeieeieee ettt sae e senesnaeseneenees 20
3.2 Granulocyte Colony-Stimulating FaCtor ...........cccccuiriiiiiiiiniiieieec e 21
3.2.1 The Function and Structure of G-CSF........cccociiiiiriiiiiiiniiiiccenecceeeee 21
3.2.2  Case Study of the Stabilization of G-CSF by Excipients........c.cccocevvveriiirieniennenne. 22
Chapter 4. Molecular Dynamics Simulation Theory...........ccecieiiriieiieiienieieeeeeere e 24
4.1 Molecular MECRANICS .....cc.eeiiriiriieieieeiteet ettt s 24
4.2 Numerical Integration TEChNIQUES ........ccueevuieiiieiiieiieiieiieeeeeee e 27
4.3 Boundary CONAItIONS........ccuieeiieriieeiiieeiiieeiteeesteesteesteeeseeeseeesseeessaeessseessseesseesssessnseeens 28
4.4  Thermodynamical ENSEMDIES .........cccceeeiuiieiiiiiiieiiieciee et 29
4.4.1 The Langevin ThermoOStat..........cccuveriieriiieeiieeieeiee et eee et sveesve e e eaee e eaneens 29
4.4.2 The Monte-Carlo Barostat..........ccoceerieriiiiinieniiceteecee e 30
4.5 Molecular Dynamics Simulation of the Freeze-Drying Process.........cccccevvvervvenieniennnnns 32
4.5.1 TIP4P and TIP4P/Ice Water MOdelS .......cccoeeieniiriiiiiinieiieieseeee et 32
4.5.2  Simulations Of FTEEZING.......ccveruieriiiiiieiieseseeeeee e 34
4.5.3  Simulations Of DIVING .....ccoeeiiiiiiiiiiiecieeceeeee e e e aeeeaeeens 35
4.6 Accelerated Molecular Dynamics SIMulation.............cceceeviinienieniinienienieneeseeneenene 36
4.7 Coarse-grained Molecular Dynamics SIMulation ............ccceecveeviienieeniieenieesieeeiee e 39
4.7.1  SIRAH FOrce Field.......ccooiiiiiiiiiiiiiieieeeee e 39



Chapter 5. Molecular Dynamics Simulation Procedure .............cccoovieiiiiieniinienienienienieneeene 42

5.1 MOEL SEIUCLUIE.....c..cutiiieiieiiiieeit ettt ettt st ettt nae e 42
5.2 SyStem Preparations ........c..ccceeeiuieeiiieeiieeiieesie et eeieesveesteeeseeeaee e aaeessseesaseesnaeesnseeenneas 44
5.2.1 Setup of Full-atom Molecular Dynamics SImulations ...........c.cccceeeeerieeereeeneeenneenne 44
5.2.2  Setup of Coarse-grained Molecular Dynamics Simulations...........ccccceevvierveennnennee. 45
5.3 Molecular Dynamics simulations of the Freeze-drying process .........ccceceevveerveerveennnen. 46
5.3.1 Simulations at ROOM TeMPEIAtUIE .........ccueerureriieieeieeieeieeieesieenieeseeseeeseeseeesaeesseens 46
5.3.2  Simulations Of FIEEZING .......c.cccuviiiiiiiiieiieie ettt 47
5.3.3  Simulations of Primary DIrying..........cccoevuieiiiiiiieniiiieeieieeeeeeceee e 48
5.3.4 Simulations of Secondary DIying........ccccccvveeiuieeiieeiiieiieecie et 48
5.3.5 Simulations of the Reconstitution Phase ...........ccccoooeiiiiiiiiiiniiiniieieeeeeee 48
5.4 Accelerated Molecular Dynamics SImulations ............ccceeeeveeiieenieenieesieeeeeseee e 49
5.5 Coarse-grained Molecular Dynamics SImulations...........cccceeveeeviienieencieeniieeeeeieeee. 50
Chapter 6. Results and DISCUSSION .....ccc.eeeiieeiiieeiiieiiiesieeeieeeieeeieeeteeeeaeeseeeesaeesseesnseessaeesaeens 51
6.1 Initial Protein Structure and Stability Investigations...........cccuevveerieriieriieeneenieeeieeene 51

6.2 Analysis of Protein Conformational Change during the Simulation of Freeze-drying....54

6.2.1 Root-Mean-Square Deviation..........ccueeuieirieerieeiiieeiieeiee et saeesaee e ens 54
6.2.2  RadiUS Of GYTAtION.....ciiiiiiieiieie ettt ettt ettt e s e saaessaeesaessaesnaesnseennes 57
6.2.3  Solvent-Accessible Surface Area ........cocoecveviriiiiiniriiiieneeeeeeee e 60
6.2.4 Spatial Aggregation PrOPENSILY ......cccueeiieriieriieiieiieieeeereeeee et 65
6.2.5 Excipient Fraction and Preferential Interaction Coefficients ............cccecevverivrncnnee. 70
6.2.6 Protein-Excipient Interaction SCOTE..........ceovuiiiiiiriiiiiinienieniesteseeree e 74

vi



6.3 Comparative Analysis of Granulocyte Colony- stimulating Factor............ccccceeeeneenee. 80

6.3.1 Electrostatic Surface Potential Map .........cccceeviieiiiiiiiiieeiie et 80
6.3.2 Protein Conformational Change during the Simulation of Freeze-drying ................ 81
6.3.3  EXCIPIENt FTaCtioN.....ccouiiiiiiieiiieciiecie ettt ettt e e 83
6.4 Cluster Analysis of Accelerated Molecular Dynamics Simulations ...........ccccceeverveennenne. 84

6.5 Protein-protein Interaction Heatmap Analysis of Coarse-grained Molecular Dynamics

STIMULATIONS ettt et et e e e e e et e e e e e e e e e e e aaaeeeeeeeeeeeeeeeeeessseaesesasssassesnssssasaeeeeeeees 87

Chapter 7. CONCIUSION ....viiiieiiieiieeiiesie ettt et ete et e st e et ebeesbe e beesbeeseebeenseenseesseenseenseensnens 90

vil



DEDICATION

This Master’s Thesis Project is dedicated to my grandfather
Borje Georg Kvist (23 April 1925 — 6 September 2020),

who always encouraged me in my academic studies.

viii



Chapter 1. INTRODUCTION

The development and production of protein-based biopharmaceuticals is a growing industry with
a great potential to improve the specificity and safety of conventional small molecule drugs.
However, many proteins suffer from an inherent instability in solution, which limits the shelf life
of the pharmaceutical products. Over the last few decades, the process of freeze-drying has
emerged as promising method with a pharmaceutical application in the manufacturing of solid-
state biological therapeutics, which may significantly improve their stability, and thus the ease of
storage and transportation (1).

Nevertheless, freeze-drying is a challenging process, which subjects the protein to
various stress factors during the consecutive steps of freezing and dehydration. The low
temperature applied, freeze-concentration effects on pH or the ionic strength, and the removal of
water pose a risk for denaturation, which might trigger protein aggregation and ultimately cause
destruction of the product. Reconstitution of the generated solid-state formula is necessary for
administration and analysis during product development, which is a non-trivial task (2).

Pharmaceutical formulation design is a key concept in order to stabilize the protein
against unfolding and aggregation. In this regard, excipients such as amino acids and sugars are
commonly used for cryo- and lyoprotection of the protein through different stabilization
mechanisms. The mode of stabilization is a complex balance, which is a function of the specific
nature of the protein and the excipient, and of the physical state of the formulation (3). It has
been proposed that the preferential exclusion of the excipient molecules from the protein surface
is highly relevant for stabilization during freezing. In the dried state, hypotheses suggested for
protection rely on the replacement of water molecules being removed by dehydration or the
formation of a rigid glass matrix (4). In addition, selective protein-excipient interactions might
play a crucial role in improving the stability of susceptible regions of the protein and in reducing
the aggregation-propensity (5).

Within the framework of this project, a two-domain recombinant therapeutic protein,
Reteplase, was used to study the protein stability aspects during freeze-drying using Molecular
Dynamics (MD) simulation approaches. The project aimed to investigate the effect of

formulation excipients on the conformational and colloidal stability of the protein, and to explore



the relevant stabilization mechanisms at a molecular level. A comparative analysis was
conducted with respect to the performance of two different excipients, arginine and tranexamic
acid (TXA), as included in commercially available formulations of Reteplase. To represent some
characteristics of a virtually different and commonly used excipient, sucrose, a universal protein
stabilizer, was adopted as a model example. The conformational stability was assessed at a
secondary and tertiary structure level through analysis of some frequently employed protein
structural descriptors, supplemented by graphical interface inspections, and investigations of
aggregation-prone regions. The basis for protein stabilization by excipients was analyzed using
quantitative and qualitative methods with respect to the frequency and type of protein-excipient
interactions. Accelerated MD simulation was used to allow for a more extensive exploration of
the protein conformational space. The colloidal stability with respect to protein-protein
interactions was investigated in a preliminary study using coarse-grained (CG) MD simulation.
To provide basic support for the hypothesized stabilization mechanisms, some of the
results were compared to a parallel study of another therapeutic protein, Granulocyte Colony-
Stimulating Factor (G-CSF), which could serve as a starting point for further investigations

within the subject.



Chapter 2. FREEZE-DRYING THEORY

2.1  THE PROCESS OF FREEZE-DRYING IN THE PHARMACEUTICAL INDUSTRY

Lyophilization (freeze-drying) serves as an important method in the production of
biopharmaceuticals due to its advantages in improving storage time in terms of physical and
chemical stability of colloidal systems (6). In this regard, lyophilization is used to produce a
solid-state protein formulation through the steps of freezing the aqueous protein solution and
subsequently drying the frozen product through accurate control of temperature, pressure and
time (Figure 2.1). Through this process a protein powder is generated, which may be subjected to
reconstitution before administration (2).
Freezing stage Primary drying stage Secondary drying stage
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Figure 2.1. Schematic illustration showing the major steps of the lyophilization process: freezing,
primary drying and secondary drying. During the freezing step, the temperature is decreased
below the freezing point of ice. The formed ice crystals are removed by sublimation in the
primary drying stage by applying a high vacuum and raising the shelf temperature. The non-
frozen bound water is desorbed from the protein surface during the secondary drying phase by
further increasing the temperature (2). The process steps are explained in more detail in section

2.2. Figure adopted from (7).
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2.2  THE FREEZE-DRYING CYCLE

221 Freezing

During the freezing stage, the temperature is decreased to below the freezing point, typically
using liquid nitrogen, and a supercooled state of the aqueous bulk solution is obtained. During
ice nucleation, the product temperature is raised due to the release of the heat of crystallization
(Figure 2.1). The growth of ice crystals is observed as the heat is gradually removed. Meanwhile,
the protein concentration is increased in the remaining solvent (7). At the collapse temperature
(T.), the mixture is completely saturated with solute, and the protein will be retained as a non-
crystalizing component in the surrounding ice matrix. T, is closely related to the glass transition
temperature of the formulation (T’), at which the mixture changes from a viscous liquid state
into a brittle glassy state as the temperature is decreased further (8). The rate of freezing is
another crucial factor, which affects the size, number and the surface area to volume ratio of the
ice crystals that are formed. This has a great impact on the following steps of the freeze-drying

process (9).
2.2.2  Annealing

During a subsequent annealing step, the temperature is kept above the freezing temperature but
below T, of the formulation for a certain time to allow proper recrystallization of an excipient
(9). Removing this component from the amorphous phase may increase Ty’, which can provide
an advantage to the efficiency of the drying process in terms of a higher maximal temperature
and thereby less time needed (2). This thermal treatment has an additional benefit in removing

the ice surface layer that might prevent effective water evaporation (9).
223 Primary Drying

The drying phase is conducted under an optimized degree of vacuum, and is divided into two
steps: a primary and a secondary drying. During the primary drying, the pressure is lowered
below the vapour pressure of ice and the shelf temperature is increased in order to remove the
frozen water by sublimation (2). The ice-water interface is gradually moved from top to bottom

when the generated water vapour disperses by diffusion through pores in the uppermost layer of



the dry structure. A rapid freezing rate results in many small ice crystals that form tight pores,
which obstruct mass transfer of vapour and consequently slow down the primary drying step (9).
To increase the rate of drying, the difference between the temperature of the product and the
condenser should be maximized. However, it is essential that the temperature is maintained
below T, to avoid destruction of the product cake structure during manufacturing or storage (6).
It has also been reported that product collapse might increase the propensity of protein

aggregation due to increase in molecular mobility (8).
2.2.4  Secondary Drying

The secondary drying is initiated as the product temperature has reached the shelf temperature.
The aim of the secondary drying is to remove the non-frozen bound water, which is
approximately equal to the hydration shell of the protein. This step is conducted for a time period
as to achieve the desired moisture level of the product, which should be optimized for protein
stability (2). During the secondary drying, water is removed from the surface of the solute
through desorption by further increasing the difference between the shelf temperature and the
condenser temperature. In opposite to the primary drying, a high freezing rate is desired for
optimal efficiency due to the increased surface area of the dry powder particles from which water

is desorbed (9).

2.3  DENATURATION STRESSES

During the lyophilization process, the protein is subjected to numerous freezing and drying
stresses, which may cause destabilization or unfolding. The mechanisms resulting in protein
instability may be divided into two groups based on its origin: physical and chemical
degradation. Physical degradation covers the processes by which the secondary and tertiary
structure of the protein is altered in a way as to induce denaturation. Protein unfolding facilitates
aggregation of monomer units, which ultimately may cause precipitation. In addition, protein
unfolding can also cause the loss of activity. Chemical degradation pathways include reactions
that modify the protein structure by formation or breakage of covalent bonds. Such processes
might have a destructive effect on disulphide bridges, amide bonds or specific amino acid

residues, and might initiate protein unfolding (10).



2.3.1 Low Temperature Stress

In terms of physical instability pathways, a crucial factor is cold denaturation due to low
temperature stress, which is an enthalpy driven process in contrast to heat denaturation, which is
governed by an increase in conformational entropy (11). During cold denaturation, exposure of
non-polar residues optimizes the hydrogen bond network in the hexagonal ice (Ice I;) phase. The
corresponding decrease in enthalpy effectively counteracts the entropic penalty of inducing
increased order to the water structure, and hence acts to disrupt the hydrophobic effect (12). The
increase in hydration of non-polar groups weakens hydrophobic interactions within the core of

the protein, which destabilizes the folded state (2).
2.3.2  Formation of Ice-water Interface

During lyophilization, the formed ice-water interface may decrease the free energy barrier of
unfolding, which increases the rate of denaturation. Some studies suggest that the diffusional rate
of water molecules in proximity of the ice surface is reduced, which enables an increased level of
hydrogen bond formation to certain protein regions. Similarly to the process of cold
denaturation, an increase in the hydration of the protein, and an accompanying disruption of
secondary structure elements, results in a partial loss of the native protein fold (11). Elsewhere in
literature, a direct surface adsorption of the protein onto the ice surface, resulting in a destructive

conformational change, is proposed as a mechanism of unfolding (10).
233 Freeze-concentration Effects

Another important aspect is the gradual freeze-concentration of protein and other solutes. This
event has an impact on the ionic strength of the solution and may further alter the composition of
the formulation due to crystallization of certain excipients (2). During the freezing step, either
component in a buffer system might be subjected to selective crystallization, which can cause a
sudden change in the pH value and alter the protonation state of titratable groups in the protein.
Such an event might have a detrimental effect on the stabilizing interactions within the protein
that are essential for correct conformation, or might induce colloidal instability (2). Extreme pH
conditions might pose a further challenge by accelerating chemical degradation by deamidation

or methionine oxidation (10).



2.3.4  Dehydration Stresses

The drying process exposes the protein to several dehydration stresses. During this step, part of
the hydration shell might be removed, which is important to protein stability and might shift the
unfolding equilibrium away from the native state (10). Dehydration can also cause irreversible
inactivation of proteins functioning as enzymes due to removal of crucial water molecules that

are comprised in the active site (2).

2.4  THE ROLE OF EXCIPIENTS IN CRYO- AND LYOPROTECTION

Excipients might be added to the formulation in order to stabilize the protein to denaturation
during the lyophilization process caused by stresses from freezing (cryoprotection) or
dehydration (lyoprotection). The efficiency of different stabilization mechanisms is usually
dependent on the nature of the specific protein, and has to be carefully investigated in each case

for optimal performance (3) .
2.4.1 The Stabilization Mechanism of Cryoprotection

Considering cryoprotection, the stabilization mechanism is commonly explained by the theory of
preferential exclusion. In accordance with this idea, the excipient is excluded to the bulk phase,
and the local domain around the protein surface is preferentially hydrated by water molecules
(Figure 2.2). This phenomenon leads to an increase in free energy for transferring the protein to
the bulk environment due to the thermodynamically less favourable interactions with the
excipient. The increase in free energy is greater for the unfolded state due to the larger surface
area in contact with the solvent, which contributes to the stabilization of the native state (13). A
crucial aspect in the case of cryoprotection is the preservation of an amorphous phase formed by
the excipient in the freeze-concentrate of the protein. The amorphous matrix promotes close

molecular contact, which is a prerequisite for protein-excipient interaction (14).
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Figure 2.2. Schematic illustration showing the two concepts of preferential binding and
preferential exclusion. The stabilization mechanism by excipient during cryoprotection is
commonly explained by the theory of preferential exclusion, where the local domain (within red
dashed line) around the protein surface is preferentially hydrated by water molecules and the
excipient is excluded to the bulk domain (outside red dashed line). The opposite mechanism

holds true for the theory of preferential binding (13). Figure adopted from (15).
2.4.2 The Stabilization Mechanism of Lyoprotection

The relevant stabilization mechanism of lyoprotection is frequently assigned to either of two
principles: the water substitute hypothesis or the glass dynamics hypothesis (10). In the former
case, the hydroxyl groups of the excipient molecules may form hydrogen bonds to residues
located at the protein surface, and thereby act to replace the stabilizing water molecules that in
part are removed during dehydration (Figure 2.3) (1). In this way, enhanced protein stability in
conferred by increasing the free energy of unfolding by stabilizing the conformation of the native

state (10).
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Figure 2.3. Schematic illustration showing the stabilization mechanism by excipient during
the drying phase according to the water substitute hypothesis. In the dry state, the excipient acts
to replace water molecules in the hydration shell that are removed during dehydration (1). Figure

adopted from (15).

According to the glass dynamics hypothesis, increased protein stability is provided by the
rigid amorphous glass matrix formed by the excipient, which prevents large-scale molecular
motion, as required for complete unfolding. Thus, the glass dynamics hypothesis, which is also
called the wvitrification hypothesis, is based on a kinetic mechanism rather than on

thermodynamical stabilization (10).

2.5 CASE STUDIES OF STABILIZING EXCIPIENTS

Sugars and polyols are widely used as excipients, and improve protein stability in a non-specific
manner by acting as both cryo- and lyoprotectants. Non-reducing disaccharides such as sucrose
and trehalose are among the most common additives in this regard. Mannitol and sorbitol belong
to the group of polyols that are also frequently used as stabilizers (2). Although sugars might
confer lyoprotection through the water substitution hypothesis via the presence of multiple
hydroxyl groups, preferential exclusion is suggested as the dominant stabilization mechanism

(16).



Polymers might be applied as excipients due to their advantageous abilities in increasing
T, and the viscosity of the formulation (10). Polymers might also be used as surfactants in order
to reduce protein adsorption at ice-water interfaces and to prevent protein-protein interactions, as
involved in aggregation. It has been proven that certain amino acids such as arginine and
histidine provide beneficial properties in terms of improved protein stability (10).

It is widely accepted that the action and performance of excipients vary for different
proteins. Moreover, the applied physical and chemical conditions have an impact on the
effectiveness of the formulation additives. Therefore, a thorough investigation of case studies is
essential in terms of providing a knowledge basis for analysis and discussion of stabilization
mechanisms.

The commercially available lyophilized formulations of Reteplase include either arginine
or tranexamic acid as stabilizing excipients, as sold under the trade names of Retavase” (17) and
Rapilysin®™ (18), respectively. Therefore, it is logical to investigate and compare their effects on
the stability of Reteplase during simulations of the freeze-drying process. Sucrose is a commonly
used excipient in pharmaceutical formulations (2), and studies thereof are well documented in
literature. However, its chemical nature differs from that of amino acids and their derivatives,
and a comparison of characteristic features related to protein stabilization is interesting from an
analytical point of view. Based on these arguments, case studies of arginine, tranexamic acid and
sucrose as stabilizers are presented within this project. To the extent of existing documentation,
hypotheses based on data from experiments as well as MD simulations, are covered. The

molecular structures of the chosen excipients are displayed in Figure 2.4.
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Figure 2.4. The molecular structures of a) L-Arginine, b) Tranexamic acid and c¢) Sucrose.
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2.5.1 Arginine

Arginine has been reported to increase solubility of partially unfolded intermediates, and thus to
prevent potential protein aggregation. According to current knowledge, this effect is not related
to improved conformational stability of the native state (14).

In general, arginine is neither strongly bound nor excluded from the surface of the
protein. The extent and strength of arginine-protein interaction relies on the overall composition
of the formulation, the pH and the nature of the specific protein. However, studies have revealed
an affinity for aromatic side chains via cation—m interactions. The guanidinium group of arginine
has been associated to its ability to form clusters, especially around aromatic residues, thereby
conferring stability against protein aggregation (15). Arginine may also act as a hydrogen bond
donor, and its charged groups enables the formation of ionic interactions. The simultaneous
repulsion of arginine from the protein surface due to the excluded volume effect accounts for its
relatively low protein affinity. This dual behaviour is thought to be crucial for the ability to
suppress protein aggregation (14).

Schneider and Trout studied the suppression of protein aggregation by arginine using
vapour pressure osmometry in order to compute the preferential interaction (19). The study
revealed a trend of increased preferential exclusion with increasing arginine concentration. The
observation was proposed as a consequence of protein surface saturation (19). Shukla and Trout
further investigated these results by performing molecular dynamics simulations of lysozyme
and o-chymotripsinogen A in aqueous arginine solutions (20). It was proposed that the
concentration of arginine in the local domain (Figure 2.2) relies on a relative dependence of the
interaction of arginine with residues located at the protein surface compared to the tendency of
arginine to self-assemble into clusters in the bulk phase. It was found that arginine binds
favourably to charged and aromatic side chains, with the former type being the main contribution
due to greater solvent-accessible surface area of charged residues. The authors suggested that the
stronger interaction with the protein surface, as calculated for lysozyme, is a result of the greater
fraction of exposed charged residues compared to a-chymotripsinogen A. It was concluded that
at low arginine concentration, below 0.5 m, attraction to the protein surface dominates. At high
concentrations, above 1.5 m, all the arginine-binding sites are occupied and there is a high
probability of self-interaction in the bulk solution. Consequently, arginine molecules were

excluded from the protein surface (20).
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In a previous study, Shukla and Trout investigated the types of interactions of arginine in
the local and bulk domains respectively, using a similar molecular dynamics simulation setup of
a-chymotripsinogen A and melittin (21). They proposed multiple routes of arginine self-
association to form clusters in the bulk phase. In this regard, the presence of the guanidinium
group has an important role through its ability to interact with a functional group in another
arginine molecule, either via hydrogen bonding to the carboxylate group or by guanidinium—

guanidinium stacking (Figure 2.5) (21).

e
Figure 2.5. Snapshots from an MD simulation showing two possible configurations of
arginine self-interaction: hydrogen bonding between the guanidinium group and the carboxylate

group (left), and guanidinium stacking (right). Figure adopted from (21).

The interaction between the guanidinium groups of arginine has been investigated
elsewhere (22) (23). It is suggested that the planar geometry of the moiety and its
nonhomogeneous aromatic charge distribution contribute to the weak hydration of the
guanidinium faces, where hydrogen bonding to water molecules is favoured only in the coplanar
directions. In non-aqueous environment, the guanidinium dimer is unstable as a consequence of
electrostatic repulsion between the like-charged cations. However, the observed parallel
guanidinium—guanidinium stacking behavior is stabilized in a conformation where each cation is
hydrogen-bonded to six water molecules, as illustrated in Figure 2.6. The stacked dimer
formation requires the absence of any steric hindrance that would prevent the two moieties from

approaching each other in the favoured relative positions (22).
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Figure 2.6. Schematic representation of the optimized stacked guanidinium dimer in a cluster
with 12 water molecules (22). A top view of the conformation is shown in the middle of the

figure and a side view is shown to the right. Figure adopted from (22).

Shukla and Trout found that the self-interaction of arginine is more enthalpically
favourable than the interaction with water. There is also an entropic contribution through the
release of the solvating water molecules. Thus, minimizing the surface area, which is exposed to
the water phase, promotes cluster formation. It is proposed that the interaction with charged side
chains of the protein is mainly due to hydrogen bonding to the guanidinium group. Furthermore,
the study concluded that the limited degree of interaction with the protein prevents arginine from

binding too strongly, and thereby acting as a denaturant (21).
2.5.2 Tranexamic Acid

Tranexamic acid (TXA) has a proven effect on increasing the solubility of folding intermediate
structures (24). TXA is a cyclic Q-amino acid, which is synthesized from L-lysine. It has been
demonstrated that TXA improves the refolding yield of Reteplase to a greater extent than
arginine. According to the suggested hypothesis, TXA stabilizes the native state of Reteplase via
a high affinity interaction with a lysine-binding site located in the kringle-2 domain. The specific
type of interaction is subject of controversy. Some studies suggest that the aliphatic part of TXA
binds to a hydrophobic pocket, while others propose that the positively charged Lys40 residue
interacts with the carboxyl group of TXA (24).
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253 Sucrose

Bayat et al. investigated the stability of sc-tentceplase, which is a mutant of t-PA, in the presence
of three different excipients: sucrose, trehalose and mannitol (16). The study revealed that the
thermal stability was improved for all three systems, and to a greater extent for sucrose and
mannitol. It was also shown that increasing the concentration within the range 50 — 200 mM,
gradually increased protein stability. The secondary structure content was not significantly
affected by the addition of excipient. However, a change in the tertiary structure, as characterized
by a loosening of the protein, was observed. Molecular docking studies showed that hydrogen
bonding and hydrophobic interactions constituted the major excipient-protein interactions. Some
critical hot spot residues were identified. The catalytic domain and the kringle domains were
particularly prone to interactions. Trehalose displayed the highest binding affinity. It was
proposed that the greatest extent of preferential exclusion, and thus the least number of
hydrophobic interactions, resulted in maximal stabilization of the native conformation (16).
Cloutier et al. performed molecular dynamics simulations to investigate the preferential
interaction of sorbitol, sucrose and trehalose with various IgG1 antibodies (5). For all three
excipients, negative preferential interaction coefficients were computed, as indicative of
preferential exclusion from the local domain of the protein. To support the experimentally
determined preferential interaction coefficients, partial charges and non-bonded parameters of
the carbohydrate alcohol groups were adjusted according to the Kirkwood—Buff parameter set.
They found that trehalose displayed the highest degree of preferential exclusion, followed by
sucrose and sorbitol in decreasing order. It was proposed that this observation was a consequence
of the greater hydrated volume of trehalose, which sterically restricts its proximity to the protein
surface. The group also investigated the local excipient-protein interactions at solvent-exposed
residues. They found that carbohydrates of suitable size are able to fit into hydrophobic pockets
and exclude water molecules from these sites, or they may shield hydrophobic surfaces that are
prone to aggregation. As a result, the excipients may reduce the solvent-accessible surface area
of the protein by accumulating in certain regions of the protein, and thereby conferring improved
stability. This effect was the most notable near aromatic and highly aggregation prone residues.
In this regard, a reduction of the spatial aggregation propensity (SAP) score was used as a

measurement of the stabilization induced by the excipient. Trehalose and sucrose had the greatest
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impact on reducing SAP, as suggested due to the more pronounced higher than average
concentration of these excipients in high-SAP residues (5).

Arsiccio and Pisano investigated the mechanisms providing improved stability during a
molecular dynamics simulated freeze-drying process of two model proteins, human growth
hormone (hGH) and lactate dehydrogenase (LDH), in the presence of some frequently used
excipients, namely sucrose, trehalose, sorbitol, lactose, cellobiose and glycine (3). In the absence
of excipient, the study revealed an increase in the non-polar surface area of the proteins during
the freezing simulation, as indicative of partial unfolding. The authors related this observation to
the denaturation stress induced by the existence of an ice-water interface. Specific sequences of
the proteins displayed a significantly higher increase in the non-polar surface area, and these
regions also demonstrated a higher root-mean-square fluctuation (RMSF), as suggesting a higher
propensity of unfolding. The increase in the non-polar surface area was significantly reduced in
the presence of excipient. The most effective stabilizers in this regard, sucrose and cellobiose in
the cases of hGH and LDH respectively, were found to be the most preferentially excluded from
the residues that were confirmed specifically prone to unfolding for each protein. The authors
emphasize the importance of selective protein-excipient interactions for the purpose of
optimizing stability (3).

It was observed that the drying simulation induced a greater degree of denaturation stress
than the freezing simulation, as correlated to the crucial step of water removal during
dehydration. For hGH, it was observed that the regions displaying an increase in non-polar
surface area coincided with the locations of the o—helices of the protein. Therefore it was
suggested that the preservation of secondary structure content might be an important parameter
in identification of unfolding. It was futher proposed that the conformational change was
connected to the formation of a protein-protein interaction, as the initial step of an aggregation
process. The study revealed a clear difference in the ability of the excipients to act as either cryo-
or lyoprotectants. Trehalose and cellobiose were found to be the most effective stabilzers of hGH
in terms of lyoprotection. The authors explained this difference in performance by the unique
stabilization mechanisms during freezing and drying respectively. In this study, sucrose was to
great extent preferentially excluded from the protein surface, which promoted its ability to act as

a cryoprotectant. However, trehalose has a higher propensity of forming hydrogen bonds, as to
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replace the water molecules that are removed during dehydration, which explained its superior
performance as a lyoprotectant according to the water substitute hypothesis (3).

In a subsequent study, Arsiccio et al. investigated cold denaturation of a model protein,
peptostreptococcal protein L, at the ice-water interface by performing molecular dynamics
simulations at freezing conditions, incorporating a metadynamics enhanced sampling technique,
and using glucose as a cryoprotectant (11). In bulk water below the freezing point, the study
found that the sampled fractions of partially unfolded conformations were significantly reduced
in favour of the native conformation when adding glucose to the system. The free energy barrier
of unfolding the a-helix of the protein was effectively increased and the B-sheet content was
preserved to great extent. In contrast, when introducing an ice-water interface to the system
without excipient, the partially unfolded conformations displayed a higher sampling and the free
energy barriers of unfolding were reduced. However, in the presence of glucose, the authors
observed the same stabilizing trend as for the bulk phase (11).

As a consequence of the enthalpic driving force of cold denturation, the conformational
ensemble of the denatured state is composed of compact and not completely unfolded structures.
Analysis of RMSD of the protein backbone revealed that certain sequences displayed an
increased propensity of unfolding, and that the locations of these regions coincided with
secondary structure elements. Arsiccio et al. proposed that direct adsorption of the protein at the
ice-water interface is prevented by the non-frozen hydration shell. As reported previously, the
authors instead correlated the destabilizing effect of the interface with the reduced diffusitivity of
nearby water molecules, which promotes the formation of strong hydrogen bonds to the protein.
The accompanying increase in hydration on non-polar groups accounts for the induced
denaturation stress. The study revealed that glucose was preferentially excluded from
hydrophobic unfolding prone regions, while it interacted more favourably with a hydrophilic part
of the protein that demonstrated a higher RMSD in the presence of glucose, thereby slightly
altering the native state. These specific protein-excipient interactions were suggested as the
stabilization mechanism of glucose. In contrast, there were no proof of the excipient being

adsorbed to the ice-water interface (11).
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Chapter 3. THE BIOPHARMACEUTICALS OF INTEREST

3.1 RETEPLASE

3.1.1 The Function of Reteplase

Reteplase (r-PA) is a recombinant therapeutic protein, which is used in the treatment of acute
myocardial infarction (AMI). It is a deletion mutant variant of tissue-type plasminogen activator
(t-PA). In the human body, t-PA functions to catalyze the cleavage of plasminogen into plasmin
(25). In the active form, plasmin acts to degrade the fibrin network of blood clots in plasma. This
is the rate-limiting step in fibrinolysis (26). A simplified sketch of the fibrinolysis pathway is

shown in Figure 3.1.

Fibrin

Plasminogen Plasmin

FDP

Figure 3.1. Simplified illustration of the fibrinolysis pathway. Tissue-type plasminogen
activator (t-PA) catalyzes the rate-limiting step of plasminogen activation to form plasmin,
which in turn cleaves fibrin into fibrin degradation products (FDP) in order to dissolve blood

clots.

Over the past few decades multiple fibrin-specific thrombolytic agents have been
launched to the market. Among these, Reteplase was the first next generation therapeutic to be
approved. Reteplase exhibits several benefits over its parent drug t-PA such as a reduced rate of
clearance and a prolonged half-life (25). Reteplase has a reduced binding affinity to fibrin

compared to t-PA, which facilitates penetration into clots (27).
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3.1.2 The Structure of Tissue-type Plasminogen Activator

Native t-PA is a serine protease consisting of five domains: an N-terminal fibronectin-like finger
domain (1 — 49), an epidermal growth factor-like domain (50 — 87), two kringle domains
(88 — 175 and 176 — 261) and a C-terminal trypsin-like serine protease catalytic domain
(262 — 527) (Figure 3.2). Reteplase contains only the kringle-2 domain and the catalytic domain.
In total, these two domains correspond to 355 amino acid residues. The protein structure of
Reteplase includes nine disulphide bonds. Unlike t-PA, Reteplase is non-glycosylated (28). The
structure of Reteplase is displayed in Figure 3.3.

LEGEND

Domains Important sites
@@@ Finger (F) >-® Glycosylation site
00@ Epidermal growth factor (EGF) 'RQ Active site residue
QD@ Kringle 1 (K1) Q=) Disulfide bridge :
BVD «ingle2(k2 00 Plasmin cleavage site
@@@ Serine protease (P) ',;

NH,
Figure 3.2. Schematic drawing of the primary structure of tissue-type plasminogen activator

(t-PA). The illustration displays the five domains of t-PA: fibronectin-like finger domain (green,

F), epidermal growth factor-like domain (purple, EGF), kringle-1 domain (yellow, K1), kringle-2

domain (pink, K2) and trypsin-like serine protease catalytic domain (blue, P). Disulphide bridges
are indicated by blue lines. The active site residues are assigned by red stars. The plasmin

cleavage site is displayed by a yellow triangle. Figure adopted from (29).
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In the text further, all residue numbers are given for the relevant primary structure of
Reteplase. t-PA is secreted as a zymogenic single-chain (sc) protein but might undergo cleavage
by plasmin at the Argl03 — Ile104 peptide bond into an active two-chain (tc) form during
attachment to the fibrin network. Thereof produced heavy and light chains are connected via an
internal disulphide bond. tc-t-PA displays a tenfold increase in catalytic activity compared to sc-

t-PA, which is considerably lower than for most other trypsin-like serine proteases (26).
3.1.3 The Catalytic Domain

The catalytic domain of Reteplase (Ser90 — Pro355) comprises a spherical structure and is
composed of two six-stranded B-barrels, which are kept in position by three strap segments.
Moreover, the catalytic domain contains several mechanistically important surface loops
surrounding the active site and two a-helices, of which one is located in the C-terminal end (30).
Charged residues form positively and negatively charged patches on the surface of the catalytic
domain. The surface close to the active site is dominated by a negative potential (26).

The proteolytic activity of Reteplase is mediated via a catalytic triad consisting of
His150, Asp199 and Ser306. These active site residues are located in a cleft in between the two
B-barrels. In the active conformation of tc-t-PA, the ammonium group in the N-terminal end of
the light chain is relocated to an activation pocket comprising the active site in the interior of the
protein, where it forms a salt bridge to the carboxylate group of Asp305. In chymotrypsin, which
belongs to the same family of serine proteases as t-PA, the side chain of the corresponding
asparginine residue is rotated in a manner that opens a substrate specificity pocket in the active
site cleft and a functional oxyanion hole (30).

It is assumed that the heavy chain portion of the loop region connecting the two domains
of Reteplase, referred to as the activation peptide (Ser90 — Argl03), is stretched out along the
surface of the catalytic domain in the active state, and that the rest of protein adopts the

conformation of tc-t-PA (26).

19



Figure 3.3. Visual representation of the structure of Reteplase, which was used as input
structure for the MD simulations, here displayed in NewCartoon drawing style. The kringle-2
domain (Serl — Cys89) is coloured in orange. The catalytic domain (Ser90 — Pro355) and the

incorporated activation peptide (Ser90 — Argl103) are coloured in pink and grey respectively. The
residues of the catalytic triad (His155, Asp199 and Ser306), located in the activation domain, are
highlighted in red and displayed in licorice drawing style. The model is derived from homology
modeling using the structures of 1TPK chain B (kringle-2 domain) and 1BDA chain A (catalytic

domain) as templates. The figure is rendered in VMD.

3.14 The Kringle-2 Domain

The kringle-2 domain of Reteplase (Serl — Cys89) is folded into two antiparallel p—strands,
which are held together by two disulphide bridges. The kringle-2 domain and the catalytic
domain are connected via a flexible linker segment composed of Ser90 — Thr91 (26). The
kringle-2 domain contains a lysine-binding site located around Asp64, which binds to fibrin and

thereby stimulates the catalysis of plasminogen cleavage (29).
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3.2 GRANULOCYTE COLONY-STIMULATING FACTOR

The effect of formulation excipients in terms of improving conformational and colloidal stability
during lyophilization, as investigated for Reteplase in this project, was compared to a parallel
study of Granulocyte Colony-Stimulating Factor (G-CSF) performed by Ph.D. student
Suk Kyu Ko.

3.2.1 The Function and Structure of G-CSF

G-CSF belongs to a family of glycoproteins called Colony-Stimulating Factors (CSFs), which
have a crucial role as cytokines functioning in the proliferation and differentiation of
hematopoietic precursor cells. In this regard, G-CSF is specifically involved in stimulation of the
granulocytic cell lineage to produce mature neutrophils. G-CSF exerts its function through
binding to a specific receptor (G-CSF-R), which initiates a signal transduction cascade into the
cell nucleus (31). In its recombinant non-glycosylated form, G-CSF is used in the treatment of
neutropenia (32).

Human G-CSF consists of 174 amino acid residues and contains two disulphide bonds,
which are assumed essential to activity. The protein structure comprises an antiparallel four-o-
helix bundle motif similar to growth hormone. The helices are commonly denoted by letters
A-D. The only additional secondary structure elements include a 4-residue 3;¢-helix followed by
a 6-residue a-helix, both of them located within the AB loop, and short segment in the BC loop
constituting approximately one turn of a left-handed helix (33). The structure of G-CSF is
displayed in Figure 3.4.
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Figure 3.4. Visual representation of the structure of Granulocyte Colony-Stimulating Factor
(G-CSF) (PDB ID: 1CD?9 chain A), as displayed in NewCartoon drawing style. The figure
rendered is in VMD.

322 Case Study of the Stabilization of G-CSF by Excipients

The commercially available formulation of recombinant G-CSF Filgrastim contains sorbitol,
Tween-80 and sodium acetate buffer. G-CSF is commonly stored at low pH due to its extensive
instability at physiological pH. The aggregation kinetics of G-CSF suggests partial unfolding of
the protein monomer as the initial step of aggregation, followed by dimerization and ultimately
oligomerization to form complex species (34).

Wood et al. investigated the stabilization to protein unfolding and aggregation of
recombinant G-CSF (PDB ID: 2D9Q), as induced by formulation excipients, using the methods
of in silico molecular docking and hydrogen deuterium exchange-mass spectrometry (HDX-MS)
(32). The following excipients were included for study: arginine, glutamic acid, histidine,
phenylalanine, mannitol, sorbitol, sucrose and trehalose. The short-term stability of G-CSF was
assessed through studies of the thermal-unfolding transition midpoint (7») and the aggregation
onset temperature (7,g). When increasing the concentration of excipient, 7,z Was observed to
increase for the case of phenylalanine, as suggesting improved stability, while the opposite
observation was made for the remaining amino acids. In this regard, the effect of sugar

excipients was modest. For all amino acids except arginine, 7, was observed to reach a
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maximum in the low concentration range. By contrast, arginine displayed a continuous
decreasing trend. The sugars were shown to increase 7y, up to a plateau at intermediate
concentration (32).

The molecular docking studies revealed that sucrose and trehalose provided the strongest
total binding energy, while sorbitol displayed the weakest interaction. The order of excipient
binding energies correlated well with the observed ability of sugars to improve protein stability
in terms of increasing 7},,. Two interaction hotspots were identified, as located in surface pockets,
which enables multiple protein-excipient interactions (32).

The deuterium exchange rates observed during the HDX studies indicated slow binding
kinetics for the establishment of protein-excipient interactions. The interaction sites observed in
HDX corresponded well to those predicted through the process of molecular docking. The
results from using arginine as an excipient suggested a more rapidly established and global
resistance to deuterium uptake, which in combination with its protein destabilization in terms of
decreasing Ty, indicates the existence of multiple weak interaction sites. The authors propose
that the low pH used in their study might have an influence in this regard due to the vastly
neutralized protonation state of carboxylate groups, which might weaken surface interactions
with arginine and prevent arginine self-assembly, as suggested a crucial factor to its stabilization
by preferential exclusion (32).

In agreement with current research performed by others within this field, the authors
emphasize the importance of selective protein-excipient interactions at hotspot sites located on

the protein surface, in addition to the stabilization mechanism by preferential exclusion (32).
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Chapter 4. MOLECULAR DYNAMICS SIMULATION THEORY

Molecular dynamics simulation is a powerful tool in the structural and dynamical study of
biomolecular systems at the atomic level, which provides an important complement to
experimental observations. MD simulation has the ability to capture biological processes and
events, which occur on a wide range of time scales such as protein folding, transportation across
ions channels or the local flexibility of individual amino acid side chains (35).

In the theory of MD simulation, the time-dependent progression of a system containing N
atoms, which interacts via a potential energy function U(7;), i =1,...,N, is simulated by

simultaneously solving Newton’s equations of motion for all atoms in three dimensions, as
defined in equation (4.1), where m; is the mass of atom i and Fl is the acceleration of that atom.

The force acting upon each atom (ﬁi) is computed using equation (4.2), where the atomic
position as a function of time is denoted by 7; (36). An overview of the concept of numerical

integration techniques to solve the system of equations is presented in section 4.2.

ﬁi = mﬂ"'-;i (41)

4.1 MOLECULAR MECHANICS

In the theory of molecular mechanics, each atom within a molecule is considered to be a sphere,
and the intramolecular bonds are represented by springs. In the molecular mechanics model, the
electrons are ignored. Due to the space-filling attribute of the atoms, their proximity in space is
restricted, and any modification of the geometry of the molecule results in a change of the
potential energy (37).

The total potential energy (Ui is defined as the sum of several terms, that each
corresponds to a specific contribution to the overall energy, according to equation (4.3). Ustretch
originates from stretching the bond length, Ubeng is related to the change of the angle between

two bonds, Uorsion refers to the torsional rotation around a single bond and Uyon-bond results from
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intermolecular interactions. The set of mathematical expressions of these energy terms, as
defined below, including their associated empirical parameters compose a force field (FF). The
additions to the total energy are summed up over all covalent bonds, all angles between three
sequential atoms, all dihedral angles defined by four sequential atoms and all pairs of interacting
non-bonded atoms respectively (37). The visual interpretations of the energy contributions from

bond stretching, angle bending and torsional rotation are illustrated in Figure 4.1.

Utot = Z Ustretch + z Ubend + z Utorsion + Z Unon—bond (4-3)

bonds angles dihedrals pairs

eq
a s
: / :
Al=1-lyq
rotate C-D bond
C) A\ /D about the B-C bond A\ /D
B——C /D B——C
A|D A gQ°
D On
B c 5 - \\C
dihedral angle = 0° dihedral angle = 60°

Figure 4.1. Visual interpretation of the different energy contributions to the total energy
potential. A) The stretching of covalent bonds, as modelled by a harmonic spring of length /,
which connects the two atoms being represented by spheres. B) The bending of bond angles

comprising the angle a between two covalent bonds modelled by springs, which connects three
sequential atoms represented by spheres. C) The torsional rotation of the C —D bond about
the B — C single bond by the dihedral angle @, which is defined by the angle between the A — B
bond and the C — D bond when inspected along the B — C bond in the system connecting four
sequential covalently bound atoms A, B, C and D (37). Figure adopted from (37).
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The bond stretching term is expressed by equation (4.4), where Agyeen 1S the
proportionality constant, which equals half the force constant of the bond as modelled by a

harmonic spring, /4 is the equilibrium bond length and / is the stretched bond length (37).

2
Ustretch = kstretch(l - leq) (4'4)

The angle bending term is expressed by equation (4.5), where kvend 1S the proportionality
constant, which equals half the angle bending force constant, a.q is the equilibrium bond angle

and a is the distorted bond angle (37).

2
Upena = kbend (a - aeq) (4’5)

The torsional terms is expressed by equation (4.6), which is a cosine function where
kiorsion 1S the energy barrier to rotation about the dihedral angle @, m is the periodicity and @t

is the offset angle of the minimum energy for the staggered conformation (38).

1
Utorsion = Ektorsion[l + COS{m(‘D + (poffset)}] (4-6)

The non-bonded interaction term is expressed in equation (4.7) as a combination of the
van der Waals interaction U,qw, as represented by the Lennard-Jones potential in equation (4.8),
and the electrostatic interaction Ug according to Coulomb’s law in equation (4.9), which are
valid for two atoms separated by a distance  (38). In the Lennard-Jones potential, ¢ corresponds
to the depth of the energy minimum, and ¢ is the equilibrium distance where the potential equals
zero (39). In Coulomb ’s law, ga and gp are the partial charges of the two atoms, and & is the

dielectric constant (38).

Unon—bond = UvdW + Uel (4‘-7)

Uy = 4e [(;)12 — (%)6] (4.8)
U, = % (4.9)
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4.2  NUMERICAL INTEGRATION TECHNIQUES

The total potential energy is computed at all spatial positions (3N) of the complete three-
dimensional system containing N number of atoms. A numerical integration technique is
required to solve the set of Newton’s equations of motion due to the lack of an analytical
solution for this complicated system. There are multiple numerical algorithms available, which
are based on the concept of repeating computation of the atomic forces using the defined FF in
order to solve for the positions and velocities of atoms for each cycle corresponding to a short
discrete time step o¢. The initial atomic positions and velocities have to defined prior to the first
computational cycle, as typically obtained from the protein crystal structure and the Maxwell-
Boltzmann distribution of velocities at the relevant temperature, respectively (39).

In this context, the leap-frog algorithm will be presented. For this method, the velocities

(v) are calculated at a time point ¢ + 6¢/2 using the velocities at time 7 - 0#/2 and the forces (ﬁi) at
time ¢, according to equation (4.10). Subsequently, these velocities, and the positions (7) at time
t, are used to update the positions at a later time point ¢ + J¢ according to equation (4.11). The

velocitites at time ¢ are calculated using equation (4.12) (36).

. ot . &t 1.
v; (t + 7) =; (t — ?) + E_Fi(t)& (4.10)

ot
7;(t + 6t) = 7,(t) + v; (t + 7) 5t (4.11)

B.(t) = %[ﬁi <t _ %) i <t + %)] (4.12)
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4.3  BOUNDARY CONDITIONS

When setting up the simulation system, the boundary conditions at the edges of the simulation
box have to be defined. In simulations of biomolecular systems, periodic boundary conditions
(PBC) are frequently employed to avoid surface artifacts (35). Through the application of PBC,
the central simulation box is replicated infinitely in all spatial directions. Thus, when a molecule
leaves the simulation box at one edge, it will reappear on the opposite face via its periodic image
box (36), as illustrated in Figure 4.2. To avoid interaction between the periodic copies of a
particle, the non-bonded interactions have to be smoothly cut off at a specified distance. One
such method relies on the Particle-Mesh-Ewald (PME) summation, where electrostatic
interactions are divided into short-range and long-range interactions. The latter group of
interactions is assigned through a charged grid, which is computed as a reciprocal sum using

Fourier transformation to allow for rapid convergence in the associated space (35).
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Figure 4.2. Schematic illustration of the concept of periodic boundary conditions in two
dimensions. The yellow particle leaving the central simulation box will enter on the opposite

edge from the periodic image box (36). Figure adopted from (36).
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4.4 THERMODYNAMICAL ENSEMBLES

A statistical ensemble comprising a defined set of fixed thermodynamical variables is used to
describe the conditions at which the system is simulated. The method of ensemble averages
connects the equilibrium physical observables to the collection of individual microscopic
configurations. Common thermodynamical ensembles include the micro-canonical (NVE)
ensemble, the canonical (NVT) ensemble and the isothermal-isobaric (NPT) ensemble. In the
NVE ensemble, the number of particles (V), the volume (V) and the total energy (E) are kept
constant. In the NVT ensemble, the energy is allowed to change through exchange with an
external imaginary heat bath, which is coupled to a thermostat algorithm of choice, in order to
keep the temperature (7) fixed. In the NPT ensemble, the volume of the system is able to change
by the movement of an imagined piston that function to maintain the pressure (P) at a constant
level through the coupling to a barostat algorithm (39).

In the simulations of the freeze-drying process investigated in this project, the Langevin
thermostat and the Monte-Carlo (MC) barostat were employed for control of the temperature and
pressure respectively. The corresponding algorithms are further explained in sections 4.4.1 and

44.2.
4.4.1 The Langevin Thermostat

A thermostat algorithm is a modification of Newton’s equation of motion as to obtain a constant
temperature thermodynamical ensemble through the coupling of the system to an external heat
bath at a specified reference temperature, with which it may exchange energy. The temperature
of the system depends on the velocities of atoms via the correlation to kinetic energy. To
maintain the temperature at a constant level, the atomic accelerations have to be restrained within

some limits (40). Using the Langevin thermostat, such control is imposed by adding a friction

term and a stochastic force (ﬁi) to Newton’s second law, according to equation (4.13), where ('is

the friction coefficient (40) (41).

(e = 9 - L + B

2 2 2

(4.13)
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The stochastic noise term is a model of Brownian motion involving random particle
collisions with solvent molecules (36). The random force has a Gaussian distribution with an
average of zero and a variation that is related to the target temperature (41). The friction
coefficient affects the relaxation rate of the system (36), and is related to the collsion frequency
(y) by equation (4.14) (41). Furthermore, there is a correlation between the friction coefficient
and the diffusion coefficient (D;) according to the Einstein relation in equation (4.15), which is
an example of the fluctuation-dissipation theorem. The temperature is denoted by 7, and £ is the

Boltzmann constant (42).

The momentum is not conserved using the Langevin thermostat. This fact has the

implication of not providing a correct description of long-range hydrodynamic interactions (36).
4.4.2 The Monte-Carlo Barostat

Employing the isothermal-isobaric (NPT) ensemble, the pressure is likewise fixed at a constant
value. This intention is achieved by allowing the volume of the system to change during the
simulation through the coupling to a barostat (36). Using the MD/ MC algorithm, a trial volume
change (4V) of the periodic box is computed according to equation (4.16), which is based on a
random number generator to obtain a scaling factor (7:ang) Within the range [-1, 1]. The maximal
volume move (4Vmax) is set in accordance with a 40 — 50 % acceptance ratio following the

standard MC probability, as defined in equations (4.20) and (4.21) (43).

AV = nrandAVmax (4‘-16)
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The new volume of the periodic box (V) is calculated according to equation (4.17),
where the original volume is denoted by V. The adjusted box lengths (I;) are determined from
equation (4.18), where /; is the original box length. The adjusted coordinates (r;') corresponding
to the center of mass of each molecule in the system are calculated using equation (4.19), where
the original coordinates are defined by ri, and the coordinates of the center of the box are

assigned by ¢; (43).

V' =V+4AV (417)

3|V
I = li\/; i=xy2 (4.18)

3|
—+c¢ i=x7yz (419)

i = —c) v

The potential energy of the adjusted configuration (Uy,) is assessed according to the
Metropolis algorithm in equation (4.20), as to determine whether the trial volume move will be
accepted or rejected. If AW > 0, the probability of acceptance (P) is determined from equation
(4.21). If AW < 0, the volume move is always accepted. In the referred equations, Uy is the
potential energy of the original configuration, Py and 7 are the desired pressure and temperature

respectively, N is the number of particles in the system and £ is the Boltzmann constant (44).

!

14
AW = U} op — Upor + PoAV — NKT,ln <7) (4.20)

AW

e Ko AW >0
P(AV) = (4.21)

1 AW <0
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4.5 MOLECULAR DYNAMICS SIMULATION OF THE FREEZE-DRYING PROCESS

The simulation of the freeze-drying process conducted in this project was in part adopted from a
number of molecular dynamics protocols of similar studies, as developed by Arsiccio et al. The
group has investigated the effect of excipients on the stabilization of biopharmaceuticals during

lyophilization (3) (4) (11) (45) (46) (47).
4.5.1 TIP4P and TIP4P/Ice Water Models

The simulation of the freezing process stage is based on inserting hexagonal ice (I) blocks into a
simulation box also containing liquid water, as to accurately resemble the formation of ice and
the generation of an ice-water interface. In this regard, the TIP4P/Ice water model is suitable for
representing water molecules due to its authentic prediction of the ice melting temperature and
the ice-water phase diagram (3). In preceding and consecutive simulations, where freezing of the
system is not intended, the TIP4P water model makes a good choice owing to its compatibility
with the TIP4P/Ice model and its ability to simulate liquid water at low temperatures. To avoid
artificial phase separation, the different models should not be mixed in the same simulation (3).

A variety of different water models have been developed over the years. However, many
of them suffer from poor predictive ability of solid-phase properties. In the majority of cases,
more complex models offer little advantage, and the use of these representations has a critical
drawback in increasing computational time. In this regard, the TIP4P water model has been
successfully implemented in computational chemistry. The geometry of the TIP4P model is
based on four interaction sites. Three of these are placed at the positions of the constituting
atoms, i.e. the oxygen and the two hydrogen atoms respectively. The remaining M site is placed
at the position of the bisector of the H-O—H angle in the same plane as the other interaction sites.
The O-H bond length and the H-O-H bond angle are specified according to the experimental
values of 0.9572 A and 104.52 ° respectively (48). The TIP4P water model is illustrated in
Figure 4.3.
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Figure 4.3. Visual representation of the TIP4P water model, which comprises four interaction
sites. Positive partial charges (8") are placed at the positions of the hydrogen atoms and a
neutralizing negative partial charge (%) is placed at the position of the M site, which is located
at the bisector of the H-O—H bond angle at a specified distance (dom) from the position of the
oxygen atom. The values of the O—H bond length (don) and the H-O—H bond angle are based on
experimental data (48). Figure adopted from (49).

In the TIP4P water model, the partial charges are located at the positions of the hydrogen
atoms and at the M site. The oxygen site constitutes the sole contribution to the Lennard-Jones
term in the non-bonded pair potential, as corresponding to the interaction between oxygen atoms
in two different water molecules. In the mathematic expression of the non-bonded interaction
term, valid for either of the TIP4P or TIP4P/Ice models, there are four unknown parameters: the
depth of the energy minimum in the Lennard-Jones pair potential, the equilibrium distance
between two oxygen sites, the hydrogen site partial charge and the distance separating the
oxygen site and the M site. The parameterization procedure is performed by a nonlinear fit to
experimental data of chosen physical properties, which are assigned suitable weighting factors.
The parameters of the TIP4P and TIP4P/Ice water models are displayed in Table 4.1. The
distinguished application areas of the two models with respect to simulations of liquid water and
hexagonal ice respectively, account for a good estimation of the relevant physical state (48).

The TIP4P and TIP4P/Ice models have been employed successfully in studies similar to
this project (3). The use of the TIP4P/2005 water model might be an alternative approach since it
is able to substitute as a general model for describing the condensed phases of water (50).
However, due to the limited data of using the TIP4P/2005 model for simulating freeze-drying of

biomolecules in solution, the TIP4P and TIP4P/Ice models were preferred for this project.
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Table 4.1. Comparison of the parameters of the TIP4P and TIP4P/Ice water models. In the

table, € and o are the parameters of the Lennard-Jones potential of the oxygen atom,

qu (=-0.5¢wm ) is the partial charge located at each of the positions of the hydrogen atoms and

dowm 1s the distance between the M site and the position of the oxygen atom (48).

Parameters
Model
e/k [K] o [A] gu [e] dom [A]
TIP4P 78.0 3.154 0.520 0.150
TIP4P/Ice 106.1 3.1668 0.5897 0.1577

4.5.2  Simulations of Freezing

Matsumoto et al. investigated the spontaneous process of ice formation during freezing using the
TIP4P water model in a molecular dynamics simulation study performed at the condition of
constant pressure and temperature (51). They found that the inception of ice nucleation requires
the formation of a sufficient amount of long-lived hydrogen bonds in the same local
environment. The freezing process was preceded by rapid quenching from 400 to 230 K and a
dormant period, as characterized by random hydrogen bond rearrangement, at which water exists
in a supercooled liquid state. Following the formation of an initial stable ice nucleus, the system
enters a phase of successive ice growth, as associated with the extension of a three-dimensional
hydrogen bond network composed of six-membered rings. The process of crystallization occurs
at gradually increasing rate, which is correlated to a corresponding decrease in potential energy,
and eventually levels off during ice structure completion. These observations are in agreement
with the widely accepted theory of ice nucleation (51). However, freezing of an aqueous system
in complex with solutes requires the addition of preformed ice blocks, as to provide the initial
configuration of the hexagonal ice phase. This strategy has been used successfully elsewhere

(11) (45) by application of the Genlce algorithm (52) for generation of ice structures.
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453 Simulations of Drying

Steinberg et al. investigated the dynamics of water evaporation from cytochrome ¢ using
molecular dynamics simulation during vacuum conditions and at constant energy (53). The
procedure of creating a vacuum and covering the protein surface with a monolayer of water
molecules, as to generate the hydration shell, was performed by means of two different
strategies. The first method was initiated with a short relaxation phase in a simulation box
containing a very small number of water molecules, following the removal of all waters that
were dislocated from the surface. This approach produced a non-uniform distribution with water
aggregates gathered at charged surface patches. Using the second strategy, the protein was
placed in a bulk water box and all water molecules located beyond a certain cut-off distance from
the protein surface, as specified to render an equal number of water molecules, were removed.
This method produced a more uniform but less stable distribution in regard of water escaping
tendency from the surface. During the coarse of evaporation, a gradual temperature decreased
was monitored as a consequence of the kinetic energy cost of breaking of protein-water
interactions. The study revealed that the second strategy resulted in an increased rate of
evaporation. In addition, setting the initial temperature to a higher value promoted the rate of
evaporation and produced a lower residual moisture level, as corresponding to a fewer number of
water molecules attached to the surface. The fraction of evaporated water was determined to 10 —
50 %. Under the condition of constant energy, the conformational stability of the protein was not
affected during desolvation. However, lysine residues displayed a high degree of flexibility and a
tendency to stretch out from the protein surface with water molecules clustering at the positively
charged end of the side chain (53).

Another study investigated the evaporation of water from model protein ubiquitin using
molecular dynamics simulation during vacuum conditions (54). Two structures of partially
solvated protein with different hydration shell thickness were generated by removing all water
molecules located beyond 6 or 3 A respectively. The fraction of evaporated water was greater for
the thin shell structure, while there was no difference in the evaporative cooling rate. The
conformational change was evaluated for the two different structures, and compared to the cases
of fully solvated protein in bulk water and isolated protein in vacuum environment respectively.
A trend of increased protein compactness, as measured by the radius of gyration, was revealed

upon gradually reducing the hydration level. Meanwhile, the exposure of hydrophobic or
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solvent-excluding surface area was found to increase, as correlated to the loss of the hydrophobic
effect when removing entropically disfavoured hydration water. In comparison to protein in bulk
water, the number of hydrogen bonds towards the solvent was found to decrease significantly
when reducing the hydration shell thickness. In contrast, there was an approximately equal
number of protein-water hydrogen bond interactions for the thick shell structure, as further

indicating the higher extent of preservation of native protein conformation (54).

4.6 ACCELERATED MOLECULAR DYNAMICS SIMULATION

Enhanced sampling techniques such as accelerated molecular dynamics (aMD) presents an
additional option of tackling the issue of simulating biological processes where the relevant time
scale is inaccessible to conventional molecular dynamics (¢cMD). Protein conformational change
frequently involves a large number of functional transition states, and thus the associated free
energy landscape contains an equal number of energy minima separated by high-energy barriers,
where the system might be trapped for prolonged time periods. Crossing these energy barriers
relies on rare events to occur, which might require excessive computational time (55).

The aMD approach allows for a full exploration of the protein conformational space. In
the method introduced by the McCammon group, a bias boost potential AU(r) is added to the
true potential U(r) when this is below a defined threshold energy E, as to produce a modified
potential U(r)" according to equation (4.22) (56).

U, U(r)=E
Uer) = (4.22)
Ur)+4U(r), Ur)<E

This modification has the effect of reducing the height of the energy barriers by raising
the local energy minima, as illustrated in Figure 4.4. The outcome of this approach facilitates the
progression of the system through the energy landscape by increasing the escaping rate from the
energy minima, and thus significantly decreases the required simulation time span. aMD offers
an advantage over many other enhanced sampling techniques in that a single copy of the system
is sufficient. Moreover, there is no requirement of prior knowledge of the energy barriers and

minima or of the corresponding conformational states. (56).
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U(r)

Figure 4.4. Graphical representation showing the principle idea of the aMD approach, which
relies on raising the local energy minima of the true potential U(7) (solid line) to produce a
modified potential (dashed line) through the addition of a boost potential, if below a specified
threshold energy E. Figure adopted from (56).

Protein conformational change greatly involves torsional rotation of the dihedral angles
of the protein backbone. Therefore, the dihedral energy constitutes a main contribution to the
total potential energy in this regard. Thus, a dual boosting approach, where an extra boost is
added to the torsional terms of the potential, might be effective to explore the conformational
space of the protein (56). In agreement with this idea, the boost potential AU(r), as defined in
equation (4.23), is divided into separate terms for the total potential and the dihedral potential. In
this equation, a, and ay are the boost factors applied to the total potential and dihedral potential
respectively. Similarly, £, and E; are the threshold energies for the total potential and the
dihedral potential respectively (57). The boost factors affect the depth of the energy minima of
the modified potential and the values of the boost parameters a and E have a crucial impact on
the level of acceleration of the molecular dynamics simulation (56). Using the approach
described by Salomon-Ferrer et al. (58), the computation of the boost parameters follows
equations (4.24 — 4.27), as based on empirical findings. In these equations, 7,,;s is the total
number of protein residues and excipient molecules, and 745 1s the total number atoms in the
system. The values of the threshold energies depend on the average total potential energy Upo
and the average dihedral energy U, respectively, as typically obtained from a cMD simulation

(58).
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(B, —Uum)’ (Eq — Ug(r))?
a, + (Ep — U(r)) ag + (Eq — Ug(r))

AU(r) = (4.23)

E, = U+ 0.16n40ms (4.24)
E; =Ud + 4nyns  (4.25)

@y = 0.16N400ms  (4.26)

1
ag = g “ANynies  (4.27)

To further accelerate the simulation, a high-boost mode might be applied to the

parameters E,, E; and o, according to equations (4.28 — 4.30) (58).

E, = U2+ 0.2n40ms  (4.28)

1
Eq = Uz(i) + Anypies + 10 - g ANynirs (4.29)

a, = 0.2n40ms (4.30)
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4.7 COARSE-GRAINED MOLECULAR DYNAMICS SIMULATION

Coarse-grained (CG) modelling offers an option of simulating diverse processes of large
biomolecular systems that occur on lengthy time scales, and which are computationally
challenging, by replacing the all-atom molecular description with a lower resolution model. The
reduction of the atomistic degrees of freedom (DOFs) allows for an extension of the spatial and
temporal limits of conventional molecular dynamics (cMD) (59). The CG modelling approach is
based on a united atom representation of the system, where individual atoms are grouped into a
reduced number of interactions sites. For instance, hydrogen atoms might be integrated with their
associated heavy atoms and a bond constraint might be added to a group of four adjacent heavy
atoms, which are ultimately depicted as one coarse-grained bead particle. However, the grouping
of atoms can be performed in many ways with the aim of providing an acceptable representation
of the chemical and physical properties of the system. Subsequently, a parameter set of choice, as
defined within a specified CG force field, is employed in order to compute the effective
interaction potentials (60).

Using the CG system simplification strategy, the number of particles and pairwise
interactions are reduced. In addition, high frequency motions are effectively eliminated, which
permits a larger integration time step to be used in the equations of motion. The combined effect
is a reduction of the computational demand, which allows for simulation of a longer time interval

using an equal number of time steps (60).

4.7.1 SIRAH Force Field

Darré et al. developed a CG force field (SIRAH) specifically adapted to simulation of
biomolecules (61). The parameterization procedure of the SIRAH force field was performed
according to a top-down approach, where parameters were fitted to available structural data as
obtained from the Protein Data Bank (PDB). Unlike many other CG force fields, SIRAH models
long-range electrostatic interactions, which is accomplished using the Particle Mesh Ewald
(PME) method. The mapping scheme relies on a match of the coarse-grained beads with the
positions of distinguished molecular units with various degree of granularity. For instance,

individual beads model the nitrogen, a-carbon and oxygen respectively in the protein backbone.
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In contrast, the side chains are treated with a lower atomistic detail, where the mapping of
interaction sites is related to the characterization of the specific residue according to size, charge,
aromaticity etc. The performance of the SIRAH force field was tested in a number of trial
simulations of different proteins and complexes thereof. Phenomena such as protein-solvent
interactions, self-aggregation and conformational change related to temperature or ionic strength,
were analysed in this context (61).

The group previously developed an explicit solvent model of water, named WatFour
(WT4), which was successfully implemented with SIRAH force field (62). The basis of the WT4
model is the tetrahedral hydrogen bond structural arrangement, as observed temporarily in liquid
water (Figure 4.5). Thus, WT4 consists of four connected beads, as representing 11 water
molecules with respect to the density of water, where each bead is assigned one partial charge of
* 0.4le. This charge distribution offers an advantage in its ability to produce a dielectric
permittivity on its own, and thus avoiding the issue of a using a continuum dielectric medium, as
in the case of implicit solvation. The WT4 model has proven to provide a good approximation of

water characteristics at the relevant temperature range of biomolecules (62).

o+
Figure 4.5. Illustrations showing the CG mapping of water molecules with respect to the
WatFour (WT4) water model. A) Ordering of liquid bulk water showing the positions of water
molecules in the corners of transiently formed irregular tetrahedrons. B) The positions of the
oxygen atoms are visualized by the red beads, which compose the basic concept of the WT4
model. C) Structural arrangement of liquid bulk water using the WT4 model. D) The tetrahedral
geometry of a WT4 molecule comprising four coarse-grained beads, which are assigned positive

(white) and negative (red) partial charges respectively (62). Figure adopted from (62).
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An update of the SIRAH force field (SIRAH 2.0) was launched in 2019, as to improve
the structural representation of proteins (63). The modifications included a redefined set of
bonded and non-bonded parameters of amino acids. The torsion angles of the protein backbone
were adjusted as to allow for more flexibility and a wider range of side chain motion was
permitted for selected residues. In regard of the non-bonded parameters, changes were made as
to improve the hydrophobic/ hydrophilic balance. This aim was sought to be achieved through
the classification of coarse-grained beads into five main groups: hydrophilic, aromatic,
hydrophobic, backbone and water or ions. A subdivision was made within each group based on
charge module and Lennard-Jones parameters. A further subdivision was performed within each
subgroup as to cover the sign of the charge and Lennard-Jones parameters that are not computed
according to the Lorentz-Berthelot combination rules, such as hydrogen bonds, salt-bridges and
cation-m interactions. In addition, a uniform mass assignment of the coarse-grained beads was
introduced. SIRAH 2.0 was implemented with the AMBER molecular dynamics suite. In a
comparative test to the previous force field version, the modifications included in SIRAH 2.0
were observed to provide enhanced robustness in terms of a number of structural descriptors,
such as root mean square deviation (RMSD), solvent-accessible surface area (SASA), radius of
gyration (Rg) and native contacts. The capacity of SIRAH 2.0 was further evaluated in a study of
calcium-binding protein Calmodulin (CaM) and its ligand peptide, as to explore the structural
and dynamical behaviour in terms of metal-ion coordination, conformational change and protein-
peptide interaction. The results from this analysis were in good agreement with experimental

data, and further displayed a satisfactory resolution level (63).
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Chapter 5. MOLECULAR DYNAMICS SIMULATION PROCEDURE

The system set-up files and simulation input files were prepared by Ph.D. student Suk Kyu Ko,
who also developed the scripts for analysis. The freeze-drying simulation protocol was in part
adopted from similar studies performed by Arsiccio et al. (3) (4) (11) (45) (46) (47). The analysis
was performed using Tcl and Python scripting, Visual Molecular Dynamics (VMD) (64),
PyMOL (65) and MATLAB (66).

5.1 MODEL STRUCTURE

The input structure of Reteplase was generated using homology modeling. The FASTA format of
the protein sequence was downloaded from the DrugBank, which is a freely accessible online
pharmaceutical database (67). The BLAST algorithm (68) was used to align the query sequence
of Reteplase to sequences available at the Protein Data Bank (PDB) in order to identify regions
of local similarity. Based on the results from this search, one structure of the catalytic domain of
human sc-t-PA (PDB ID: 1BDA(A)) and three structures of the kringle-2 domain of human t-PA
(PDB IDs: 1PK2(A), 1TPK(A) and 1TPK(B)) were chosen for homology modeling due to high
percentage sequence identity and high significance of the matches.

The MODELLER 9.20 software (69) was used for sequence alignment of each template
and the target to confirm the validity, and for building the associated homology models, as
displayed in Table (5.1). Ten different submodels were generated for each homology main
model. The submodels were submitted to the RAMPAGE webserver tool (69) for analysis of the
corresponding Ramachandran plots and evaluation of outlier regions comprising amino acids
with non-favourable dihedral angles. The best models in this regard, were visually analyzed in
VMD to assess the separation between the two protein domains, and to exclude models with
potential structure overlap. Based on these arguments, one of the submodels of
ITPK(B) — 1BDA(A) was chosen as the optimal model to be used as the input structure for
simulations. This submodel had a sequence identity of 100 %, and the percentage of
Ramachandran outliers, excluding glycine and proline residues, was determined to 0.6 %. The
sequence alignment of 1TPK(B), IBDA(A) and Reteplase is displayed in Figure (5.1). The first
three N-terminal residues in the sequence of Reteplase (Serl-Tyr2—GIn3) were not covered by

the structure of 1TPK(B), which were therefore automatically modelled by MODELLER.
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Table 5.1. The three different homology main models, as generated from available structures
of the kringle-2 domain (K2) and the catalytic serine protease domain (P) of human t-PA, using
MODELLER software. An alignment of the target sequence to each template was performed

prior to model construction. The templates are denoted by their PDB IDs and the chosen chain

IDs for modelling.
Template 1 (K2) Template 2 (P) Homology main model

1PK2(A) 1BDA(A) 1PK2(A) - IBDA(A)

ITPK(A) IBDA(A) ITPK(A) - 1BDA(A)

1TPK(B) IBDA(A) ITPK(B) - IBDA(A)
1tpkB 1 ---GNSDCYFGNGSAYRGTHSLTESGASCLPWNSMILIGKVYTAQNPSAQALGLGKHNYC
1bdaA e
Reteplase 1 SYQGNSDCYFGNGSAYRGTHSLTESGASCLPWNSMILIGKVYTAQNPSAQALGLGKHNYC
1tpkB 58 RNPDGDAKPWCHVLKNRRLTWEYCDVPSCST—-——————=————————————————————
1bdaA L ————— " TCGLRQYSQPQFRIKGGLFADIASHPWQAA

Reteplase 61 RNPDGDAKPWCHVLKNRRLTWEYCDVPSCSTCGLRQYSQPQFRIKGGLFADIASHPWQAA

FEPKB: = 00 e e e s e e e e e e L e e e e e e e e e
lbdaA 31 IFAKHRRSPGERFLCGGILISSCWILSAAHCFQERFPPHHLTVILGRTYRVVPGEEEQKF
Reteplase 121 IFAKHRRSPGERFLCGGILISSCWILSAAHCFQERFPPHHLTVILGRTYRVVPGEEEQKF

1 o)< = e o e e e
lbdaA 91 EVEKYIVHKEFDDDTYDNDIALLQLKSDSSRCAQESSVVRTVCLPPADLOLPDWTECELS
Reteplase 181 EVEKYIVHKEFDDDTYDNDIALLQLKSDSSRCAQESSVVRTVCLPPADLQLPDWTECELS

1 o) 4= T T R R R e ke ot ket ket kb ke okt bkt ke
lbdaA 151 GYGKHEALSPFYSERLKEAHVRLYPSSRCTSQHLLNRTVTDNMLCAGDTRSGGPQANLHD
Reteplase 241 GYGKHEALSPFYSERLKEAHVRLYPSSRCTSQHLLNRTVTDNMLCAGDTRSGGPQANLHD

FEPKB: = 000 e e e e e e e e e e e R R R I R R R R R
1lbdaA 211 ACQGDSGGPLVCLNDGRMTLVGIISWGLGCGQKDVPGVYTKVTNYLDWIRDNMRP
Reteplase 301 ACQGDSGGPLVCLNDGRMTLVGIISWGLGCGQKDVPGVYTKVTNYLDWIRDNMRP

Figure 5.1. Sequence alignment of 1TPK(B), IBDA(A) and Reteplase using
MODELLER 9.20. Identical sequences are highlighted in grey and gaps in the primary
structures are marked by " - ". Residues for which no crystal structure is available

are marked by " * ".
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5.2  SYSTEM PREPARATIONS

5.2.1 Setup of Full-atom Molecular Dynamics Simulations

The topology and coordinate files used for the simulations were generated using the tLEaP
preparatory program included in the AmberTools19, as part of the AMBER molecular dynamics
suite (70). The Amber18 ff14SB force field developed for proteins and nucleic acids, was used to
model the protein (70).

The Antechamber software package, as included in AmberTools19 (70), was used in
conjunction with tLEaP to create library files, as well as topology and coordinate files for the
excipients investigated in complex with protein in this project. Three-dimensional molecular
structures to be used as input files were downloaded from the ZINC database. The GAFF2
AMBER force field (71), specifically intended for small organic molecules within rational drug
design, was used to model the relevant excipient molecules. Antechamber functions to define
atom and bond types, assign atomic charges and add missing force field parameters. It was found
that excipient molecules modeled by GAFF2 interacted too strongly with protein, which resulted
in inaccurate preferential interaction coefficients. In order to better reproduce the experimental
evidence, Ph.D. student Suk Kyu Ko performed a modification to the non-bonding parameters
obtained from the CHARMM force field (72) (73) (74) (75) (76), as based on approaches
published by others in this subject (77) (78) (79). In the case of sugar excipient molecules, the
Kirkwood-Buff parameter set of the CHARMM force field was applied, which has been used
successfully elsewhere (5).

The model protein was inserted into a cuboid periodic boundary box, where the minimum
distance between the protein and the edge of the box was set to 15 A, and 27 433 water
molecules were subsequently added to the system. For simulations at room temperature the
TIP4AP Ewald water model (80) was used. Simulations at freezing conditions were conducted
using the TIP4P/Ice water model (48). Excipient molecules were introduced into the system
through replacement of randomly selected water molecules. The number of excipient molecules
(nex) was calculated using equation (5.1), where cex 1s the concentration of excipient expressed as
the weight percentage of excipient per total weight (w/w %), ny, is the number of water
molecules, My, is the molar mass of water and Mg is the molar mass of excipient. Molar

concentrations were converted to weight percentages prior to using equation (5.1). The system
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was neutralized by adding either Na" or CI” counterions. For arginine and tranexamic acid, the
effect of excipient was investigated at three different concentration levels: low (10 mM),
intermediate (100 mM) and high (10 w/w %) concentration. For sucrose, the high concentration
level was considered the most relevant based on data from experimental studies within this field,
and therefore the lower concentrations were not investigated in this project. The concentrations

of excipient and the corresponding number of molecules are presented in Table (5.2).

_ CexNw M,,

nex
M
ex

(5.1)

Table 5.2. The investigated concentrations of excipient and the corresponding number of
excipient molecules, as calculated using equation (5.1), of the systems including arginine (ARG),

tranexamic acid (TXA) and sucrose (SUC) respectively.

Excipient Concentration | Number of excipient molecules
ARG 10 mM 5
ARG 100 mM 51

10 w/w %
ARG (~ 570 mM) 284
TXA 10 mM 5
TXA 100 mM 51
10 w/w %
TXA (~ 640 mM) 314
10 w/w %
SuC (~ 290 mM) 144

5.2.2  Setup of Coarse-grained Molecular Dynamics Simulations

CG MD was used to study the protein-protein aggregation dynamics of Reteplase in the absence
and presence of arginine excipient. The SIRAH 2.0 force field (version 19-08) (63) was used to
model the system, which was set up and simulated using the GROMACS molecular dynamics
software program (version 2018.5) (81) (82) (83) (84) (85) (86) (87). The simulation protocol
was developed in collaboration with the Technical University of Munich (TUM).
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To generate topology and coordinate files, the system was set up as described in the
following. As required for mapping to the CG representation, the file format of the initial
structure of Reteplase was converted from PDB to PQR using standard non-protonated residues,
and subsequently translated to GROMACS format. A total of eight protein monomers were
inserted into a cubic periodic boundary box, where the minimum distance between a protein
monomer and the edge of the box was set to 7.5 A. The distance between the centers of mass of
two adjacent monomers was set to 8.5 nm. The corresponding protein concentration was
optimized during preceding trail studies in order to sample maximum protein-protein interactions
with an acceptable simulation time. To generate different initial conformations, the monomers
were randomly rotated by a maximum of 180°. The system was solvated by adding
approximately 36 600 WT4 molecules (62) to the simulation box, and those within 3 A from the
protein were removed. A total of 4115 arginine molecules were added to the system to reproduce
a concentration of 10 w/w %, as calculated using equation (5.1) and recognizing that each WT4
molecule corresponds to 11 water molecules. The system was neutralized by the addition of

either Na" or CI" SIRAH counterions.

5.3 MOLECULAR DYNAMICS SIMULATIONS OF THE FREEZE-DRYING PROCESS

The complete freeze-drying simulation was divided into five consecutive parts: simulation at
room temperature, freezing, primary drying, secondary drying and reconstitution. The settings of
the input files for each part are described in the following subsections. In total, the freeze-drying
process was simulated for 2 ps. Duplicate simulations were performed for each system as defined

in Table (5.2).
53.1 Simulations at Room Temperature

The system was subjected to energy minimization using the steepest descent algorithm for the
first 5000 cycles and the conjugate gradient algorithm for the next 5000 cycles. In all instances,

the cutoff distance of non-bonded interactions was set to 12 A.

46



The system was subsequently heated during 300 ps by raising the temperature from 10 K
to 300 K under conditions of the canonical ensemble (NVT). In all cases, the temperature was
controlled using the Langevin thermostat and the associated collision frequency was assigned a
value of 5 ps™. Throughout the simulations of the freeze-drying process, the time step was set to
2 fs. In all occasions, the SHAKE algorithm (88) was used to constrain all hydrogen bonds.

System equilibration was performed in two separate steps using the isothermal-isobaric
ensemble (NPT) at 300 K and 1 atm. The equilibration steps were conducted for 200 ps and 2 ns
respectively. For all cases when pressure control was intended, the MC barostat was applied. The
production was divided into two separate parts performed under the NPT ensemble, each of them
being 200 ns long. At the end of each of the five steps of the freeze-drying simulation, the
protein was centered in the periodic box in all frames of the trajectory by means of re-imaging
the atomic coordinates. The last frame was saved as a PDB file to serve as the initial structure for

the freezing simulation.
5.3.2  Simulations of Freezing

Before initiating the simulations of the freezing stage, the Genlce open source software (52) was
used to generate three hydrogen-disordered hexagonal structure (I,) ice lattices. The TIP4P/Ice
water model was employed. For each ice block, the unit cell was repeated in x, y and z directions
as to obtain the dimensions required to cover the three repeating surfaces of the periodic
boundary box comprising the simulation system.

A short minimization was conducted in order to remove bad contacts by means of slow
repulsion between atoms that had been positioned in too close proximity. The steepest descent
algorithm was used for the first 500 cycles and the conjugate gradient algorithm for the next 500
cycles. Subsequently, the system was heated slowly during 300 ps from 10 K to 100 K under
conditions of the NVT ensemble. A second heating was conducted for an additional 300 ps
employing the NPT ensemble, as to further raise the temperature to 233 K. The equilibration and
production were each performed in a two-step manner using the same approach as for the room
temperature simulation, although at the lower temperature of 233 K. At the end of the freezing
simulation, the protein and all excipient and water molecules within 3 A of the protein surface, as
corresponding to the hydration shell, were saved as a PDB file to be used as the initial structure

for the simulation of the primary drying.
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533 Simulations of Primary Drying

Before initiating the simulation of the primary drying stage, a cuboid periodic box without
solvent molecules was generated around the protein and its associated hydration shell and
included excipient molecules, as specified to enclose entire atoms. The minimum distance
between the protein and the edge of the simulation box was set to 50 A in order to create the
vacuum space required for the drying process.

The system was subjected to heating for 300 ps using the NVT ensemble to raise the
temperature from 10 K to 233 K. As before, the production was divided into two parts, each 200
ns long. However, for this case, the simulation was performed under the conditions of the NVT
ensemble at 233 K. At the end of the simulation of the primary drying, the protein and all
excipient and water molecules within 2.4 A of the predefined crystal water molecules were saved

as a PDB file to be used as the initial structure for the simulation of the secondary drying.
5.3.4  Simulations of Secondary Drying

Before initiating the simulation of the secondary drying stage, a vacuum box was generated
around the protein and its bound water and excipient molecules, using an identical approach as
described for the primary drying phase.

The system was heated from 10 K to 300 K during a time span of 300 ps under
application of the NVT ensemble. The production was performed in the same manner as for the
case of the primary drying, although at 300 K. At the end of the simulation of the secondary
drying, the entire system was saved as a PDB file to be used as the initial structure for the

reconstitution simulation.
5.3.5 Simulations of the Reconstitution Phase

Before initiating the simulation of the reconstitution stage, the protein and its bound excipient
and water molecules were placed in a cuboid periodic water box, where the minimum distance

between the protein and the edge of the box was set to 15 A.
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An energy minimization was performed using the steepest descent algorithm for the first
500 cycles and the conjugate gradient algorithm for the next 500 cycles. The heating,
equilibration and production of the system were performed using the same settings as described

for the initial simulation at room temperature.

5.4  ACCELERATED MOLECULAR DYNAMICS SIMULATIONS

The input file for aMD simulations was obtained from the AMBER Advanced Tutorial 22, which
is a part of the Amber 2020 Reference Manual (57) and follows the approach described by
Salomon-Ferrer et al. (58). The aMD simulations were performed using normal boost mode and
high-boost mode respectively, as defined in section 4.6. The simulated systems contained
Reteplase in the absence and presence of arginine (10 w/w %). The employed boost parameters a

and FE for the total potential and the dihedral potential respectively, are displayed in Table 5.3.

Table 5.3. The calculated values of the boost factor a and the threshold energy E for the total
potential (p) and the dihedral potential (d) employed for normal boost and high-boost mode aMD

simulations of Reteplase in the absence and presence of arginine (ARG).

Parameter
aMD mode System E, E, ap oy
[kcal mol™'] | [keal mol™] | [kecal mol™'] | [keal mol™]
Reteplase -294920.6 5825.9 18426.2 284
Normal
Reteplase + ARG | -408032.4 8776.5 19516.5 511.2
Reteplase -290314.0 8665.9 23032.8 284
High-boost
Reteplase + ARG | -403153.2 13888.5 24395.6 511.2

The values of the boost parameters were calculated using equations (4.24 — 4.27) for
normal boost mode, and equations (4.28 — 4.30) for high-boost mode respectively. The values of
the average total potential energy Upo and the average dihedral energy U,’ were obtained from
the output of cMD simulations at room temperature, which also provided the topology and

coordinate files required to initiate the aMD simulations.
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All aMD simulations were conducted for 500 ns using a time step size of 2 fs. The
conditions of the NVT ensemble were applied at 300 K. The temperature was controlled using
the Langevin thermostat and the associated collision frequency was assigned a value of 5 ps’.
The SHAKE algorithm was used to constrain all hydrogen bonds, and for these interactions

forces were not calculated. The cutoff distance of non-bonded interactions was set to 12 A.

5.5 COARSE-GRAINED MOLECULAR DYNAMICS SIMULATIONS

An energy minimization of the system was conducted using the steepest decent and the conjugate
gradient algorithms, where the maximum number of time steps was set to 50 000. The cutoff
distance of non-bonded interactions was set to 12 A throughout the steps of the CG simulation.
The system was subsequently heated for 2 ns using a time step of 20 fs. The conditions of the
NPT ensemble at 300 K and 1 atm were applied. The temperature and the pressure were coupled
to the Berendsen thermostat and barostat respectively. For the case when arginine was included
in the system, a slow pre-heating process was performed for 10 ns to a temperature of 10 K
under the conditions of the NVT ensemble using the Berendsen thermostat.

An equilibration procedure was performed for 500 ns using a time step of 10 fs. The NPT
ensemble was applied at 300 K and 1 atm. The temperature was controlled using the velocity
rescale thermostat and the pressure was coupled to the Parrinello-Rahman barostat. The
production was conducted for 1.5 ps using the same settings as for the equilibration. Duplicate
simulations were performed for each of the two systems including Reteplase either in the

absence or in the presence of arginine.
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Chapter 6. RESULTS AND DISCUSSION

6.1 INITIAL PROTEIN STRUCTURE AND STABILITY INVESTIGATIONS

Initial investigations of the electrostatic potential molecular surface of the input structure of
Reteplase using the Adaptive Possion-Boltzmann Solver (APBS) calculation program (89) of
PyMOL 2.0 (65) revealed the existence of positively and negatively charged surface patches, as
displayed in Figure (6.1). The same observation has been documented elsewhere (26), and
provides a foundation for potential protein aggregation events by electrostatic attraction between
areas of opposite charge located on the surface of individual monomer units. The protein surface
of the catalytic domain is predominantly negatively charged, whereas the surface of the kringle-2
domain is characterized by a greater extent of positively charged sites.

The increase in protein-protein interaction by electrostatic surface forces might explain

the low colloidal stability as observed for Reteplase in the absence of excipient.

%) %] %] %] %] %]

Figure 6.1. The electrostatic surface potential map for the PQR input structure of Reteplase,

as calculated using the Adaptive Poisson-Boltzmann Solver (APBS) software plugin of PyMOL

2.0. Red and blue areas display negatively and positively charged surface patches respectively.
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Trial investigations of the aggregation propensity of the protein structure during the
course of the freeze-drying process using the Aggrescan3D 2.0 server (90), revealed a number of
aggregation prone regions, as displayed in Figure 6.2. Aggrescan3D uses a single three-
dimensional structure of the protein, in this case the PDB files derived from the last frame of the
trajectories of the simulations at room temperature and the secondary drying respectively, as to
identify surface-exposed residues that are prone to aggregation. A positive score corresponds to
an aggregation-prone residue, whereas a negative score indicates a hydrophilic residue and a zero
value score is identical to a buried residue. A comparison of Reteplase in the absence and in the
presence of arginine (10 w/w %), indicated a difference in stability in this regard, which was
made most notable in the dried state. Local regions of Reteplase in the absence of excipient
experience an increase in aggregation propensity during the drying phase. Thus, conformational
instability might be enhanced due to stresses during the freeze-drying process. However, when
arginine is added to the system the increase in aggregation propensity is prevented to great
extent.

The results from the primary investigations provided initial support for the hypothesis of
improved protein stability of Reteplase by excipients, which served as a basis for further stability

investigations, as explored to more detail and documented in the sections below.
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Figure 6.2. Aggregation propensity score per residue of Reteplase in the absence of excipient

(red) and in the presence of arginine 10 w/w % (blue), as predicted by the Aggrescan3D server.

The upper subplot displays the results from room temperature (RT) simulation and the lower

subplot displays the results from the simulation of the secondary drying stage (noW). The value

of the score suggests that the associated residue is either aggregation-prone (positive),

hydrophilic (negative) or not exposed to the solvent (zero).
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6.2  ANALYSIS OF PROTEIN CONFORMATIONAL CHANGE DURING THE

SIMULATION OF FREEZE-DRYING

The MD simulated freeze-drying process of Reteplase was analyzed with respect to the time
evolution of a number of protein structural descriptors, namely the radius of gyration (Rg) and
the solvent-accessible surface area (SASA). Furthermore, time-averaged calculations of protein
aggregation propensity and protein-excipient interactions were performed. The aim of the
analysis was to investigate the conformational stability of Reteplase in the absence and in the
presence of excipient molecules respectively. In this regard, the initial cMD simulation at room
temperature served as a reference for comparison to the consecutive steps of the freeze-drying
simulation. Each step was designed to provide an authentic representation of the real process, as
to accurately investigate the effect on protein conformational change induced by the stress

factors during freeze-drying.
6.2.1 Root-Mean-Square Deviation

As a first step, the root-mean-square deviation (RMSD) of the protein was inspected, as
displayed in Figure 6.3, in order to assess the convergence of the simulations. For a few systems,
it appears that equilibrium has not been reached at the end of specific stages of the freeze-drying
simulation, which likely will have an effect on other calculated structural properties. However,
due to practical reasons with respect to computational time, each stage was limited to 400 ns.
The chosen time span was based on similar simulations of G-CSF. However, the time scale
required to model the process of protein conformational change during the stages of freeze-
drying might vary for different proteins depending on structural complexity and the degree of
protein destabilization.

In particular, the simulations of the reconstitution phase display a high degree of
fluctuation in terms of RMSD for systems containing high concentration of arginine or TXA.
This observation might be explained by large-scale movements of the protein when refolding
from the partly conformationally changed and energetically unfavourable structure of the dried
state. The addition of water molecules to the system and its effect on reconfiguration of the
protein, is likely another factor contributing to this behavior. At the low temperature of the

freezing stage, the protein is effectively immobilized and prevented from extensive movement.

54



Referring to the analysis of the radius of gyration in the following section, the protein structure is
made more compact in the dried state, which reduces the degree of internal fluctuation. For
Reteplase without excipient, the effect of conformational reversibility during reconstitution is not
observed, and thus less fluctuation is registered. One of the duplicate simulations of Reteplase in
the presence of TXA (10 w/w %) display outlier behavior during the reconstitution phase with
non-convergence and a very high level of fluctuation in terms of RMSD. This observation will
likely have a strong effect on the calculated averages of other properties for this phase of the
freeze-drying simulation. By visual inspection in VMD, the connecting loop was observed to
adopt a maximally extended conformation for the last 40 ns of the reconstitution, where the side
chains of the flexible linker segment Ser90 — Thr91 changed from a cis to a trans configuration.
Similarly, one of the duplicate simulations of Reteplase in the presence of 10 w/w %
sucrose displays a distinct increase of RMSD during reconstitution. By observation, this behavior
is correlated to a twist of the kringle-2 domain by approximately 90°, as accomplished by the

same type of cis-trans reconfiguration of the linker segment.
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Figure 6.3. Plots displaying the root-mean-square deviation (RMSD) of Reteplase during the
different stages of the freeze-drying process, namely room temperature, freezing, primary drying,
secondary drying and reconstitution, as separated by vertical lines. The different graphs in each
subplot shows the data of Reteplase in a system containing the following concentrations of
excipient: 10 mM (yellow), 100 mM (green) and 10 w/w % (blue). The red graphs show the data
of Reteplase without excipient. The upper subplot corresponds to the systems containing arginine
as an excipient, the central subplot corresponds to the systems containing TXA and the lower
subplot corresponds to the system containing 10 w/w % sucrose. The data of the duplicate

simulations are represented by dashed lines.
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6.2.2

The plots of the radius of gyration (Rg) for the investigated systems during the different stages of
the freeze-drying process are displayed in Figure 6.4. The results indicate an increased level of
compactness of the protein structure in the dried state, which might be a consequence of the
removal of space-filling water molecules. In addition, induced dehydration stresses when

stepwise removing the hydration shell might play a role in destabilization of the protein.
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Figure 6.4. Plots displaying the time evolution of the radius of gyration during the different
stages of the freeze-drying process. The different graphs in each subplot show the data of
Reteplase in a system containing the following concentrations of excipient: 10 mM (yellow), 100
mM (green) and 10 w/w % (blue). The red graphs show the data of Reteplase without excipient.
The upper subplot corresponds to the systems containing arginine as an excipient and the central
subplot corresponds to the systems containing TXA. Each graph represents the average of the
two duplicate simulations of the same system. The lower subplot corresponds to the system
containing 10 w/w % sucrose, where average R is represented by a solid line and the data of the

two duplicates are represented by dotted and dashed lines respectively.

Visual inspection in VMD (Figure 6.5) revealed a tendency of the two protein domains to
spatially approach each other in the partly conformationally changed structure. This observation
might be a result of a collapse of the connecting loop region into the interior of the protein, and
of a twisting motion of the kringle-2 domain. The effect is significantly reduced in the presence
of either arginine or TXA. The most pronounced domain separation is obtained through the

addition of TXA to the system.
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Figure 6.5. Visual representations of the protein conformation of Reteplase comparing the

last frames of the simulations at room temperature (blue) and secondary drying (orange). Figures
display a) Reteplase without excipient, b) Reteplase with arginine (10 w/w %) and c) Reteplase
with TXA (10 w/w %). Figures rendered in VMD.

The systems including arginine and TXA respectively, display the same general trend in
terms of limiting the observed shrinkage of the protein structure. This effect is gradually more
pronounced when increasing the concentration of excipient, with approximately no impact at the
lowest concentration of 10 mM. A concentration of 10 w/w % of either arginine or TXA are
equally effective in this regard, whereas 100 mM arginine performs significantly better than the
same concentration of TXA. The stretching of the loop region, as observed for one of the
duplicate simulations of 10 w/w % TXA, is clearly seen in the data of Rg as a sharp increase
during the relevant time span, which indicates a significant loosening of the protein structure.

The high value of RMSD associated with one of the duplicates of 10 w/w % sucrose
strongly affects the data of Rg. If disregarding average computation of the two duplicates,
reversibility in terms of protein compactness level is not observed, which indicates that sucrose
is not as efficient in preserving the native structure and overall protein dimensions of Reteplase.

The observed ability of molecules of TXA to intersect in between the two protein
domains, due to its sufficiently small molecular size, provides a steric hindrance to the
approaching movement of the domains, which appear to be more spatially separated by
inspection of Figure 6.5. This physical property of TXA may act to improve stability in addition
to conventional stabilization mechanisms. In contrast to Reteplase without excipient, a minimum
concentration of 100 mM arginine appears to induce conformational reversibility in terms of Rg
during the reconstitution phase. The same observation is made for a concentration of 10 w/w %
TXA. However, large fluctuations are registered for the last few data points, as expected from

the results of RMSD.
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6.2.3 Solvent-Accessible Surface Area

The solvent-accessible surface area (SASA) was calculated based on total surface area, non-polar
surface area and the ratio of non-polar to total surface area. The results are displayed in Figures
6.6 — 6.8. In agreement with the data of Rg, the total SASA (Figure 6.6) displays a trend of
stepwise decrease during the two drying stages. This observation is significantly more
pronounced for Reteplase without excipient, as indicating a higher extent of preservation of the
original structure in the presence of either arginine or TXA. The effect is increased with higher
concentration of the excipient. At a concentration of 100 mM, arginine performs slightly better in
terms of limiting the reduction of total SASA. In contrast to the data of Rg, reversibility in terms
of total SASA during the reconstitution phase, is observed for Reteplase both in the absence and

in the presence of excipient.
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Figure 6.6. Plots displaying the time evolution of the total solvent-accessible surface area
during the different stages of the freeze-drying process. The different graphs in each subplot
show the data of Reteplase in a system containing the following concentrations of excipient: 10
mM (yellow), 100 mM (green) and 10 w/w % (blue). The red graphs show the data of Reteplase
without excipient. The upper subplot corresponds to the systems containing arginine as an
excipient and the lower subplot corresponds to the systems containing TXA. Each graph

represents the average of the two duplicate simulations of the same system.
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The data of the non-polar SASA (Figure 6.7) for arginine and TXA follows the same
pattern as for the total SASA, with the exception of an observed increase during the
reconstitution phase to above the original level at room temperature. This observation might be a
consequence of exposure of non-polar residues, as indicative of an unfolding process. However,
the addition of excipient to the system offers conformational stabilization of the protein and
reduces the increase of non-polar SASA. At a minimum concentration of 100 mM arginine, non-
polar SASA reverts to approximately the baseline level at room temperature. For 10 w/w %
TXA, observations during reconstitution might be affected by non-equilibrium behavior.

Theoretically, the non-polar SASA would be expected to increase during dehydration due
to the loss of the hydrophobic effect in the absence of water molecules. However, in practice this
outcome is not observed. This behavior of the protein might be derived from the physical
shrinkage of the protein structure, which is correlated to the decrease of R when removing

space-filling water molecules.
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Figure 6.7. Plots displaying the time evolution of the non-polar solvent-accessible surface
area during the different stages of the freeze-drying process. The different graphs in each subplot
show the data of Reteplase in a system containing the following concentrations of excipient: 10
mM (yellow), 100 mM (green) and 10 w/w % (blue). The red graphs show the data of Reteplase
without excipient. The upper subplot corresponds to the systems containing arginine as an
excipient and the lower subplot corresponds to the systems containing. Each graph represents the

average of the two duplicate simulations of the same system.
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Figure 6.8. Plots displaying the time evolution of the ratio of non-polar to total solvent-
accessible surface area during the different stages of the freeze-drying process. The different
graphs in each subplot show the data of Reteplase in a system containing the following
concentrations of excipient: 10 mM (yellow), 100 mM (green) and 10 w/w % (blue). The red
graphs show the data of Reteplase without excipient. The upper subplot corresponds to the
systems containing arginine as an excipient and the lower subplot corresponds to the systems
containing TXA. Each graph represents the average of the two duplicate simulations of the same

system.
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The conclusions regarding the trend of total and non-polar SASA are reflected in the data
of the non-polar to total SASA ratio (Figure 6.8). Assuming that the total SASA is decreased to
greater relative extent compared to the non-polar SASA during the secondary drying, the ratio
will increase during this stage. By similar argument, the non-polar SASA increases more than the
total SASA during the reconstitution, which is the reason why the ratio is increased. This
observation indicates that Reteplase will be more aggregation-prone both during and after the
freeze-drying process. However, the destabilization of the protein is significantly reduced in the
presence of either arginine or TXA. In this regard, the data implies that arginine is effective at a

lower concentration than TXA.

6.2.4 Spatial Aggregation Propensity

The spatial aggregation propensity (SAP) was calculated for simulations at room temperature,
secondary drying and reconstitution. The SAP algorithm takes into account the solvent-
accessible surface area of amino acid side chains weighted by their hydrophobicity factor, and
the contribution to instability from structurally nearby residues, as to predict the aggregation
propensity score. The computation of SAP was based on the last five frames of the associated
trajectories. The plots of SAP are displayed in Figures 6.9 — 6.11, comparing Reteplase without
excipient to Reteplase in the presence of either arginine or TXA respectively. For simplicity,
only the highest concentration (10 w/w %) is shown. However, it was observed that the
stabilizing effect on the protein was improved when increasing the concentration of excipient, as
deduced from the increased level of SAP score reduction at certain aggregation prone regions
(APRs) marked by vertical lines in the plots. The difference in aggregation propensity between
Reteplase in the absence, versus in the presence of excipient, is increased in the dried state of the
protein, whereas only a small change is observed at room temperature. Thus, the conformational
instability of Reteplase is augmented during the freeze-drying process, which puts emphasis on
the necessity of formulation excipients, as to prevent protein unfolding and aggregation. It
appears that some APRs are stabilized during reconstitution even in the absence of excipient
molecules. However, complete reversibility is not observed, and the benefit of adding excipient

in terms of improving stability is greater compared to the initial simulation at room temperature.
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In general, arginine performs better in reducing the aggregation propensity of Reteplase during
freeze-drying.

A number of common APRs are recognized, where excipient molecules are effective in
reducing aggregation propensity. To generalize, these regions comprise the following segments
of the protein: Asn5 — Alal5, Lys75 — Alal10, Argl70 — 11200, Arg220 — Pro250, Thr270 —
Asp300 and Leu320 — Cys330. These high SAP regions are recognized by their predominant
location in surface loop elements. It is rationale to assume a relationship between structural
instability and local APRs, which is investigated in the text further.

By inspection of the plots of SAP and the associated APRs at room temperature (Figure
6.9) and secondary drying (Figure 6.10), it appears that the initial observations from
Aggrescan3D (Figure 6.2) are effectively reproduced, which provides support for the validity of

the results.
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Figure 6.9. Plots displaying the spatial aggregation propensity (SAP) score per residue at
room temperature for Reteplase without excipient (red) and Reteplase in the presence of
excipient (blue), referring to either arginine (upper subplot) or TXA (lower subplot). Orange

vertical lines mark aggregation prone regions where a large difference in SAP score is observed.
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Spatial Aggregation Propensity (SAP): 2° Drying
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Figure 6.10. Plots displaying the spatial aggregation propensity (SAP) score per residue
during the secondary drying stage for Reteplase without excipient (red) and Reteplase in the
presence of excipient (blue), referring to either arginine (upper subplot) or TXA (lower subplot).
Orange vertical lines mark aggregation prone regions where a large difference in SAP score is

observed.
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Spatial Aggregation Propensity (SAP): Reconstitution
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Figure 6.11. Plots displaying the spatial aggregation propensity (SAP) score per residue
during the reconstitution stage for Reteplase without excipient (red) and Reteplase in the
presence of excipient (blue), referring to either arginine (upper subplot) or TXA (lower subplot).
Orange vertical lines mark aggregation prone regions where a large difference in SAP score is

observed.

69



6.2.5  Excipient Fraction and Preferential Interaction Coefficients

The average fraction of excipient molecules (x.x) as a function of the distance (») to the protein
surface, as displayed in Figure 6.12, was calculated for simulations at room temperature and
freezing according to equation (6.1), where N 1s the number of excipient molecules and Ny, is
the number of water molecules (91). For simplicity, only the highest concentration (10 w/w %)
of arginine, TXA and sucrose are shown. The appearance of the associated graphs indicates the
existence of different distributions of excipient molecules in the local and bulk domains around

the protein surface respectively, as characteristic of separate stabilization mechanisms.

o (F) = (Nex (1)) 6.1)
ex - "
(Nex (1)) + (N, (1))
Excipient fraction
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Figure 6.12. Plot of the excipient fraction (x) as a function of the distance to the protein
surface for simulations of Reteplase in the presence of arginine (blue), tranexamic acid (green)

and sucrose (yellow), at room temperature (solid line) and freezing (dashed line) respectively.
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In particular, the preferential interaction behavior of the excipient depends on the
electrostatic surface potential of the protein, and on whether the excipient molecules contain any
charged groups, which may promote favourable Coulombic interactions. The protein surface of
Reteplase was found to comprise both negatively and positively charged areas, with the former
case predominating the catalytic domain and the latter case predominating the kringle-2 domain.
By visual inspection in VMD, arginine was found to bind to the catalytic domain to a higher
extent compared to the kringle-2 domain, presumably as a consequence of its positive net charge.
However, both arginine and TXA contain positively and negatively charged groups, which can
interact with exposed residues of opposite charge on the surface of Reteplase. By contrast,
sucrose is an uncharged molecule with non-reducing disaccharide properties. As expected from
this argument, the excipient fractions of arginine and TXA are significantly higher in the local
domain than in the bulk domain, as indicative of stabilization by preferential binding. For
sucrose, the excipient fraction in the local domain is considerably lower compared to the cases of
either arginine or TXA, and the absence of a peak in the local domain suggests preferential
exclusion from the protein surface. Although, a concentration effect related to the peak height is
observed, where 10 w/w % corresponds to a lower molar concentration for sucrose than for
arginine and TXA in order, the distribution patterns are still clearly different.

In addition, the tendency of the excipient molecules to self-associate in the bulk
influences the balance of preferential interaction with the protein and exclusion from the surface.
Moreover, the presence of various functional groups, such as the great number of hydroxyl
groups in case of sucrose, might promote other types of interaction with exposed protein residues
or serve as to substitute for water molecules in the dried state.

For the simulations of the freezing stage, a trend increase of the excipient fraction in the
local domain is observed, which might be a result of freeze-concentration, where the growing ice
phase pushes the excipient molecules towards the protein surface.

The plot of the excipient fraction was used to define the boundary distance for the cutoff
between the local and bulk domains, as graphically represented by the flattening of the curve.
Based on this criterion, the boundary distance was set to 12 A and 15 A for simulations at room
temperature and freezing respectively, where the latter case equals the boundary of the
simulation box. These values were employed for the computation of preferential interaction

coefficients (I33) according to equation (6.2), where n; and n; are the numbers of excipient and
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water molecules respectively, in the local domain. The total numbers of excipient and water
molecules are denoted by and n5°** and n%°t® respectively (20). The calculation of preferential
interaction coefficients relies on a method developed by Baynes and Trout (92), and describes
the excess number of excipient molecules in the local domain relative to the bulk domain. In the
theoretical definition of the preferential binding mechanism, the coefficient is greater than zero
(I;3 > 0), whereas for the preferential exclusion mechanism, the coefficient is less than zero
(I3 < 0) (20). The average values of [,; are displayed in Table (6.1), along with the
corresponding local-bulk partition coefficients (K}), which were calculated according to equation

(6.3), describing the ratio of the number of excipient molecules to water molecules in the local

and bulk regions (20).

total
nt % —ny(r, t)
L3(r,t) = n3(r,t) —ny(r,t) <nioml —n,(r, t)) (6.2)

o (ma/m)e
P (n3 /n1)bulk

(6.3)
Table 6.1. The calculated values of the preferential interaction coefficient (/%3) and the local-
bulk partition coefficient (K,) for simulations of Reteplase in the presence of arginine (ARG),

tranexamic acid (TXA) and sucrose (SUC), at room temperature (RT) and freezing (F)

respectively.
Simulation Excipient Concentration I3 K,

ARG 10 w/w % 10.8 1.18

RT TXA 10 w/w % 79.7 3.06
SucC 10 w/w % 22 1.08

ARG 10 w/w % 55.7 2.36

F TXA 10 w/w % 128.8 6.23
SucC 10 w/w % 38.5 3.13
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By the definition of positive average values of I35, all of the excipients display behavior
of preferential binding to the protein surface. However, sucrose shows signs of preferential
exclusion as well, with data of I3 spanning positive and negative values. Literature suggests that
the stabilization mechanism of sucrose is mainly attributed to preferential exclusion (3) (16) (5).
The FF parameter set for sucrose was specifically chosen as to reproduce the experimental data
of I;; for sugar alcohols. Nevertheless, it is a non-trivial task to obtain a balance between
stickiness and repulsion of small molecules. Furthermore, an accurate description of preferential
exclusion behavior would likely require a larger simulation box size than the one being used in
this project.

To conclude, a relative comparison of the magnitudes of I3 and the graph appearances in
the excipient fraction plot, indicates that the main stabilization mechanism of arginine and TXA
is accredited to preferential binding, while for sucrose preferential exclusion is more relevant.
The observed type of preferential interaction is likely a combination of the surface charge of the
protein and properties of the small molecules such as polarity and molecular size. For arginine,
there is a strong tendency of self-assembly into molecular clusters (15) (20), which was also
observed by visual inspections in VMD. Arginine cluster formation effectively reduces the
interaction with exposed residues at the protein surface, and might partially explain its less
preferential interaction with Reteplase compared to TXA. These conclusions are further
confirmed in the data of K, as showing an excess of TXA molecules in the local domain
compared to the bulk environment, while arginine and sucrose and more equally distributed. As
previously discussed, freezing of the system concentrates non-crystallizing small molecules in
the remaining liquid phase, which has the effect of increasing the excipient fraction in the local

domain, and thus generating higher 55 values.
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6.2.6  Protein-Excipient Interaction Score

The protein-excipient interaction (PI) score, as defined by the percentage of frames of the
associated trajectory, where a distance less than 3 A is registered between a protein residue and
an excipient molecule, was calculated for the last 200 ns of the simulations at room temperature.
The results of the PI score are displayed for four different categorizations of protein residues: all
residues (Figure 6.13), negatively and positively charged residues (Figure 6.14) and hydrophobic
residues (Figure 6.15). For simplicity, only the PI scores for the highest concentration (10 w/w
%) of arginine, TXA and sucrose are shown.

By inspection of the PI score for all protein residues (Figure 6.13), an excipient
concentration effect is evident. TXA displays the overall highest PI score, as correlated with the
strongest interaction with the protein, followed by arginine and sucrose in decreasing order.
These observations are in agreement with the expected results due to the difference in molar
concentration. However, the different physical and chemical properties of the individual
excipients might have a strong impact as well. Some regions of the protein appear particularly
prone to interaction, with some variations in between the different excipients. From the data of
Rg and SASA reported previously, it is known that the stabilizing effect of TXA is more

concentration-dependent than for arginine.
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Figure 6.13. Plot of the protein-excipient interaction (PI) score per residue displayed for the

highest concentration (10 w/w %) of TXA (green), arginine (blue) and sucrose (yellow) during

simulations at room temperature (RT).

The PI score displayed for charged residues of the protein (Figure 6.14) states a
preference for salt bridge interaction with TXA and arginine, which is expected from the
presence of charged groups in either of the two excipients. As a consequence, sucrose displays
considerably less interaction with these residues. TXA contains both positively and negatively
charged groups and is expected to interact with residues of opposite charge to similar extent,
which is in line with observations. By contrast, arginine has a positive net charge and is predicted
to interact preferably with negatively charged residues, which is in accordance with the observed
results. Sucrose tend to interact more with positively charged residues, which might be related to
ion-dipole interaction relying on the presence of partial negative charges located to the oxygen

atoms of the multiple hydroxyl groups of sucrose.

75



Protein-Excipient Interaction (Pl) Score: Negatively charged residues (RT)
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Figure 6.14. Plot of the protein-excipient interaction (PI) score per charged residue displayed

for the highest concentration (10 w/w %) of TXA (green), arginine (blue) and sucrose (yellow)
during simulations at room temperature (RT). The upper subplot shows the PI score for
negatively charged residues and the lower subplot show the PI score for positively charged

residues.
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According to the results displayed in Figure (6.15), hydrophobic interactions comprises a
small contribution to the overall protein-excipient interactions. However, TXA displays a
generally high frequency of interaction irrespective of residue character. This property of TXA
might be a consequence of its possession of functional groups with varying polarity, its high
accessibility to cavities on the protein surface due to its small molecular size and the high
concentration applied. Sucrose interacts to similar extent with either of positively charged or
hydrophobic residues and offers more selective interactions. As a consequence of its multiple
sugar alcohol groups, hydrogen bonding is presumed to be another important type of interaction
with the protein. The weak interaction of arginine with hydrophobic residues is reasonable
considering its low alkyl chain content and the higher relevance of charged interaction for its

stabilization of protein, as supported elsewhere in literature (19).

Protein-Excipient Interaction (Pl) Score: Hydrophobic residues (RT)
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Figure 6.15. Plot of the protein-excipient interaction (PI) score per hydrophobic residue
displayed for the highest concentration (10 w/w %) of TXA (green), arginine (blue) and sucrose

(yellow) during simulations at room temperature (RT).
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It has been proposed elsewhere (5) that selective interactions between excipient
molecules and certain exposed residues of the protein, which possess a high aggregation
propensity, may act to confer improved stability through the shielding of these critical areas to
the surrounding. A comparison of local regions of the protein displaying a significant reduction
of SAP score in the presence of excipient, to spans of the protein primary structure where a high
PI score is registered, shows an advocate degree of correlation and may reveal specific
stabilizing protein-excipient interactions. For arginine, peaks of high PI score are recorded within
the intervals Asn5 — Alal5 and Argl70 — I1e200, which are recognized by a considerable
reduction of SAP in the presence of 10 w/w % of the excipient at room temperature simulation.
For TXA, the first region and the interval Asp85 — Pro100 display the same correlation. A visual
representation of protein regions that interact to great extent with either arginine or TXA, and the
associated residues experiencing an accompanying sharp reduction in SAP score in the presence

of these excipients, is displayed in Figure 6.16.

Figure 6.16. Visual representation of Reteplase in cartoon drawing style displaying protein
regions with high PI score with respect to arginine (blue) and TXA (green). The residues located
in these regions that also experience a significant reduction of SAP score in the presence of
excipients, as assigned in Table 6.2, are displayed in red using licorice drawing style. The
residue intervals refer to a) Tyr9 — Phel0 — Glyl1, b) Ser88 — Cys89 — Ser90, ¢) Gly93 — Leu94
— Arg95, d) Argl70 — Vall71 — Vall72 — Pro173 — Gly174 and e) Thr195 — Tyr196 — Asp197.
The figure is rendered in VMD.
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Through further fine-tuning, the regions that demonstrate a correlation between strong
protein-excipient interactions and a reduction of SAP, specifically concern the sequential
residues displayed in Table 6.2, which are all located in surface loops. It is logical that these
elements are susceptible to conformational change and that specific interactions with excipient
molecules might have an effect on the overall tertiary structure of the protein. In this regard, the
loop region connecting the two domains of Reteplase, the activation peptide (Ser90 — Argl03),
might be of particular importance. From Table 6.2, it can be seen that TXA interacts strongly
with sensitive residues within this segment. By visual inspection in VMD presented in
association with the data of Rg, it was concluded that TXA had the most pronounced effect on
preserving the spatial separation between the kringle-2 domain and the catalytic domain. Thus, it
is plausible that a relationship exists between local APRs and tertiary structure instability, which

might be reduced by selective stabilizing protein-excipient interactions.

Table 6.2. Residue spans where a correlation is observed between a significant reduction of

SAP score and a high PI score (+) with respect to either arginine or TXA.

Residues ARG TXA
Tyr9 — Phel0 — Glyl1 +
Ser88 — Cys89 — Ser90 +
Gly93 — Leu94 — Arg95
Argl70 —Vall71 — Vall72 — Prol73 — Gly174 +
Thr195 — Tyr196 — Asp197 +

The residues referred to with interaction with arginine suggest possibilities for hydrogen
bonding, cation—n interaction, guanidinium stacking and salt bridges. For TXA, the relevant
interactions would be mainly hydrogen bonding and salt bridges. The proposed selective

stabilizing interactions of arginine and TXA are displayed in Figure 6.17.
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NH,

Figure 6.17. The primary structure of the amino acid residues referred to in Table 6.2,
showing a) Tyr9 — Phel0 — Gly11, b) Ser88 — Cys89 — Ser90, ¢) Gly93 — Leu94 — Arg95, d)
Argl70 —Vall71 — Vall72 — Prol73 — Gly174 and e) Thr195 — Tyr196 — Asp197. The
functional groups for suggested interactions with arginine (a, ¢ and d) and TXA (a, b and c) are
highlighted. The associated protein-excipient interactions are proposed as salt bridges (green),

hydrogen bonding (red) and cation—n interaction (blue).

6.3 COMPARATIVE ANALYSIS OF GRANULOCYTE COLONY- STIMULATING

FACTOR

6.3.1  Electrostatic Surface Potential Map

An inspection of the electrostatic potential molecular surface of G-CSF using the Adaptive
Possion-Boltzmann Solver (APBS) calculation program of PyMOL 2.0 clearly demonstrated a
difference in charge distribution depending on the pH of the solution (Figure 6.18). At pH 4, the
surface potential of G-CSF is mainly characterized by positively charged areas, whereas at pH
7.5 there is a dominance by negatively charged sites. This observation is likely to have an effect
on the preferential interaction with excipient molecules, and thus on the induced stabilization

mechanism.
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Figure 6.18. The electrostatic surface potential map for the PQR input structure of G-CSF at
pH 4 (left) and pH 7.5 (right), as calculated using the Adaptive Poisson-Boltzmann Solver
(APBS) software plugin of PyMOL 2.0. Red and blue areas display negatively and positively

charged surface patches respectively.

6.3.2  Protein Conformational Change during the Simulation of Freeze-drying

A time series analysis of Rg during the freeze-drying simulation of G-CSF (Figure 6.19) reveals
a similar trend of increased protein compactness in the dried state, as observed for Reteplase.
However, an important difference lies in the observation of structural reversibility during
reconstitution independent of the presence of excipient. In this regard, the less complex tertiary
structure of G-CSF is likely to have an impact. The features of a compact single-domain protein

structure, a high helical content and few loop regions are plausible contributing factors.
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Figure 6.19. Plots displaying the time evolution of the radius of gyration during the different
stages of the freeze-drying process of G-CSF in the absence of excipient (red) and in the
presence of 10 w/w % arginine (blue). The upper and lower subplots correspond to systems at

pH 4 and pH 7.5 respectively.
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6.3.3 Excipient Fraction

The distribution of arginine (10 w/w %) in the local and bulk domains of G-CSF is displayed
graphically in the excipient fraction plot in Figure 6.20. Evidently, the fraction of arginine
molecules within the local domain is higher at pH 7.5 compared to at pH 4. This observation is
likely a consequence of the nature of electrostatic interactions between net positively charged
arginine molecules and residues located at the protein surface. At pH 4, arginine is repelled by
positively charged amino acid side chains, and thus preferentially excluded from the surface. By
contrast, at pH 7.5 the protonation state is switched and arginine is attracted by the negative
charge of exposed residues, which produces the excipient distribution associated with
preferential binding. These observations further emphasize relevance of charge specificity in

terms of preferential interaction mode.
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Figure 6.20. Plot of the excipient fraction (x) as a function of the distance to the protein
surface for simulations at room temperature of G-CSF in the presence of 10 w/w % arginine, at

pH 4 (red) and pH 7.5 (blue) respectively.
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6.4 CLUSTER ANALYSIS OF ACCELERATED MOLECULAR DYNAMICS

SIMULATIONS

Normal boost and high-boost aMD simulations of Reteplase in the absence or in the presence of
arginine (10 w/w %) were analyzed by means of cluster analysis, where the observed protein
conformations in each simulation were divided into three different clusters based on structural
similarity, as displayed in Figure 6.21. The three clusters within each total ensemble were
aligned to the respective input structure, which was used as the reference for computation of
RMSD. The aMD simulations performed in this context served mainly as a screening tool for

providing a basic idea of the conformational space of the protein.
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Figure 6.21. Visual representation of the three different protein conformations within each

total ensemble as obtained from cluster analysis of the aMD simulation trajectories. Subfigures

a) — ¢) normal boost aMD simulation of Reteplase without excipient, d) — f) normal boost aMD
simulation of Reteplase in the presence of arginine (10 w/w %), g) — 1) high-boost aMD
simulation of Reteplase without excipient, j) — 1) high-boost aMD simulation of Reteplase in the
presence of arginine (10 w/w %). RMSD was calculated using the respective input structure as a
reference. The data of RMSD of the associated cluster conformation is shown below each

subfigure, along with the fraction of the cluster relative to the total ensemble. Red circles mark

secondary structure elements that were destroyed during the simulations. Figures rendered in

VMD.
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A low to modest degree of conformational change was observed among the clusters
obtained from normal boost aMD simulations, mainly affecting the tertiary structure of the
protein. For Reteplase without excipient, a partial destruction of one of the two B-barrels in the
catalytic domain was observed for the least prevalent conformational cluster (Figure 6.21 c)), as
associated with an energetically unfavourable conformation. For Reteplase in the presence of
arginine, the conformational change was attributed to an extension of the activation loop
connecting the two domains, which acts to increase their separation. This effect is most notable
in Figure 6.21 e) and f), which explain the relatively high values of RMSD associated with these
conformations.

The high-boost aMD mode was specifically designed with the purpose of crossing the
energetic barriers associated with partial unfolding of the protein. For Reteplase both in the
absence and in the presence of arginine, one of the B-barrels was structurally impaired in the
clusters associated with the two highest fractions within each of the total ensembles (Figures
6.21 g), h), j) and k)). In addition, the B-sheet in the kringle-2 domain was practically destroyed
for the case of Reteplase without excipient, (Figures 6.21 g) and h)). This observation was not
monitored when arginine was added to the system. However, in return the short a-helix in the
kringe-2 domain was unfolded (Figures 6.21 j) —1)).

To summarize, the observed level of partial protein unfolding, as defined by the number
of destroyed secondary structure elements, was increased for high-boost aMD compared to
normal boost aMD, as expected from the greater amount of added potential energy. In this
regard, the B-barrel motifs in the catalytic domain, and the B-sheet or the a-helix in the kringle-2
domain appear to be the most sensitive structural elements. By comparison, the overall protein
structure of Reteplase is virtually conserved during the dehydration step of the freeze-drying
process. Consequently, the protein structure of Reteplase displays a high extent of
conformational stability during the simulated time span of cMD simulation, and any
conformational change is more related to an increased compactness of the protein. Thus, the
observed aggregation propensity of Reteplase is more likely a result of colloidal instability due to

electrostatic forces, rather than exposure of hydrophobic regions by means of protein unfolding.
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Given the conditions applied and the time of observation, any structural deformation requires a
bias potential energy boost being induced to the system by aMD simulation. However, the
uncertainty to whether the energy landscape has been fully explored should be taken into account

in this context.

6.5 PROTEIN-PROTEIN INTERACTION HEATMAP ANALYSIS OF COARSE-GRAINED

MOLECULAR DYNAMICS SIMULATIONS

Preliminary results from CG simulations using SIRAH 2.0 force field indicate a tendency of
arginine to improve the colloidal stability of Reteplase by reducing protein-protein interactions.
The hypothesis relies on a relative comparison from analysis of interaction heatmaps associated
with Reteplase in the absence of excipient (Figure 6.22) or in the presence of arginine (Figure
6.23). An interaction is defined by a distance less than 4 A between individual residues in two
separate protein monomers. The frequency of unique protein-protein interactions is normalized
to the strongest interaction, which displays the maximum number of interaction events registered
throughout the simulation trajectory. However, a complete analysis was not feasible within the
frames of this project due to time constraints. Moreover, evidence by statistical significance
would require a greater number of repetitions to be conducted for each system. Nevertheless, the
initial study has shown that the addition of arginine reduces the interactions that are involved in
the aggregation process. Thus, a similar system setup could be used to run CG simulations for a
longer time interval in order to thoroughly study the molecular mechanisms of colloidal

stabilization by the relevant formulation.
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Figure 6.22. Protein-protein interaction heatmap for Reteplase in the absence of excipient.
The residue-residue pairs associated with the registered interaction sites in separate protein
monomers are determined from the (x, y) coordinates. The colour bar displays the relative

registered frequency of the interactions, where red is the strongest interaction and blue is the

weakest interaction.
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Figure 6.23. Protein-protein interaction heatmap for Reteplase in the presence of arginine (10
w/w %). The residue-residue pairs associated with the registered interaction sites in separate
protein monomers are determined from the (x, y) coordinates. The colour bar displays the relative
registered frequency of the interactions, where red is the strongest interaction and blue is the

weakest interaction.

&9



Chapter 7. CONCLUSION

The process of freeze-drying introduces various stresses to the structure of Reteplase and the
addition of formulation excipients is essential to ensure protein stability. By experimental
observation, Reteplase is characterized by poor colloidal stability and commercially available
formulations include either arginine or TXA as stabilizers. The molecular level study of the
protein stability of Reteplase during freeze-drying, as performed in this project by means of
molecular dynamics simulation, reveals a concentration-dependent effect of excipient in
preservation of the native structure.

Investigations of protein structural descriptors during the different cycles of the
lyophilization process demonstrate an increased level of compactness of the tertiary structure
during the critical step of dehydration, which is effectively reduced in the presence of excipient
molecules, whereas secondary structure elements are virtually conserved. The here mentioned
observations have also been seen in studies of Tenecteplase (16). Furthermore, the addition of
arginine or TXA induces structural reversibility during reconstitution in terms of recovering the
original protein dimensions, as associated with the active conformation of Reteplase. A
comparative study of the performance of arginine and TXA suggests that arginine is effective at
a lower concentration than TXA. However, the interaction with the Reteplase is stronger for
TXA than for arginine, and TXA demonstrates an improved ability of preserving the inter-
domain separation of the protein in the dried state.

Studies of the aggregation propensity of Reteplase, as related to the conformational
stability, display a reduction of SAP score at certain APRs in the presence of either arginine or
TXA, where the effect is more pronounced in the dried state of the protein. A correlation is
shown between the reduction of SAP and selective interactions between excipient molecules and
exposed protein residues, which are located to surface loop regions. The trend observed hereof is
proposed in literature (5). Characterization of the relevant amino acid residues suggests that the
stabilizing interactions with arginine are related mainly to salt bridges, hydrogen bonding and
cation—m interaction, where the two former cases are also likely for interaction with TXA. In
general, salt bridges tend to be the dominating type of interaction between Reteplase and
arginine or TXA. In this regard, arginine has a preference for interaction with negatively charged

residues due to its positive net charge. TXA displays a higher frequency of interaction, which
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could be explained by its diversity of different functional groups and its small molecular size,
which enables access to cavities located on the protein surface. In addition, the higher molar
concentration of TXA has a logical impact on the number of registered protein-excipient
interactions. Sucrose displays more global interactions, which is expected from its absence of
charged groups. It is likely that hydrogen bonding plays a crucial role in its interactions with
protein due to its multitude of hydroxyl groups.

The excipient fraction distribution of arginine and TXA suggests protein stabilization by
preferential binding to exposed residues, while preferential exclusion from the protein surface is
proposed as the main stabilization mechanism for sucrose. The hypothesis is further confirmed
by the associated preferential binding coefficients. The high relative fraction of TXA in the local
domain might be explained by its chemical and physical properties, as described above. The
strong tendency of arginine for self-interaction to form molecular clusters in the bulk domain
contribute to a reduction of its protein affinity. Arginine oligomerization is mainly attributed to
interactions via the guanidinium group, either via hydrogen bonding or by a stacking mechanism
(21) (22). The latter type would be less relevant in the dried state of the protein due to the low
content of water molecules, which are required for an energetically favoured stacked complex
(22).

The charge specific, rather than protein specific, basis for the mode of stabilization is
assessed by comparative analysis of G-CSF. Arginine binds preferentially to G-CSF at pH 7.5,
when the protein surface is mainly negatively charged, while repulsion occurs at pH 4, as
associated with an excess distribution of positive surface potential. The impact of the relative
number and the protonation state of charged residues on the strength and mode of preferential
interaction with arginine is confirmed in studies of other proteins (20). These observations might
also explain the mainly preferential exclusion of sucrose, as a consequence of its absence of
charged groups. The structural reversibility, as observed for G-CSF but not for Reteplase during
reconstitution in the absence of excipients, is likely affected by the level of protein complexity.
G-CSF comprises a single domain, whereas Reteplase is a structurally intricate two-domain
protein. However, in this study the addition of arginine or TXA has proven effective in refolding
and improving the preservation of an adequate separation between the kringle-2 and the catalytic

domains of Reteplase. The observed stabilizing interactions between excipient molecules and
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APRs located in loop regions, in particular within the activation peptide segment, might have a
crucial impact in this sense.

The conformational space of Reteplase was explored by aMD simulation, which further
demonstrated the high stability of secondary structure elements, while conformational changes
are mainly restrained to the tertiary structure level. When allowing for potential energy barriers
to be crossed at high-boost mode, partial unfolding is observed with respect to the B-barrels in
the catalytic domain and the a-helix or B-sheet in the kringle-2 domain. However, it is arguable
that the addition of arginine to the system reduces the efffect of protein structure destabilization.

The initial results from CG simulation suggest that arginine may improve the colloidal
stability of Reteplase by reducing protein-protein interactions. The strengths of the unique
interactions are normalized, and thus a relative comparison is amenable. Further work within this
subject should be initiated for statistical purpose, and might unravel other important aspects
involved in the protein aggregation process of Reteplase.

The present study in this project demonstrates some of the challenges in formulation
design for freeze-drying of proteins. The addition of excipients as stabilizers has an
experimetally and theoretically proven effect on preservation of the native fold and protection
against protein aggregation. In this regard, MD simulation serves as an important tool to
investigate the stabilizing protein-excipient interactions at the molecular level with a potential to
optimize the efficency of biopharmaceutical formulation screening. Further work might be aimed
at the identification of a suitable molecular indicator, as to assess the performance of the

excipient.
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