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Abstract

Salts, particularly dissolved as ions, are ubiquitous and serve crucial roles in
regulating biological processes. lons dictate phase behavior, protein-protein and
protein-surface interactions of proteins which highlights their importance in
bioprocessing. Mechanistic understanding of protein-salt interactions and their
Impact on interactions of proteins with various other targets allows rationalization
of bioprocesses in general, maximizing the productivity and purity of each process
step. In this work, the impact of salts on protein-protein and protein-surface
interactions were investigated in the frame of two research problems. It is
hypothesized that attractive protein-protein interactions have a positive impact on
productivity but a negative impact on product purity. Furthermore, protein-protein
interactions could have an impact on protein adsorption in chromatography. The first
research problem concerned the investigation of protein binding of dual salt mixtures
in hydrophobic interaction chromatography. In the second research problem, the
cysteine-bearing CASPON enzyme was investigated for its multimerization
properties in the presence of slightly repulsive and attractive protein-protein
interactions. Altogether, protein-protein interactions correlated with dynamic
binding capacities and thus productivities in hydrophobic interaction
chromatography dual salt system for adalimumab and lysozyme. For these systems,
non-Langmurian binding was observed in the adsorption isotherms, indicating that
protein-protein interactions influence protein binding. Varying dynamic binding
capacities when binding GFP could not be explained by protein-protein interactions.
Product purity was impaired by the incubation of the CASPON enzyme under an
attractive regime as multimerization is favored, both in free solution and on an

IMAC stationary phase.



Kurzfassung

Salze, insbesondere in Form gel6ster lonen, sind allgegenwaértig und haben eine
entscheidende Rolle in der Regulierung biologischer Prozesse. lonen beeinflussen
maligeblich  Phasentrennungen, Protein-Protein  und  Protein-Oberflachen
Interaktionen und sind dementsprechend von enormer Bedeutung in der
Bioverfahrenstechnik. Das mechanistische Verstandnis von Protein-Salz
Interaktionen und deren Auswirkungen auf Proteininteraktionen mit verschiedenen
Molekiilen oder Oberflachen verbessern das Verstdandnis von Bioprozessen im
Allgemeinen, was die Produktivitat und Reinheit in jedem Prozessschritt erhthen
kann. In dieser Dissertation wird der Einfluss von Salzen auf Protein-Protein und
Protein-Oberflachen Interaktionen im Rahmen von zwei wissenschaftlichen
Problemstellungen erortert. Einerseits hypothetisieren wir, dass anziehende Protein-
Protein Interaktionen die Produktivitat von Chromatographieprozessen erhéht, aber
andererseits negative Auswirkungen auf die Reinheit nach einem Downstream-
Prozessschritt hat. In der ersten Problemstellung wurde die Verwendungen von
bindren Salzmischungen in der hydrophoben Interaktionschromatographie
untersucht. Im Rahmen der zweiten Problemstellung wurde das cysteinhaltige
CASPON Enzym und dessen Multimerisierungseigenschaften in der Gegenwart von
anziehenden bzw. abstofRenden Protein-Protein Interaktionen untersucht. Im Falle
von Lysozym und Adalimumab korrelieren anziehende Protein-Protein
Interaktionen mit dynamischen Bindekapazitaten sowie der Produktivitit in der
hydrophoben Interaktionschromatographie. Fir diese Systeme wich das
Bindungsverhalten in den Adsorptionsisothermen vom Langmuir Model ab, was die
Rolle von Protein-Protein Interaktionen unterstreicht. Unterschiedliche dynamische
Bindekapazitaten bei der Beladung mit GFP konnen nicht durch Protein-Protein

Interaktionen erklart werden. Die Produktreinheit der CASPON Enzyms wurde bei
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Inkubation unter anziehenden Interaktionen durch dessen starke Multimerisation

verringert, sowohl in Lésung als auch auf IMAC stationdren Phase.
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1 Introduction

Salts impact protein-protein and protein-surface interactions in downstream
processing. A fundamental understanding is important for development of protein
purification procedures, in general downstream processing and formulation of
proteins. In aqueous solution, protein solubility varies significantly depending on the
chemical makeup and structural properties of the protein of interest [1]. Salts
generally increase protein solubility at low ionic strength due to charge screening
[1], whereas higher ionic strength modulates protein solubility depending on the
identity of the salt [2] (Figure 1). Moreover, salts influence the conformational
stability of the protein [3]. The solubility and stability of the protein are affected by
the accumulation and exclusion of ions on their surface [3, 4]. Salts also determine
interactions of proteins to other interfaces, such as chromatographic stationary

phases [5]. The solvent for all these processes is water. Due to its unique

characteristics, water dictates solution properties and solvation of proteins [6].
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Figure 1. The effect of different salts on the solubility of carboxyhemoglobin,
adapted from [7]



1.1 Hofmeister series
In biological systems, atomic and molecular ions play a crucial role in regulating
biological processes and structures. Historically, Franz Hofmeister first
systematically investigated the salting-out effect of cations and anions with several
proteins. He proposed that ions can withdraw water molecules from proteins and
thereby cause salting out [2, 8]. Hofmeister ordered ions concerning their ability to
salt out proteins, dubbed the Hofmeister series (Table 1). lons that cause salting out
are often referred to as “kosmotropes,” i.e., structure-making molecules that order
water molecules around them [8, 9]. Indeed, classical kosmotropes such as F~ and
SO, are strongly hydrated [8, 10]. However, their impact on water architecture
might have been initially overestimated. Currently, there are debates about the
impact of ions beyond their first hydration shell [10]. lons at the other end of the
series are referred to as “chaotropes”, i.e., “disorder inducing”, water structure

breaking ions that are weakly hydrated [9].

Table 1. Hofmeister series adapted from [8]

Cations NH* K* Na* Li* Mg?* Ca?* Guanidinium®
Anions SO4* HPO,* acetate” citrater CI I SCN-
Kosmotropic Chaotropic

The Hofmeister series cannot be understood by their effects on water alone. For
instance, the less hydrated cations, such as ammonium [11] show high salting out
propensity and are therefore considered kosmotropic [12]. Ammonium is typically
used as a sulfate salt as a protein precipitant. It has been reported that the ammonium
ion has a high affinity towards carboxylate moieties and decreases carboxylate-

carboxylate interactions after association, overall decreasing protein-protein
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repulsion [12]. Calcium was shown to have concentration-dependent salting out and
salting in effects through ion-bridging and overcharging, respectively [13].
Depending on the polarity and charge of the respective solute, the Hofmeister series
is followed (direct series for negatively charged solutes), reversed (for positively
charged solutes) or partially reversed [14]. The Hofmeister series can also change
depending on the protein of interest [15].

Salting in and salting out aside, kosmotropes and chaotropes have a range of
different effects on solute and solution, respectively. Kosmotropes increase the
surface tension of the solution, free energy for cavity formation, protein stability and
decrease protein denaturation, while chaotropes cause the opposite effects [9, 16].
The free energy of cavity formation is needed to create a cavity that accommodates
the protein [16].

In water, cavity formation is also dependent on the degree of interference with the
water network [17] and the impact of hydration free energy [18]. Solute size is
essential for determining hydration-free energy and colloidal stability [17]. Small
solutes do not interfere with the water network and are more favorably hydrated (<
0.5 nm), whereas larger solutes do interfere with the water network [17]. Recent
studies have shown that surface curvature is decisive for disturbances of the water
network, where concave surfaces are more likely to dewet, and convex surfaces are
less likely to do so [19, 20]. This simple trend also explains why small solutes with
a highly convex surface are more complex to dewet than larger solutes with a less
convex surface. When imagining the rugged surface of a polymer such as a protein,
one can understand why topology matters in ligand and salt binding. For instance,
weakly hydrated ions such as SCN- preferably bind to the chemically identical
central region of polyethyleneglycol (PEG) over the termini, where convexity is
smaller [20]. Similarly, ion-binding to polymers such as PEG might differ utterly



from chemically identical monomers due to their difference in water network
disruption [21]. Another study has shown that weakly hydrated anions can bind to a
curved amphiphile that resembles a hydrophobic cavity over amphiphilic
adamantane carboxylic acid [22] which would be expected to have a higher binding
affinity due to its hydrophobic region.

When the protein precipitates, proteins come in close contact and precipitate out of
the solution as particles (salting out). Thermodynamically, preferential interaction
theory can explain the effects of salting in and out [23]. Water, ions, and proteins are
a weakly interactive system in which preferential interaction or exclusion of ions (or
co-solutes, more broadly speaking) dictate phase behavior and stability of the protein
[4, 24]. Structure-stabilizing, salting-out agents are typically excluded from the
vicinity of the protein, resulting in preferential hydration of the protein [4, 25]. In
such cases, the vicinity of the protein is deficient in ions compared to the bulk, and
the precipitation of the protein reduces these thermodynamically unfavored zones.
On the contrary, they denaturing, destabilizing ions preferentially interacting with
the protein [26, 27]. As ions bind to moieties that might be located internally in the
protein’s native fold, the surface accessible surface area is increased, and the protein
unfolds [26]. For that matter, ion-protein interactions are essential to understand

proteins' phase behavior and stability.

1.1.1  Site-specific interactions

Generally, ion-protein interactions can be categorized into amino acid side chains
and protein backbone interactions. Isolated ion-amide interactions of the protein
backbone can be investigated with butyramide as a proxy [28]. It was shown that
soft (hence polarizable [29]) large anions such as SCN- and I can bind to the

formally positive amide nitrogen and slightly positively charged a-CH of the protein



backbone [30, 31]. Guanidium and thiocyanate can bind to the a-CH and a-CH,
moieties of the protein backbone [12, 30, 32], and guanidinium can additionally bind
to the carbonyl of the protein backbone [32]. According to preferential interaction
theory, these ions then lead to salting in of the protein since they bind to protein
moieties [26, 27]. To a lesser extent, the more strongly hydrated Cl- can bind to the
amide nitrogen and a-CH, whereas the binding of the strongly hydrated SO, to the
protein backbone is even weaker [32]. Strongly hydrated cations such as Mg?*, Ca?*,
and Li* can bind to an amide moiety of butyramide [28], therefore, they can interact
with the protein backbone. Amide moieties were shown to bind Ca?* and Li* as
solvent-shared ion pairs [33]. Overall, cation-amide binding is weaker than anion-
backbone binding, and most cations are excluded from the protein backbone
compared to the bulk [30]. Interactions of cations with negatively charged amino
acid sidechains (Asp and Glu) are more favorable, following the Hofmeister series
[34, 35]. Furthermore, multivalent cations can cause attractive interactions by ion-
bridging phenomena or repulsive interactions by overcharging, depending on the
concentration of the multivalent ions [36, 37]. For instance, trivalent cations can bind
to carboxylic side chains, leading to overcharging [38]. It was found that entropy
drives cation-protein interactions, which increase with its valency [39]. Depending
on the strength of the ion-protein binding, the counter-ion can bind to an ion bound
to a protein which can lead to charge compensation [39].

Compared to a single negatively charged moiety (COQ"), there are three positively
charged proteinogenic moieties: ammonium, imidazolium, and guanidium. Anions
follow the reversed Hofmeister series at positively charged amino acid side chains,
where strongly hydrated anions like F~ and SO,* bind to said positively charged
moieties [8]. A well-known example of the reversed Hofmeister series is lysozyme

at low salt concentrations, a protein with a considerably high isoelectric point (pl)



of 10.7 and, therefore, positively charged in the acidic, neutral, and slightly basic
range [40].

Originally, salt effects were believed to be additive, meaning that the overall salt
effects are composed of the contributions of the individual salts [41-43]. Recently,
it was shown that ion-ion interactions can modulate salting in and salting out effects
beyond their individual contributions, respectively [32, 33, 44]. Poly(N-isopropyl
acrylamide) (PNIPAM) is a polymer that serves as a proxy for protein backbone
interactions due to its amide side chain. Using this model system, it was shown that
I~ showed stronger binding to PNIPAM in the presence of Cs* compared to Li* and
Na*. This is due to stronger ion pairing of Cs* and I compared to the other two pairs,

effectively causing ion depletion at the PNIPAM surface [45].

1.1.2  Protein unfolding and denaturation

lons can bind to internal proteins' moieties and disrupt structural elements needed
for protein conformation, which then causes either partial or complete unfolding and
denaturation, respectively. Said internal moieties of proteins are primarily nonpolar
and hydrophobic, whereas weakly hydrated anions and, to a lesser extent, strongly
hydrated cations are typical denaturants (direct Hofmeister series). Weakly hydrated
anions have been shown to bind to nonpolar interfaces [20] and thereby inhibit
hydrophobic interactions needed for protein folding [46]. A prominent example is a
guanidinium (Gdm™), a chaotropic cation used for denaturation [47]. It is weakly
hydrated and planar [46]. Therefore, it can bind to various amino acid side chains
and stack with other planar molecules. Besides stacking with its solution, guanidium
can stack with Arg, Trp, and GlIn [48].

Furthermore, guanidium interacts with hydrophilic (Thr, Ser) as well as hydrophobic
amino acids (Ala, lle, Val) [48] and strongly with amino acids carrying a carboxylate
moiety (Asp, Glu) [49]. Guanidium can neither form H-bonds with the amide
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nitrogen nor the carbonyl oxygen, whereas chemically similar urea can bind to the
protein backbone by hydrogen bonding [47]. The chaotropic effects of the
guanidinium ion also heavily depend on the co-ion. Heyda et al. have shown that
guanidinium is preferentially excluded from an elastin-like polypeptide when paired
with sulfate and preferentially binding to it when thiocyanate is the co-ion [32].
Similarly, GAmSCN has a more significant denaturation effect on DNA than GdmCl
and Gdm,SO, [50]. Thiocyanate is an example of a well-studied denaturing anion.
Like guanidium and urea, thiocyanate is a weakly hydrated, large, and soft ion [32].
It promotes protein denaturation due to its propensity to bind to a-CH and a-CH,

moieties of the protein backbone [12].

1.2 Protein-protein interactions

In biology, protein-protein interactions occur via the interfaces of proteins.
Interacting interfaces typically span 1500-3000 A2. Within those interfaces, so-
called hot spots are responsible for the strongest interactions with an area of
approximately 600 A? [51]. For comparison purposes, amino acids have surface
areas ranging from 75-255 A2 [52], therefore, a hot spot typically contains a few
amino acids. Tyrosine, arginine, and tryptophane are overrepresented in hot spots
compared to other amino acids [51]. As previously outlined, guanidine can interact
with tryptophane and arginine, which at least partly explains the salting in the effect
of guanidine and guanidinium moiety of arginine [48]. Typically, the protein-protein
interactions encountered in bioprocessing are weak and unspecific [53, 54] unlike
those found in biological complexes [51, 53, 54]. For many proteins, non-covalent
self-association can indeed occur depending on the target protein and solution
conditions [55-60]. When reversible self-association occurs, interacting proteins
lock into a stable conformation detected in solution [55]. Protein-protein interactions
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can also be enabled by ion-bridging, where ions facilitate interactions between like-
charged moieties [13, 39]. Due to the therapeutic importance of monoclonal
antibodies, their weak protein-protein interactions and their effect on solution
behavior and protein stability are well studied [54-56, 60-63]. lons and co-solutes
can decrease protein-protein interactions, decrease solution viscosity and increase
protein stability. This eases syringability [62, 64], prolongs its shelf life [65] and
diminishes adverse effects [66]. However, in the presence of repulsive protein-
protein interactions, the viscosity of protein formulations might still be elevated. The
relationship between viscosity and protein-protein interactions is non-trivial [57].

Non-additive effects of salt mixtures can also impact protein-protein interactions.
Generally, the solubility of proteins with regards to ion concentration either strictly
increases (salting in) or increases at first and then decreases (salting in followed by
salting out). In alkali iodide and alkali sulfate mixtures, the solubility of PNIPAM
shows atypical behavior where solubility shows three distinct regions (I: salting out,
Il: salting in, Ill: salting out). When incubated with the individual salts alone,
solubility either strictly decreases (sulfate) or shows a local maximum and decreases
afterward (iodide) [44], which is most commonly observed for single salts [67]. The
authors explain the presence of the three regions by competition of sulfate and iodide
for the alkali counter-ion. In the first region, the more hydrated iodide is excluded
from the surface and thus salts out since iodide binding does not occur. Due to the
lower dissociation constant of the alkali sulfates, alkali-sulfate interactions are
stronger and therefore sulfate binds to the respective alkali ion, hydrating iodide.
With increasing alkali iodide concentration, sulfate reaches saturation, and hydration
of iodide decreases, driving iodide towards the PNIPAM interface and thus causing
salting in. In the last region, the PNIPAM interface becomes saturated with iodide,

and salting out is caused by excluded volume effects [44].



1.2.1  Analytical techniques

A guantitative measure of protein-protein interactions is given by the second virial
coefficient, B,,, which correlates to the potential of mean force of all possible
interactions between two proteins [68]. B2, can be determined via static light
scattering [60], small angle x-ray scattering (SAXS) [69] , or self-interaction
chromatography (SIC) experiments [70]. For SIC measurements, the protein of
interest is immobilized in the stationary phase. The ligand interacts with the same
protein as the analyte in the mobile phase. When proteins exhibit attractive
interactions, the analyte interacts with the ligand-protein bound to the stationary
phase, thereby increasing retention. In that case, the resulting B, is negative. In the
presence of repulsive interactions retention is decreased, and retention time can be

shorter than through size exclusion effects alone, resulting in a positive B, [70].

When employing light scattering techniques such as multi-angle light scattering
(MALS) and SAXS, visible light, and x-ray radiation are used to illuminate the
sample, respectively. Depending on the intra- and intermolecular arrangement of the
analyte, light scatters elastically from N points and can be detected at different angles
[71]:

=y et 2 @

Where 7 is the position vector of the scattering element, g is the scattering wave

vector, and q is the scattering vector:
q=4m 271 sin(6/2) (2)

Where A is the wavelength, and 6 is the scattering angle.



In practice pair density distribution functions (p(r)) are used to calculate scattering

curves [72]:

() = 4m [} p(r) ™12 dr 3)
Where r is the distance between two pairs.

Due to the different wavelengths employed in MALS and SAXS analyses,
investigated length scales differ. MALS can be used for the determination of the
radius of gyration (Rg), the weight average molar weight (M), and the second virial
coefficient (B,2) [73]. SAXS experiments can provide information about protein-
protein interactions and intramolecular structure. g-regions in SAXS traces
correspond to different length scale according to Equation 4 [74]. Figure 2 shows a
theoretical scattering plot of a monoclonal antibody and the corresponding g-regions

for protein-protein interactions, intramolecular and surface structure.

d=2E (4)
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Figure 2. Theoretical SAXS trace of a monoclonal antibody (PDB: 1hzh) with
highlighted regions that are distinct for respective correlation distances. The pair
distances of the atoms in the PDB have been transformed for the calculation of the

scattering curve according to Equation 3.

Moreover, SAXS allows the investigation of ry and B2, SAXS is especially
insightful for reversible self-association since the scattering trace can be fitted to the
theoretical scattering data of different models of associated proteins [55]. If several
different associated species are present in solution, data analysis is aggravated since
scattering traces are obtained from the ensemble average in solution. This might
result in many possible confirmations [56]. Generally, SAXS offers higher
resolution and information content. However, the instrumentation is less accessible,

and analytes suffer from radiation damage [75, 76].

Furthermore, protein-protein interactions can be quantified via dynamic light

scattering (DLS). In DLS, light scattering fluctuations are measured to calculate the
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diffusivity and, thus, the hydrodynamic radius of the analyte, assuming a spherical
analyte [77]. The diffusion interaction parameter can be determined when measuring
different protein concentrations [57, 78]. This is another parameter for protein-
protein interactions, whereas values lower than -8 ml*g™ are considered attractive
[57, 61, 79].

In formulation science, there is extensive literature about the correlation between
protein-protein interactions and protein aggregation [69], particularly for
monoclonal antibodies [80-84]. According to the theory of slow coagulation, B,
correlates to protein aggregation for globular proteins that irreversibly bind after
association [85]. However, protein-protein interaction effects in downstream

processing are often neglected, rarely investigated, and discussed.

122 Model proteins

In this doctoral thesis lysozyme, adalimumab (a monoclonal antibody), green-
fluorescent protein (GFP) and the CASPON enzyme have been investigated. They
have been selected according to their differences in size (Figure 3 and Table 1),
isoelectric points (Table 2), availability as model proteins (lysozyme and GFP),
clinical relevance (adalimumab) [86] and high cysteine content (CASPON enzyme)
[87].

Table 2. Molar mass and isoelectric point of the model proteins in this thesis. For

the CASPON enzyme, the isoelectric point was calculated by Expasy ProtParam

Monoclonal

) ) CASPON
Model protein antibody GFP Lysozyme
) enzyme
(adalimumab)
Molar mass [kDa] 148 [88] 26.9 [90] 14.3[91] 70.6
Isoelectric point 7.9-9.1[89] 5.8 [90] 10.7 [91] 6.2

12



Monoclonal antibody GFP

Lysozyme

=

Figure 3. Hlustration of model proteins used. The corresponding PDB accession
number are: 1lhzh (monoclonal antibody), 1gfl (GFP), 1dpx (lysozyme). The
CASPON enzyme [87] model was generated by AlphaFold [92, 93].

As a protein class, monoclonal antibodies are well-studied concerning protein-
protein interactions [53, 56, 57, 60, 94-96]. Monoclonal antibodies consist of two
heavy and two light chains that together form two antigen-binding fragment (Fab)
arms and the crystallizable fragment (Fc) [97]. The apical part of the Fab arms
contains the complementary-determining region (CDR) that binds to the antigen [98].
For monoclonal antibodies, protein-protein interactions are frequently mediated
through Fab-Fab [99] and Fab-Fc interactions [100]. Fab-mediated interactions often
involve the CDR [94, 100], where single mutations can significantly decrease
attractive interactions [94]. Aromatic and hydrophobic residues have been shown to
be crucial for hot spots in CDRs [63, 94, 101]. Mutation of those residues might

13



affect antigen binding significantly [94, 102], which aggravates the rational
engineering of monoclonal antibodies regarding minimal protein-protein
interactions. Minimizing protein-protein interactions would aid manufacturability
and increases its shelf-life. Biotechnologically, the precipitation of monoclonal
antibodies offers a low-cost alternative to Protein A chromatography capture.
Polyethylene glycol (PEG) and zinc are added to the supernatant of the cell culture
and precipitate the product. Precipitation of the monoclonal antibodies can be
achieved by PEG [103] and zinc alone [104, 105], respectively, or a combination of
both co-solutes [106, 107].

The CASPON enzyme is a circularly permuted mutant of the human caspase-2
protease [87, 108] and forms the centerpiece of the CASPON technology platform
process [109]. The CASPON enzyme carries a solubility tag and a hexahistidine tag,
making it a very soluble protein and facilitating manufacturing [87]. The protein of
interest (POI) is expressed with a hexahistidine tag and a recognition site for the
CASPON enzyme. The POI can be captured using immobilized metal ion affinity
chromatography (IMAC). Subsequently, the hexahistidine tag and the recognition
site are cleaved by the CASPON enzyme. After removing the cleaved tag and the
CASPON enzyme by another subtractive IMAC step, high purities of the POI are
achieved. For instance, when producing FGF2 with the CASPON technology, the
final protein purity is 97.7 %, and HCP content is 40 ppm after two chromatography
steps [109]. Besides its industrial potential, the CASPON enzyme is an interesting
model protein due to its high number of cysteines. The active CASPON enzyme
contains 26 cysteines (each monomer contains 13 cysteines) [87, 108].

Proteins containing cysteines are especially vulnerable under attractive protein-
protein interactions as associations can be locked due to disulfide bond formation,

e.g. for lysozyme [110]. In vitro, the formation of disulfide bonds is a pH-dependent

14



reaction. At basic pH, deprotonation of thiol moiety of cysteine (pKa = 8.5) occurs
and forms the more nucleophilic thiolate anion. Free thiolate anions can bind other
thiol moieties via a nucleophilic attack to form a disulfide bond [111, 112]. Surface-
exposed, oxidized disulfides might also be involved in aggregation since existing
intramolecular disulfide bridges can reshuffle intermolecularly to form multimers
[11].

Due to its high crystallization propensity, lysozyme is an inexpensive, readily-
available model protein for crystallization studies [113]. Crystallization of lysozyme
occurs when the second virial coefficient is within the so-called “crystallization slot”,
which is in a slightly attractive regime [114]. More attractive conditions typically
induce aggregation and fibrillation, respectively [110]. Another prominent model
protein is a green fluorescent protein (GFP), a beta-barrel protein containing a
fluorophore [115]. GFP is suitable for exploring interactions between different

proteins in which it is fused to one of the interaction partners [13, 116].
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1.3 Protein-surface interactions

1.3.1 Preparative chromatography

Protein-surface interactions dictate binding capacity and purification performance of
chromatographic processes. Preparative chromatography is one of the most
commonly applied unit operations in the manufacturing of biopharmaceuticals and
recombinant proteins. It is a unit operation combining capacity, selectivity and
versatility [5].

Most commonly, proteins are purified in bind and elute mode. In bind and elute
mode, the chromatographic column is equilibrated in a suitable buffer that promotes
protein binding. After equilibration, the protein of interest is first bound to the
stationary phase, usually followed by a wash step. In the elution phase, the protein
of interest is eluted by weakening the interaction of the protein with the stationary
phase. This is achieved by either modulation of the ion concentration of the mobile
phase or addition of an organic modifier and displacer, respectively. After elution of
the protein of interest, the cleaning-in-place (CIP) procedure achieves sanitization
and removal of strongly bound impurities [5].

The productivity of a chromatographic unit operation is given by Equation 5 [5]:

_ NE*DBC109

—+t +t ion+t illi ion+t
CF Uoad WashTLElutionTlEquillibrationTCIP

where ne IS the fraction of protein recovered in the elution phase, DBCigy is the
dynamic binding capacity at 10 % breakthrough, L is the length of the column, U gaq
Is the linear flow velocity to the flow rate, the ratio L/ujo.q IS the residence time, Ce

is the protein feed concentration and t is the elapsed time of the corresponding phase.
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Equation 5 demonstrates that the DBCjgy IS a crucial parameter with regards to
productivity of a chromatographic unit operation. In practice, it is sought to
maximize DBCjgy to an extent where the desired protein purity is not compromised
[5]. Figure 4 shows an illustration of two breakthrough curves where surface
coverage of the stationary phase differs. In practice, the dynamic binding capacity at
10 % breakthrough is an easily obtainable parameter that can be used as a starting
point for process development [117]. The equilibrium binding capacity (EBC) is the
binding capacity of a column with infinite efficiency and its relation to the DBC

depends on the respective dispersive mechanisms [5].
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mg protein/ml resin

Figure 4. A: Illustration of breakthrough curves with different surface coverage.
High surface coverage breakthrough curve indicated in blue, low surface coverage
indicated in red. The column is fully saturated when the ratio C/Cg= 1, where C is
the mobile phase concentration. DBCiqs 0ccurs at C/Cg = 0.1. B: Illustration of the
stationary phase and bound protein in the nanoscale, low surface coverage left, high

surface coverage right.
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Purity criteria for an individual process step depends on the application of the
produced protein. For biopharmaceuticals, general guidelines for purity criteria exist,
however, they are highly dependent on various factors such as the dose, risk-benefit
ratio etc. Aggregates are among the critical product-related impurities as they can
induce immunogenic reactions in patients and other side effects, respectively.
Generally, dimer and higher order multimers content should be < 1 % of the specific
protein content, highlighting the importance of avoiding aggregate formation and its

effective purification during downstream processing [5].

1.3.2  Effects of salts on protein-surface interactions

Protein-surface interactions dictate the binding and elution behavior of proteins in
chromatographic processes. Protein-surface interactions are driven by electrostatic
interactions, hydrophobic interactions, complexations, or a combination thereof [5].
In hydrophobic interaction chromatography (HIC), binding is achieved at high salt
concentrations where ideally only protein-surface interactions are increased,
whereas elution is achieved at low salt concentrations. For ion-exchange
chromatography (IEX), binding and elution are achieved at low and high salt
concentrations, respectively. In both chromatography modes, ionic strength and
identity of ions dictate chromatographic elution behavior [5]. In IEX, increasing ion
concentration competes with proteinogenic moieties for ligand binding and causes
the chromatographic velocity of the proteins to increase. Elution strength can be
modulated depending on the ion identity [118-120]. Preferentially interacting salts,
hence chaotropes, tend to have higher elution strength over preferentially excluded
salts due to higher affinity towards the protein surface and chromatographic ligands
[121].
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Interestingly, the choice of co-ions also impacts elution behavior, therefore, anions
In cation-exchange chromatography or vice versa. This was shown in a publication
by Fuchs et al., where different sodium salts with different anions (citrate, chloride,
sulfate, phosphate, and tartrate) induced significantly different retention factors in
cation-exchange chromatography [120]. As previously outlined, ion-ion interactions
might be a reasonable explanation for elution strength differences. Nevertheless,
corresponding experimental evidence in chromatography is lacking up to this day.

For complexation and biospecific interactions of the protein and a stationary phase,
the impact of salts depends heavily on the nature of the interaction. For affinity
chromatography ligands such as Protein A and complexed Ni%*, low to high
concentrations (0.1-2 M) of sodium chloride are employed to suppress unspecific
electrostatic interactions [122-124]. One of the most commonly employed ligands is
the Protein A ligand from Staphylococcus aureus. Protein A affinity
chromatography is the workhorse for manufacturing monoclonal antibodies [124],
where the Protein A ligand interacts with the Fc region of the monoclonal antibody
[125]. The interaction between the antibody and Protein A is disrupted by decreasing
the pH below 3.5 [125]. In Protein A chromatography, monoclonal antibodies are
loaded at low ionic strength and washed with 2 M NaCl to elute non-specifically
interacting impurities [123], highlighting the minor role of ions in the interaction.
Another prominent ligand for affinity chromatography is IMAC for purifying
histidine-bearing proteins. In IMAC, Cu?*, Zn?", Co?" and Ni%* are binding to
immobilized chelators such as iminodiacetic acid (IDA) or nitrilotriacetic acid
(NTA) [5, 126]. Said divalent cations can then complex proteinogenic histidines and
cysteines, while interaction with histidine tags is especially strong [5]. Elution can
be achieved by lowering the pH and thus protonating binding amino acids or adding
a high concentration of competing imidazole [122]. 0.1-1 M NaCl is typically added
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to decrease non-specific electrostatic interactions [122, 127, 128] whereas
kosmotropic salts affect protein binding [128]. Interestingly, the addition of sodium
sulfate can induce unspecific binding on a Ni-containing stationary phase, while the
Ni-free control experiment only showed minimal binding [128]. This indicates that
sodium sulfate increases unspecific protein binding only when a portion of the
protein can bind to the stationary phase through complexation.

In hydrophobic interaction chromatography, protein-surface interactions are
increased with increasing salt molality (m) and surface tension (y) of the solution
[129, 130]:

log%=E+F*y+G*m (6)

The surface tension of a salt solution depends on the concentration and surface
tension increment (o) of the respective salt [16]:

Yy =Yotom (7)
Where y, is the surface tension. This basic model does not factor in complex
phenomena such as lateral protein-protein interactions in solution or when bound to
the chromatographic resin. Furthermore, the surface tension of electrolyte mixtures
cannot be calculated based on the properties of ideal binary salt systems alone,
complicating the application of the model for dual salt systems [131].

The Hofmeister series can be constructed via the surface tension increment of the
respective salt [16], which agrees overall well with salting out and in effects on
proteins [2, 16, 132]. Salts with high surface tension increments increase the free
energy of cavity formation of the respective solute and destabilize said solutes,
causing a phase transition from the liquid phase to the solid phase [17, 129]. This
ties back to the overall concept that hydrophobic interactions of proteins with

stationary phases are linked to the free energy of cavity formation [124]. This is
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conceptually true for proteins in free solution without any hydrophobic solid phase
and in a chromatographic system.

One has to bear in mind that the surface tension of a solution is only a proxy for the
aqueous/protein interface. From an experimentalist's point of view, it is a useful
approximation since it is more easily examinable. Both the aqueous/air [133, 134]
and the aqueous/analyte interface [35, 135] are influenced by the presence of ions
[8]. Even for reasonably comparable interfaces, ions might experience different
dynamics and have different characteristics in the aqueous/air interface compared to
other interfaces, such as the aqueous/graphene interface [136]. As proteins are very
heterogenous on their surface, ions are expected to deviate significantly in their
behavior compared to the aqueous/air interface. This has to be kept in mind when
deducing macroscopic solution properties to microscopic events such as

hydrophobic interactions.

133  Chromatographic media as a self-avoiding random walk
The entire nanoscale surface morphology of chromatographic resins is not well
documented, although several studies elucidate the upper nano- and micrometer
scale of several chromatographic stationary phases [137, 138]. For synthetic
polymers such as polymethylmethacrylate (PMMA), the backbone can be modeled
as a self-avoiding random walk [139]. Conceptually, the easiest model of a self-
avoiding random walk is a chain of non-interacting hard spheres (monomers) that
grow successively. The entire polymer is self-avoiding, therefore single monomers
are added to the polymer in a fashion that does not result in collisions [140]. This is
an intuitive coarse-grained description of a polymer chain [139], such as a synthetic
chromatographic resin.
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Further, the spheres exclude their volume and an outer shell with a radius equal to
their own, as shown in the shaded area in Figure 5. The overall spherical volume and
the volume of this outer shell correspond to the excluded volume [141], which is a
parameter describing the self-avoiding random walk [142]. Therefore, depending on
the topology of the polymer, the excluded volume varies (Figure 5A). When
applying this model to a stationary chromatographic phase with bound proteins, the
excluded volume parameter offers a potential parameter for understanding the
binding topology. Figure 5B shows the chromatographic resin binding an adsorbate
(such as a protein) either on convex or concave parts of the stationary phase. Figure
5B also shows that the overall shaded area increases to a greater extent if the

adsorbate binds to a convex region than a concave region.
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Linear polymer Coiled polymer
(higher excluded volume) ({lower excluded volume)

B Deposition in concave region
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Figure 5. Self-avoiding random walk modeling a polymer with its excluded volume
in the shaded area. A: Relatively linear self-avoiding random walk with a higher
excluded volume than a coiled polymer. B: Depending on whether a single monomer
Is added to the convex or concave region of the polymer, the excluded volume

parameter tends to decrease (concave) and increase (convex), respectively.
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1.3.4 Dual salt systems in HIC

So-called mixed electrolytes or more specifically dual salt systems were shown to
be beneficial in HIC. In dual salt systems, high concentrations of two different salts
are used to facilitate binding, where conventionally, only a single salt is used.
Senczuk et al. showed that a combination of two kosmotropic salts (sodium citrate
and sodium phosphate) had increased dynamic binding capacities and protein
solubilities for an 19G2 and an Fc-fusion protein on Toyopearl Butyl 650M [143].
In a later study, Muller et al. have shown that the combination of a chaotropic and
kosmotropic (indicated by low and high surface tension increment) salt significantly
increases dynamic binding capacities for lysozyme and a monoclonal antibody on
Toyopearl Phenyl-600M, Butyl-600M, and PPG-600M in 21 out of 27 salt
combinations tested. Generally, employing a combination of chaotropic and
kosmotropic salts resulted in higher dynamic binding capacities compared to two
kosmotropic or two chaotropic salts. The authors hypothesized that the chaotropic
salt increased protein solubility, allowing for higher total salt concentrations. Higher
total salt concentrations then increase interactions of the protein and the stationary
phase, increasing overall dynamic binding capacities [130]. Therefore, mixing a
chaotropic and a kosmotropic salt can be considered a rule of thumb in process
development in dual salt HIC systems. Werner et al. have investigated lysozyme
binding to mildly hydrophobic Toyopearl PPG-600M in different binary and trinary
salt mixtures (ammonium chloride, sodium chloride, ammonium sulfate and sodium
sulfate). When mixing different chloride and sulfate salts, synergistic improvement
of binding capacities was observed compared to the single salt system. On the other
hand, mixing different ammonium and sodium salts did not cause higher binding
capacities compared to the individual salts [144]. Hackemann et al. have investigated
BSA as a model protein in binary and trinary mixtures at different operating pH,

resulting in different net charges of the protein. The employed salts were sodium
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chloride, sodium sulfate, ammonium chloride and ammonium sulfate. They reported
that these salt mixtures can have positive, neutral or negative effects on binding
capacities compared to the corresponding single salt. Interestingly, relative binding
capacities were inverted qualitatively when incubating at pH 7.0 (net negative charge
of BSA) compared to pH 4.0 (net positive charge of BSA), emphasizing the
importance of protein charge in dual salt HIC systems. As for lysozyme, BSA
exhibited positive or negative cooperative behavior in mixtures of sulfate and
chloride, whereas ammonium and sodium salt mixtures exhibited linear change of
the binding capacity [145]. Baumgartner et al. followed a practical approach to study
dynamic binding capacities of dual salt HIC systems. Different ratios of a rather
chaotropic (sodium chloride) to a kosmotropic salt (ammonium sulfate or sodium
sulfate) were employed and solubility of lysozyme in these systems were
investigated. A concentration close to the solubility of lysozyme was selected as the
salt concentration for protein binding in HIC, namely 90 % of the salt concentration
were precipitation was observed [146]. Selecting a salt concentration that is close to
salting out of the protein of interest is a common approach in HIC process
development [147]. Ultimately, dynamic binding capacities for both dual salt
systems did not show clear trends. For both systems, dynamic binding capacities
showed a maximum at higher proportions of the chaotropic salts. These maximum
dynamic binding capacities were also higher compared to the single salt systems.
Furthermore, dynamic binding capacities showed a minimum at a higher proportion
of the kosmotropic salt for the sodium chloride and ammonium sulfate system[146].
Moreover, the authors could show that DBCs correlated well to ionic strength, but
not to the surface tension of the solution [146].

Altogether, dual salt systems are not well understood and increase of binding

capacity cannot be predicted a priori. However, one can conclude general guidelines.
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Firstly, mixtures of kosmotropic and chaotropic salts seem to be generally more
beneficial with regards to dynamic binding capacities compared to mixtures of only
kosmotropic and only chaotropic salts, respectively [130]. Secondly, ionic strength
seems to be the more decisive parameter governing dynamic binding capacities
compared to surface tension as indicated by Baumgartner et al [146]. Thirdly, ionic
strength seems to be a decisive parameter for static binding capacities, however, they
are not solely responsible for differences in binding capacities [144, 145]. This

phenomenon was not reported for dynamic binding capacities yet.

1.3.5 Lateral interactions of proteins bound to a stationary phase

Lateral protein-protein interactions add additional complexity to protein-surface
interactions. They potentially modulate binding capacities [121, 148] and potentially
cause protein aggregation, as described in formulation sciences [121]. The most
common binding model for proteins on stationary phases is the Langmurian model
[149]. Here, the protein binds to the surface modeled by a grid with equal adsorption
energy without any lateral protein-protein interactions. Naturally, said assumptions
and prerequisites might not be applicable depending on the surface and presence of
protein-protein interactions [149]. For instance, BSA was shown to either form
clusters or bind as a monomer at surface coverage below monolayer adsorption
levels on a PEG-modified surface. BSA monomers laterally move on the surface and
reversibly associate with existing clusters. The residence time of the monomeric
BSA at the clusters was below 2 s for 90 % of the associations. [150] Surface
hydrophobicity might also have an impact on lateral interactions. On a hydrophobic
surface, fibrinogen was shown to have higher mobility and self-association than the
hydrophilic oligo ethylene glycol surface [151]. Generally, protein-protein

interactions in solution potentially indicate lateral protein interactions in the bound
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state. However, protein-surface interactions might catalyze protein aggregation
through either partial unfolding and subsequent exposure of hydrophobic regions or
by arranging proteins in an aggregation-prone orientation. For recombinant human
leukin-1 receptor antagonists at the silicone oil-water interface, the aggregate
formation was only observed at the interface and not in bulk solution. Aggregate
formation at the surface occurred even though the recombinant protein binding at
the interface was low. In this study, protein-protein interactions correlated with gel
strength [152]. High ionic strength might favor lateral interactions, particularly in
HIC. For HIC, another complication is the potential unfolding of the target protein
[153-158]. The unfolding degree depends on the stationary phase's hydrophobicity
[154] and the target protein [159].

Regarding the protein, the adiabatic compressibility was correlated to the extent of
unfolding in HIC [154]. Furthermore, more labile regions of proteins unfold to a
greater extent than more stable regions, as indicated by isothermal titration
calorimetry [154]. Together with attractive conditions induced by high ionic strength,
the unfolding of proteins might cause an even higher degree of irreversible
aggregation under crowded conditions and partial unfolding of the protein of interest.
In such instances, the stationary phase would catalyze irreversible aggregation.
Ultimately, HIC is an interesting but complex unit operation for studying different
salts. Other chromatography modes do not employ conditions favoring protein-
protein interactions, such as affinity chromatography (AC) and ion-exchange
chromatography.

Several adsorption models implicitly or explicitly account for protein-protein
interactions. The Brunauer-Emmett-Teller (BET) adsorption isotherm accounts for
multilayer formation in which the bound analyte serves as a new binding site [160].

The Oberholzer and Lenhoff isotherm models the adsorption of small, globular
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proteins through colloidal energetics [161]. In that model, an electrostatic interaction
parameter for protein-protein interaction is included. The Freundlich isotherm
assumes adsorption sites with different adsorption energies [149, 162, 163].
Concerning lateral protein-protein interactions, heterogeneous adsorption energies
could be induced by concentration-dependent protein-protein interactions, a
common phenomenon for proteins in solution [164, 165]. Figure 6 exemplifies
lateral protein-protein interactions that could lead to higher surface coverage
compared to non-interactive systems. Dependent on the surface concentration of the
protein, protein-surface interactions are facilitated in the case of attractive

interactions and attenuated in the case of repulsive interactions.
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Figure 6. A: Illustration of the Langmuir model (red) where saturation (Qmax) iS
reached vs. the Freundlich model (blue, dashed) where the binding capacity q
steadily increases. B: Illustration of a stationary phase (orange) and bound proteins
(light purple and red). Potential reasons for differences in binding capacities data
that follows Freundlich vs. Langmuir models could be protein-protein interactions

that facilitate the accommodation of additional proteins (dark red).
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2 Aims & Hypothesis

The aim of the thesis was to elucidate the impact of salts on protein-protein as well
as protein-surface interactions within the frame of two research problems. The first
research problem covered different dual salt hydrophobic interaction
chromatography systems. The second research problem concerned multimerization
of a labile cysteine-bearing protease in free solution as well as when bound to an
affinity chromatography stationary phase. In the first research problem, the aim was
also to investigate the impact of surface tension and ionic strength on dynamic
binding capacities of dual salt hydrophobic interaction chromatography systems.
Furthermore, | aimed to gain a deeper understanding of dual salt systems in the
molecular- and mesoscale by an in-depth small-angle x-ray scattering analysis of the
model proteins in solution as well when bound to the stationary phase. In the second
research problem, the aim was to study the multimerization behavior of a labile,
cysteine-bearing protease in solution and its correlation to multimerization on a
chromatographic stationary phase. This work should contribute to rationalize
downstream process development and to gain a deeper understanding of the effects
of employed salts when proteins are separated by chromatography. In particular,
knowledge-based guidelines should be established for manufacturing cysteine-

bearing proteins in the presence of attractive protein-protein interactions.

The main hypotheses were:
¢ | hypothesize that attractive and repulsive protein-protein interactions have a
positive and negative impact on productivity depending on the employed salts,
respectively. Vice versa, product quality is hypothesized to be diminished and

improved for attractive and repulsive interactions, respectively.
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| hypothesize that the combination of different salt mixtures modulate the
binding capacity in hydrophobic interaction chromatography due to changes
in surface coverage and multilayer formation, respectively. This modulation
occurs in the presence of protein-protein interactions.

Alternatively, | hypothesize that dynamic binding capacities are altered due
to changes of the footprint of the proteins which allows more protein to bind
to the surface compared to single salt systems. The footprint of the proteins
might be altered by expansion, collapse or change of the hydration shell of the
protein, respectively.

| hypothesize that the multimerization mechanism of a protein in free solution
can serve as a proxy for multimerization on a chromatographic surface, in

particular for proteins prone to multimerization.
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3 Extended discussion

As previously reported, dynamic binding capacities in dual salt HIC systems can
differ vastly whereas mechanistic understanding of the phenomenon is lacking [130,
143-145, 166, 167]. Initially, | have studied the effect of ionic strength and surface
tension of HIC buffers on dynamic binding capacities for a selected set of model
proteins and dual salt systems. Baumgartner et al. [146] already showed that ionic
strength seems to be more decisive than surface tension which | confirmed for two
different model proteins (adalimumab and lysozyme) in a set of three different dual
salt systems (sodium citrate with either sodium phosphate, sulfate or acetate as a
secondary salt). Furthermore, | could demonstrate that ionic strength is more
decisive, however, it is not sufficient to describe dynamic binding capacities. This
was already indicated by Werner et al. [144] and Hackemann et al. [145, 166] for
static binding capacities and is now also confirmed for dynamic binding capacities.
Thereafter, | investigated potential reasons for differences in dynamic binding
capacities for buffers of equal ionic strength with a small-angle x-ray scattering
analysis. Small-angle x-ray scattering experiments for the proteins in solution
revealed differences in protein-protein interactions for adalimumab and lysozyme in
the dual salt systems. For adalimumab and lysozyme, attractive protein-protein
interactions correlated qualitatively with dynamic binding capacities in dual salt HIC
systems. As dynamic binding capacities are increased for these model proteins, the
productivity of the loading phase is boosted accordingly as more protein can be
bound per volume and time. For GFP, protein-protein interactions are in the neutral
range and cannot explain differences in dynamic binding capacities. A potential
explanation for the absence of repulsive or attractive interactions might be the
different surface properties of the model proteins. Unlike adalimumab and lysozyme,

the pl of GFP is acidic and below the operating pH of 6, leading to a net negative
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charge in all experiments. Since several multivalent anions have been employed,
particularly the divalent anions citrate?, SO,*, and HPO,> could cause protein-
protein interactions through ion-bridging phenomena of the net positively charged
adalimumab and lysozyme. Vice versa, GFP would experience ion-bridging
phenomena to a smaller extent.

Although protein-protein interactions can be correlated to the binding capacity for
adalimumab and lysozyme, there is no explanation for the decreased binding
capacities of the single salt citrate system. Non-additive salt effects could modulate
the activity of either citrate or the secondary ion, leading to stronger hydration and
hence the exclusion of the ions from the protein. This would, in turn, favor
hydrophobic interactions of the dual salt systems over the single citrate system.
Alternatively, higher citrate concentrations could cause overcharging of the protein
and thus induce repulsive and less attractive protein-protein interactions.
Overcharging phenomenon could occur preferably in the single salt citrate buffer
due to the presence of higher concentrations of the trivalent citrate anion at pH 6.
Another possible explanation for decreased attraction in the citrate system would be
diminished ion-bridging by citrate over to the secondary ions. As the five-carbon
backbone of citrate is large compared to sulfate, phosphate, and acetate, citrate could
cause higher steric hindrance while binding to cationic amino acid residues. If citrate
causes steric hindrance and thus decreases protein-protein interactions, different salt
combinations could cause repulsive interactions. Thus, dual salt systems do not
necessarily cause attractive interactions, higher binding capacities, and higher
productivity in the loading phase. Altogether, rationalizing dual salt effects is fairly
difficult and employing a secondary salt adds additional complexity to HIC.
Experiments with GFP indicate that protein-protein interaction does not contribute

significantly to dynamic binding capacities for all model proteins. The employed
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salts rather induce different protein-surface interactions that would be needed to be
investigated separately. The experimental setup did not allow the investigation of
protein-surface effects alone since all the measurements were conducted in a
crowded environment where lateral interactions contribute to binding capacities.
Since binding capacities and protein-protein interactions correlated with the
kosmotropicity of the secondary salt, it could be speculated that protein-surface
interactions are increased accordingly.

In adsorption conditions exhibiting protein-protein interactions, the adsorption
isotherms deviated from the typical Langmurian shape and they could be
approximated by BET or Freundlich isotherms. This could be explained by
multilayer formation where bound proteins serve as new binding sites. The energy
of adsorption sites could be increased and decreased depending on whether adjacent
binding sites accommodate proteins that induce repulsive and attractive protein-
protein interactions, respectively [148]. Conclusively, it seems likely that changes
in dynamic binding capacities are mostly dictated by protein-protein interactions for
adalimumab and lysozyme. SAXS analysis of the protein in solution revealed that
the internal protein structure is comparable for all model proteins in all investigated
buffers. This is an indication that the footprint on the stationary phase is comparable.
Nevertheless, changes in the footprint of the investigated systems cannot be ruled
out since we did not perform experiments for determination of the binding
orientation, surface coverage or unfolding of the protein.

Moreover, a SAXS analysis was performed to understand preferred binding location
of the protein on the stationary phase. A self-avoiding random walk model was
derived and fitted to the scattering data of the resin slurry incubated with protein.
The excluded volume parameter decreased upon binding of the protein, and its

decrease correlated with the binding capacity of the resin. The decrease in excluded
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volume parameter was interpreted as successive deposition of the protein in the
cavities of the chromatographic resin (Figure 5B). The concept of a perturbed water
network near the concave regions of an adsorbent also supports the deposition in the
cavities of the stationary phase. The perturbed water network then decreases the
energy of cavity formation needed to accommodate the protein. A decreased
excluded volume parameter correlates with a lower surface accessible area [141].
On the macroscopic level, the reduced surface accessible area also reduces the
overall surface energy of the two-phase system since a surface area and surface
tension correlate to the surface energy. Attractive protein-protein interactions might
facilitate the population of cavities, whereas repulsive protein-protein interactions
potentially inhibit the binding of other proteins in an already occupied cavity.

The second research problem allows better insights into the impact of protein-protein
interactions on protein purity. Cysteine-dependent multimerization was observed in
free solution correlating qualitatively with attractive protein-protein interactions.
Multimerization was also observed after binding the CASPON enzyme to an IMAC
stationary phase under attractive conditions. This suggests that multimerization
might also occur throughout manufacturing under attractive regimes, decreasing
product purity and recovery. Throughout all experiments in free solution, the protein
was incubated at a concentration of 1 mg*ml, so concentration effects have not
been evaluated. Increased protein concentrations might enhance multimerization
which would be especially relevant for hold steps at high ionic strength [80]. For
chromatographic processes, high local protein concentration could also cause
increased multimerization; therefore, decreased loading densities should be
considered at the expense of productivity. For the CASPON enzyme, it was
demonstrated that understand the multimerization pathway in free solution can

correlate to multimerization on surfaces and therefore help to avoid conditions
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favoring multimerization. Incubation with chaotropic agents such as guanidium
favored monomerization through denaturing and should be avoided completely in
case of the CASPON enzyme as not only multimerization occurs, but also these
multimers are partly non-reducible. Hence, these multimers could not be recycled in
the process. Protein-surface interactions of the CASPON enzyme and the IMAC
stationary phase have not been investigated in detail in this work. Preferential
binding of the CASPON enzyme could lead to an orientation that actually favors
cysteine-dependent multimerization. As reported in literature, the addition of
kosmotropic sodium sulfate might increase binding capacities of IMAC stationary
phases [128]. It seems likely that binding capacities might be at least in part be
increased due to protein-protein interactions that facilitate higher surface coverage.
Cysteine-dependent multimerization can be avoided entirely when surface-exposed
cysteines are mutated in protein engineering. When a protein of interest is known to
aggregate via cysteine-dependent multimerization, disulfide bonds to host cell
proteins might also occur. This would not only immediately lead to product loss, but
also produce potentially co-eluting impurities in the following process steps.
Adducts of large proteins of interest and small cysteine-bearing impurities could be
particularly problematic. Removal of these adducts is more difficult since they
contain surface properties resembling the protein of interest. Consequently, different
Immunogenic reactions could be triggered when these adducts are present in the drug
product.

We have discussed the introduction of additional reductants to buffers throughout
the process to decrease multimer content. Besides the target protein, the reductant
could adversely affect employed materials such as complexed Ni?* in IMAC
purifications. The half-life of reductants and their reactivity towards oxygen should

be considered, as they might be depleted during the process and thus require several
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additions. Reductants also show pH-dependent activity, which could limit their
application to selected unit operations [168]. On the downside, chemical
modifications could be introduced [169]. The CASPON enzyme is an interesting
model protein for cysteine-bearing multimerization and a model protein for protein-
protein interaction research in general. Assuming a cysteine-depending
multimerization  pathway, protein-protein  interactions  correlate  with

multimerization, and multimers are easily detected using SE-HPLC.
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4 Summary and conclusion

In short, the impact of different salts on protein-protein and protein-surface
Interactions was investigated within the frame of two different research problems.
Furthermore, the impact of protein-protein interactions on productivity and purity
was demonstrated with regards to two different interaction mechanisms and
stationary phases: reversible vs. irreversible associations and in HIC vs. in IMAC,
respectively. The irreversible association of the CASPON enzyme was also
investigated in free solution. For the dual salt systems, it was confirmed that ionic
strength is a more decisive parameter compared to surface tension for dynamic
binding capacities. However, ionic strength alone is not sufficient to understand
differences in dynamic binding capacities. Moreover, it was shown that protein-
protein interactions correlate with binding capacities and, thus, the productivity of
the loading phase for adalimumab and lysozyme. Furthermore, protein-protein
interactions and dynamic binding capacities align with the Hofmeister series for
adalimumab and lysozyme. For GFP with a pl close to the operating pH, protein-
protein interactions were neutral, and protein-surface interactions are most likely
responsible for differences in dynamic binding capacities. For the CASPON enzyme,
it was demonstrated that attractive protein-protein interactions can have adverse
effects on product purity. Multimer content increases when incubating in the
presence of ammonium sulfate in free solution and on a chromatographic stationary
phase, inducing attractive protein-protein interactions. For the CASPON enzyme,
multimerization pathways in free solution can aid to avoid process conditions that
favor multimerization.

The investigation of different dual salt systems in HIC also gave valuable insights
into the binding behavior with regards to protein-protein interactions. For

adalimumab and lysozyme, the SAXS analysis of the proteins in free solution
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indicated the presence of protein-protein interactions. In the presence of protein-
protein interactions, adsorption isotherm experiments showed non-Langmurian
binding behavior. Corresponding adsorption isotherms were fitted with either the
Freundlich or the BET model. Therefore, protein-protein interactions likely lead to
increased surface coverage and thus higher binding capacities. The intramolecular
structure of the model proteins did not change in the presence of different dual salt
systems, indicating that the footprint of the protein did neither. The SAXS analysis
of the adduct of stationary phase and protein revealed that binding capacities and
protein-protein interactions correlated negatively with the excluded volume
parameter. This indicates the deposition of the proteins in the cavities of the
chromatographic resin, which also decreases the overall surface energy of the
system.

Lastly, a guideline for the manufacturing of cysteine-bearing enzymes was outlined.
This was achieved by investigating the multimerization properties of the CASPON
enzyme in the presence of different salts and rationalizing their occurrence in
downstream processing. Attractive protein-protein interactions in the presence of a
kosmotrope, such as ammonium sulfate, increase protein aggregation, which is
relevant for process steps such as loading in HIC or elution in IEX. These conditions

should be avoided throughout the process.
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ABSTRACT

Deploying two salts in hydrophobic interaction chromatography can significantly increase dynamic bind-
ing capacities. Nevertheless, the mechanistic understanding of this phenomenon is lacking. Here, we in-
vestigate whether surface tension or ionic strength govern dynamic binding capacities of the chromato-
graphic resin Toyopearl Butyl-650 M in dual salt systems. Small-angle X-ray scattering was employed to
analyze the model proteins and the protein-resin adduct in the respective dual salt systems. The dual
salt systems incorporate sodium citrate and a secondary sodium salt (acetate, sulfate, or phosphate). As
model proteins, we used lysozyme, GFP, and a monoclonal antibody (adalimumab).

Moreover, for the protein-resin adduct, we determined the model parameters of a self-avoiding random
walk model fitted into the pair density distribution function of the SAXS data. lonic strength is more pre-
dictive for dynamic binding capacities in HIC dual salt systems than surface tension. However, dynamic
binding capacities still differ by up to 30 % between the investigated dual salt systems. The proteins
exhibit extensive protein-protein interactions in the studied dual salt HIC buffers. We found a correla-
tion of protein-protein interactions with the well-known Hofmeister series. For systems with elevated
protein-protein interactions, adsorption isotherms deviate from Langmuirian behavior. This highlights the
importance of lateral protein-protein interactions in protein adsorption, where monomolecular protein
layers are usually assumed. SAXS analysis of the protein-resin adduct indicates an inverse correlation of
the binding capacity and the excluded volume parameter. This is indicative of the deposition of proteins
in the cavities of the stationary phase. We hypothesize that increasing protein-protein interactions allow
the formation of attractive clusters and multilayers in the cavities, respectively.

© 2021 The Author(s). Published by Elsevier B.V.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

of how two different buffers promote better binding than a single
one has not yet been provided. Commonly, a kosmotropic buffer is

Senczuk et al. (2009) described the positive effect of so-called
dual salt buffer systems on dynamic binding capacities (DBC) in
hydrophobic interaction chromatography (HIC). Those dual salt sys-
tems showed increased dynamic binding capacities compared to a
single salt system [1] which has been confirmed by other groups
[2-4]. Hackemann et al. [5] has shown that dual salt systems
can either synergistically increase or decrease binding capacities
in adsorption isotherms. Altogether, a fundamental understanding

* Corresponding author at: Department of Biotechnology, University of Natural
Resources and Life Sciences, Vienna, Muthgasse 18, A-1190, Austria.
E-mail address: alois.jungbauer@boku.ac.at (A. Jungbauer).

https://doi.org/10.1016/j.chroma.2021.462231

added to the protein solution to promote binding. The addition of a
chaotropic salt would be counterintuitive according to the current
theory explaining the adsorption of proteins in HIC [6]. Both Miiller
et al. [2] and Baumgartner et al. [3] postulated that mixing a kos-
motropic salt for promoting binding to the hydrophobic stationary
phase surface and chaotropic salt, which is possibly increasing the
protein solubility, should be the preferred strategy when setting up
mixed salt buffer systems for chromatography. The current under-
standing is lacking a fundamental explanation of the mechanism.
The surface tension increment of the salt in the binding buffer
and the salting in and out properties govern the adsorption of pro-
teins in HIC, as described in the solvophobic theory [6]. In gen-
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eral, this theory describes the interaction behavior of a more po-
lar solvent, in this case the mobile phase and a less polar solute,
the sample protein, by considering the changes in the system'’s free
energy caused by the individual processes involved. The structural
forces of water formed by hydrogen bonding, in this context, rep-
resent a low energy state. In contrast, the water molecules near
the stationary phase’s hydrophobic surface are in an energetically
"loaded" state. The protein binding to the hydrophobic surface re-
duces the surface area in contact with the water molecules. The
energy released as a consequence of this can be described as a
function of the change in available free surface area AA and the
surface tension of the mobile phase y:

Energy = AAx y (1)

This means that the retention in both reversed-phase chro-
matography and HIC increases with the mobile phase’s surface
tension [6,7]. Based on this concept, higher hydrophobic energy
and thus a higher surface tension of the mobile phase should also
translate into higher protein binding capacities of the column.

Another parameter that could influence retention and binding
capacity in HIC is ionic strength. This parameter describes the total
concentration of ions in a solution. Thus, it can be vastly different
for solutions containing identical molar concentrations of different
salts depending on the valences of the salts in question. The ionic
strength | of a solution can be calculated based on the Lewis and
Randall equation:

1 n
I=35 > izt (2)
i

with n representing the number of ions in the solution, i repre-
senting one specific ion, ¢; being the corresponding concentration
of ion i in mol*1-1, and z; denoting the valence of ion i.

In order to determine the ionic strength, the concentration of

the ions has to be determined using the Henderson-Hasselbalch
equation, defined as:
PH = pK, + log% (3)
where [HA] is the molar concentration of the unassociated weak
acid and [A~] is the molar concentration of the acid’s conjugate
base.

Apart from interactions between the protein and the HIC sta-
tionary phase [8,9], it is well known that ions modulate protein-
protein interactions [10-14]. Although speculations about protein-
protein interaction-based multilayer formation [15] and cluster for-
mation [16] can be found in literature, experimental evidence is
scarce for those phenomena in HIC. However, interactive protein
clusters have already been reported for other surfaces. Langdon
et al. [17] showed that attractive protein-protein interactions re-
sponsible for cluster formation of BSA on a hydrophilic surface.
In the case of the presence of protein-protein interactions, the
Langmuir adsorption isotherm model is no longer valid since the
non-interactivity of the adsorbate is a prerequisite for its appli-
cability [18]. Meng et al. [19] have shown that the isotherm type
shifted between Langmuir and Freundlich type depending on the
salt concentration. Moreover, they have hypothesized that protein-
protein interaction is responsible for Freundlich type isotherms.
Besides Freundlich type isotherms, the Brunauer-Emmett-Teller
(BET) theory describes multilayer adsorption protein chromatogra-
phy [20,21].

As an analytical tool, small-angle x-ray scattering (SAXS) gives
a unique insight into the native solution structure of proteins. It
allows the investigation of the intramolecular and intermolecular
structure of proteins, such as the medium resolution protein con-
formation [22,23] and protein-protein interactions [12,14], respec-
tively. More recently, SAXS has been utilized for online monitor-
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ing of the protein layer thickness [24] and binding conformations
[25] in chromatographic systems. In classical polymer chemistry,
SAXS experiments allow the characterization of polymers. Fractal
models can be used to describe linear and branched polymers,
characterizing the polymer’s inter-monomer conformational distri-
bution. This includes several parameters, such as the excluded vol-
ume and the path length in-between the monomers [26] In this
work, we model the chromatographic resin as a self-avoiding ran-
dom walk (SARW) with and without proteins bound. The result-
ing parameters are then interpreted to gain an understanding of
the binding topology. These experiments are performed with resin
slurries using a pipetting robot [27].

As model proteins for this study, a monoclonal antibody (adal-
imumab), lysozyme, and Green Fluorescent Protein (GFP) were
used, since they have previously been described in dual salt sys-
tems. Senczuk et al. postulated that their observations might be
due to specific interactions of the antibodies with the stationary
phase [1]. Lysozyme was first proposed by Miiller et al. as an addi-
tional model protein for studying dual salt buffer systems. It has a
basic pl (10.7 [28]), similar to most monoclonal antibodies [2] and
adalimumab’s (7.9-9.1 [29]). GFP was added because of its acidic
range (pl = 5.8 [30]). Thus, if the claim of increased binding capac-
ity with dual salt systems also holds for GFP, this would strongly
indicate that the pl of the sample protein does not influence sta-
tionary phase binding in mixed salt systems. Furthermore, the cho-
sen model proteins differ significantly in regards to their molar
mass, having molar masses of 14.3 kDa (lysozyme [28]), 26.9 kDa
(GFP [30]) and 148 kDa (adalimumab [31]).

Ultimately, this study aims to identify whether surface tension
or ionic strength is the primary driving force for dynamic bind-
ing capacities in HIC. For that purpose, we prepared citrate buffers
containing a secondary salt (acetate, phosphate, or sulfate) and var-
ied the concentrations of these salts to obtain buffers with iden-
tical surface tension. Dynamic binding capacities of a Toyopearl
Butyl-650M HIC column were determined for the systems with
identical surface tension. Similarly, we prepared buffers with more
or less the same ionic strength by variation of the citrate con-
centration. For those systems, the equilibrium and dynamic bind-
ing capacities were determined. SAXS was used to investigate the
impact on the model protein solution structure (such as the pro-
tein structure and protein-protein interaction) and the protein-
resin topology when bound to the chromatographic resin. For mod-
elling the protein-chromatographic resin adduct, we have derived a
SARW model that was then fitted to the pair density distribution
function (PDDF) of the adduct.

2. Theory
2.1. SARW model

We follow the arguments of Hammouda [26], Zimm [32], and
Beaucage [33]. We consider a linear polymer chain first; it consists
of n elements. First, we define a segment of reference. It can be
any segment, i. The probability of finding another segment, j of
the same molecule is [26]:

7l (1) = 417 3720y ) Pexp(=3/20°(r) ). @

Then, we link the inter-segment distance, r, and the average
inter-monomer distance, (r). We follow Hammouda and put it
(r?) = a?|i — j|?V [26]. Herein r resembles the inter-segment dis-
tance, and v gives the excluded volume parameter while a is the
statistical segment length. If we put the excluded volume param-
eter to 1, we get the probability to find two pairs i, j of a non-
self-avoiding random chain. It is easy to show that the Eq. (4) is
normalized to one, [§° drnl}(r) = 1. The linear polymer chain is fi-
nite and consists of N segments; still following the argument of
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Zimm, we give the PDDF of this particular construct:
N
p(r) = gdn(N —mm} (). (5)

The norm of it equals I' = J§° drp(r) =N2/2. It seems incor-
rect as from any N segment long chain, random, or random self-
avoiding can pair N(N-1)/2 nonidentical segments. Thus, we correct
the norm and find the PDDF:

=T 0

p(). (6)

The equation is still inappropriate as in nonidentical pairs, the
lower boundary of the integration over n must read one and not 0.
Then the appropriate PDDF reads:

N

P 1) = g fdn(N = m () @)

Please note one important thing. The segments are equally dis-
tributed, 7 (n) = 1. What if they are not? What if specific seg-
ment pairs are not to be taken into account? What if the seg-
ments are fractally distributed, and their probability is given by
7w (n) = (nA)¢? We follow the arguments of Hammouda [26], we
introduce a fractal distribution of n. Moreover, we compute the
norm:

(c+1=N(c+2-N1))
(c+1)(c+2)
It is straightforward to show that in c=0, the norm equals:

N(N-1)/2. We proceed and give pair density of a self-avoiding
random walk explicitly. Therefore, we introduce a set of ab-

c—Y+ 2 _
—2—, d'=a+4, =35 B =BN, y=

1-3v
%%% and then find for the PDDF for an

ensemble of self-avoiding random walks, with fractal distributed
pairs:

Zdrp;(...m = A (8)

breviations: o =

D5,(b. N, v, c|r) =y N*? (Eos (B')—Ee (B') ) +N?" (NEo (B)—Eu (B))
(9)

Therein En(z) = [{°dtt "exp(—zt) is the exponential integral
function.

m(n) = (nA)¢ accounts, within the integral for the average
number of minimum paths with a path length n [3].

2.2. Chromatographic stationary phase as a SARW

If we embed a random walk in a spherical volume, we as-
sume that a spherical PDDF distributes the minimum paths’ aver-
age number with a path length n. Think of a sphere that is filled
by random points, up to infinite density. Then any randomly cho-
sen pair will have a minimum path that equals their Euclid net dis-
tance. This is true for a hypothetical resin absent of any pore. The
introduction of pores and their decoration by proteins is then mea-
surable by the difference in their particular PDDF. We introduce
the normalized probability to identify minimum paths of length n,
rocAn, and R o« AN

3n° 9n3  3n?
1
7 (n) =A <16NG _4N4+N3>

Finally, we obtain the PDDF for a hypothetical resin. It resem-
bles a resin absent of pores.

Psarw (b, N, v|r) oc 1/16/N°pS (b, N, v, 5|r)+3/4/N*pS (b, N, v, 3|r)
+1/N3pS (b, N, v, 2]r) (11)

(10)
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With the PDDF describing the SARW model (Eq. (11)), the ex-
perimental PDDF p(r) can be fitted. The fitting procedure min-
imizes the difference between the experimental PDDF and the
PDDF describing the SARW by adjusting

minarg, || p(r) — (a Psaw (b, N, vr) + ¢ 1°) 15 (12)

While parameters a, cg, and D are due to the norm and the
overall stochastic background, parameters b, N and v characterize
the system’s morphology on a smaller scale.

3. Material & methods
3.1. Buffer preparation

The salts used for the buffers tested in the experiments were
supplied by Merck (Germany) and were all of analytical grade. All
buffers were prepared from stock solutions of 1.5 M of sodium cit-
rate monobasic, 1 M of sodium phosphate, 0.6 M of sodium sulfate,
2 M of sodium acetate, and then adjusted to pH 6 with NaOH. The
specific dual salt mixtures of 0.329 M of citrate + 0.5 M of sul-
fate were prepared from a 0.8 M sodium sulfate stock solution. The
buffer preparation was followed by filtration using a 0.22 um filter
supplied by Merck Millipore (Ireland).

3.2. Model proteins

Lysozyme was obtained from Merck in the crystalline state.
GFP and the antibody were produced in-house and kept as low
ionic strength stock solutions at 4°C for the experiments’ duration.
GFP was previously expressed in E. coli and purified in a three-
step chromatographic process. In contrast, the monoclonal anti-
body (mAb), an in-house produced adalimumab, was expressed in
CHO and purified solely by protein A capture. For the SAXS ex-
periments analyzing the protein in solution, the monoclonal anti-
body was purified using a HiLoad 26/600 Superdex 200 pg (Cy-
tiva, Sweden). The model proteins have been analyzed with high-
performance size exclusion chromatography (HP-SEC). The corre-
sponding chromatograms can be found in the Supplementary Ma-
terial (Fig. S1).

3.3. Measurement of surface tension

The surface tension measurements were performed using the
pendant drop (PD) method, an optical method for determining the
surface tension of a drop of liquid by using the drop profile’s cur-
vature. The measurements of the different salt buffers were per-
formed using the Drop Shape Analyzer (Kriiss, Germany) instru-
ment. The determination of the surface tension using the PD re-
quires the drop to be distorted by gravity, which is ensured by us-
ing a tip large enough to support the needed drop size (in this
case, the needle had a diameter of 1.835 mm). Water was used
as a reference at the beginning of all sets of experiments. Its sur-
face tension is between 72 and 73 mN*m~!, depending on the
surrounding temperature and humidity conditions. The measure-
ments were repeated at least three times each (each one is al-
ready the average of one minute of measurements). The system
was always flushed with the intended test buffer between differ-
ent buffers’ measurements for fifteen minutes to ensure that there
were no traces of other buffers left in the tubes. As determined
by a pycnometer, both the buffers’ density and the temperature of
the room were measured and taken into account by the software
Kriiss Advanced (Kriiss, Germany) to get the most accurate results
possible.

For obtaining buffers with comparable surface tension, the sur-
face tension value measured for 0.55 M citrate was used as a ref-
erence point. The other buffers’ salt concentrations, as previously
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Table 1
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Surface tension of the buffers used by Senczuk et al. [1] (left-hand side), buffers with adjusted salt concentrations that resulted in similar surface tension values (right-hand

side).

Starting Buffers as used by Senczuk et al. [1] Surface Tension [mN*m~1]

Buffers with adjusted salt concentrations to

achieve similar surface tension Surface Tension [mN*m~!]

Citrate 0.55 M 73.5
Citrate 0.55 M + 1 M Acetate 70.4
Citrate 0.55 M + 0.5 M Phosphate 74.7
Citrate 0.55 M + 0.3 M Sulfate 73.7

Citrate 0.55 M 73.5
Citrate 0.55 M + 0.5 M Acetate 73.4
Citrate 0.35 M + 0.5 M Phosphate 74.3
Citrate 0.55 M + 0.3 M Sulfate 73.7

described by Senczuk et al., were adjusted to achieve either a de-
crease or an increase in surface tension, which was then confirmed
by pendant drop measurements. Based on these measurements,
the buffers listed in Table 1 were used for chromatographic exper-
iments.

3.4. Measurement of dynamic binding capacities

Dynamic binding capacity measurements for protein samples in
the different high salt buffers were performed using a Toyopearl
Butyl-650 M (Tosoh Bioscience, Germany) column. A 4.8 x 0.5 cm
column with a column volume (CV) of 0.94 ml and a 1.3 x 1.0
cm column with a CV of 1.02 ml were used for the breakthrough
(BT) experiments. To test packing quality, 1 % acetone (v/v) was
injected to evaluate the peak asymmetry. The asymmetry ranged
from 1.2-1.6. All chromatographic experiments were carried out on
an AKTA™ Pure 25 chromatography system (Cytiva, Sweden).

3.4.1. Column packing

A 10/20 tricorn column housing (Cytiva, Sweden) was packed
with TOYOPEARL Butyl-650M (Tosoh Cooperation, Japan) resin us-
ing 50 mM phosphate buffer with 1 M of NaCl as packing buffer. A
5 ml*min~! flow rate was chosen for packing based on the man-
ufacturer’s instruction manual. Once the packing operation was
completed, the column was equilibrated with 5 - 10 CVs of low
ionic strength buffer (50 mM of phosphate buffer). While not in
use, both columns were stored in 20 % (v/v) ethanol at room tem-
perature.

3.4.2. Breakthrough curves and calculation of DBC

All samples were transferred into the corresponding high salt
buffer before the experiment either by resolubilizing the crystal-
lized protein in the buffer (in the case of lysozyme) or diluting
the sample protein from a stock solution (for the mAb and GFP).
The stock solution concentrations were set so that the protein was
diluted at least 1:5 in the experimental buffer to achieve a final
load concentration of approximately 5 g*1-!. The precise concen-
tration of the sample solution was then determined spectrophoto-
metrically by measuring the absorbance at 280 nm.

For the chromatographic runs, the column was first equilibrated
in the corresponding high salt experiment buffer. The flow rate for
the loading step was set to achieve a residence time of 10 min.
Sample loading was followed by a 5-10 CV wash step with the ex-
periment buffer. For elution, a linear gradient from 0-100 % B was
performed with water as buffer B over 10 CV, followed by 5 CV at
100 % buffer B. For column CIP, 0.1 M NaOH was used. All exper-
iments were performed in a temperature-controlled room with a
temperature ranging from 21-25°C.

For DBC calculations, the load’s absorbance value was deter-
mined in a by-pass experiment on the Akta system. This value was
then treated as a 100 % breakthrough. The volume was then de-
termined, at which 10 % of the absorbance value at 100 % break-
through was reached (loaded volumejgypr). Absorbance at 10 %
breakthrough was below 1 AU for all breakthrough experiments.
From the volume at 10 % breakthrough, the void volume of the

column and system were subtracted. The resulting value times the
concentration of the load (cj,qq) divided by the volume of the col-
umn was treated as the DBC at 10 % breakthrough (DBCjgy):

(loaded volumegygr — void volume)xCjoqq

DBCipy =
10% column volume

(13)

3.5. Calculation of buffer ionic strength

The tested buffers’ ionic strength was calculated using
Egs. (2) and (3). For preparing buffers with comparable ionic
strengths, the ionic strength value obtained for 0.55 M citrate was
again used as a reference point. The salt concentrations of the
other buffers were adjusted to match that value. Since significant
amounts of NaOH had to be used to adjust the experiment buffers
to a pH of 6, this also had to be considered. Based on these calcu-
lations, the buffers listed in Table 1 were used for the chromato-
graphic experiments investigating ionic strength as a possible driv-
ing force.

3.6. Adsorption isotherms

The procedure for the adsorption isotherms was based on a
previous publication [25]. Protein stock solutions were prepared
by mixing a concentrated protein stock (> 60 mg*ml~1), dH,O0,
and salt stock solutions to achieve the desired buffer composition
and a protein concentration of approximately 7 mg*ml~!. The pro-
tein stock solution was then further diluted in a 96 UV Star Mi-
croplate (Greiner Bio-One, Austria) to achieve a final concentration
range of 0.5 mg*ml~! - 5 mg*ml~! with a total of ten different
concentrations. Before adding the chromatographic resin, the resin
slurry was set to the concentration of 50 % and washed two times
with dH,0 and six times with the corresponding buffer. 50 ul of
the 50 % slurry were added to the protein solutions to achieve
a total volume of 250 pl and a slurry concentration of 10 %. The
chromatographic resin and the corresponding model protein were
incubated for 24 h on a thermomixer (Thermo Fisher Scientific,
Waltham, MA) at 950 rpm and 21.5°C. The resulting supernatant
was analyzed spectrophotometrically via absorbance at 280 nm to
determine the protein concentration. When the plateau in the ad-
sorption isotherm was not reached, additional measurements were
performed with a 3 - 4.5 mg*ml~! mobile phase concentration at
a resin concentration of 5 %. Adsorption isotherms incorporating
such data points are marked in the corresponding figure.

The Langmuir (Eq. (14)) [18], BET (Eq. (15)) [20] and Freundlich
(16) [19] models were used to describe the adsorption isotherm
data:

qmax*Kq
= C—— 14
q 1+ qmax*Ka (14)
Qmonol(sC
= 1
1= T-Ko)(1 - Kie + Kso) (15)
q = Kpxc"™ (16)

where q describes the binding capacity in mg protein per ml resin,
¢ the mobile phase concentration in mg*ml~!, qmax the maxi-
mum binding capacity in mg protein per ml resin, K; the affinity



LA. Jakob, B. Beyer, C. Janeiro Ferreira et al.

constant of the protein towards the stationary phase in ml*mg~1,
Qmono the binding capacity of a monolayer, Kg the affinity constant
towards the stationary phase (equivalent to Langmuir Kju), K the
affinity constant towards deposited layers [20], Kg the adsorption
constant in ml*mg~' and n the adsorption exponent [19].

In the case of a distinct plateau, the Langmuir isotherm model
was used to fit the data. Data with a second liftoff was fitted
with the BET adsorption isotherm model. Data that showed nei-
ther a second liftoff nor a plateau was fitted with the Freundlich
isotherm. The fitted adsorption isotherm model was evaluated
based on trends in residuals. Since protein-protein interaction must
not be negligible for the validity of the Langmuir model [18] and
present in the case of the BET model [21], protein-protein interac-
tions were evaluated from SAXS analytics of the model proteins in
solution (Section 2.7.1).

3.7. SAXS

All SAXS experiments were performed at the Elettra syn-
chrotron in Trieste, Italy. The scattering vector q (q = 4 7 sin(©)
A~1, where © is the scattering angle) ranged from 0.896-6.998
nm~! at a wavelength of A = 0.154 nm. All protein solutions were
prepared from dH,O, protein, and salt stock solutions. The recently
described high throughput robot was used for all SAXS experi-
ments [27].

3.7.1. Proteins in solution

The resulting protein concentration was 5 mg*ml~! for the pro-
teins’ measurements in solution.

20 pl of the protein solution was pipetted into the measuring
cell, and a total of 12 images were measured. For each image, the
exposure time was 10 s followed by a 2 s pause between every im-
age. For each sample, the respective buffer was measured without
an analyte for background subtraction.

3.7.2. Protein-chromatographic resin suspension

For the suspension experiments, the protein concentration was
5 mg*ml~1, and the chromatographic resin slurry was prepared as
described in Section 2.6. The model proteins were GFP and the
monoclonal antibody. The adsorption experiments were performed
at a protein concentration of 5 mg*ml-! and a slurry concentra-
tion of 5 % to achieve the chromatographic resin’s full saturation.
The reaction was conducted in 2 ml Eppendorf reaction tubes (Ep-
pendorf GmbH, Germany) at a total volume of 1 ml. The reaction
was incubated for 15 h on a thermomixer (Thermo Fisher Scien-
tific, Waltham, MA) at 900 rpm and room temperature. After in-
cubation, the resin slurry was briefly washed two times with the
respective buffer. For the measurements, the slurry concentration
was set to 40 %. The samples were prepared in triplicates.

For the measurement, 25 ul of a slurry suspension was pipet-
ted into the measuring cell. To increase the throughput and keep
the time between the protein incubation and the actual measure-
ment to a minimum, 20 images were recorded in a total time of
20 s. The exposure time was 950 ms for each image, followed by
a 50 ms pause between the measurements. For each sample, the
respective buffer was measured without an analyte for background
subtraction.

3.7.3. Data treatment

Data evaluation was performed using the program Mathemat-
ica 12.1 (Wolfram Research, Inc., USA). Intensities were averaged
over all 20 images for the sample and the background, respec-
tively. After normalization at 4.95-5.05 nm~!, the background was
subtracted from the scattering data, resulting in the background
corrected scattering data. Q values of distinctive features and re-
gions of the reciprocal space were converted to the real-space via
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Eq. 17 ([34]).
2

d=— 17
p (17)

where d is the real-space distance in nm and q is the scattering
vector in nm~1,

3.7.4. Plotting of the background-corrected scattering data

For the measurements of the protein in solution, the
background-corrected scattering data were normalized to q = 0.55
nm~! and plotted to facilitate the comparison of the low and high
g-range. For the measurements of the protein-chromatographic
resin suspension, the background-corrected scattering data were
normalized to q = 0.09 nm~'. The curves of the triplicates were
stacked by multiplying the intensity by 1, 10 and 102, respectively,
to facilitate the comparison between the measurements.

3.7.5. Pair density distribution function
The PDDF p(r) of scattering data was calculated via an inverse
Fourier transform [35]:

@)= ) pmSn@n 4 (18)
0 qr

I(q) is the scattering intensity at the scattering vector q. Dmax is
the maximum dimension of correlated pairs and r is the distance
between the correlated pairs.

The scattering data of the protein-chromatographic resin sus-
pension was transformed to fit the SARW model. The scattering
data after background subtraction (Ie(q)) was fitted to the PDDF
p(r) via Eq. (19):

minarg || 1(q) —I(q))]l2 (19)

where 1(q) is calculated according to Eq. (18) to find the PDDF de-
scribing our data (p(r)). The minimum of the argument was deter-
mined by applying the Mathematica FindArgMin function. Only 0
< p(r) were accepted in the inverse Fourier transform. Dpax was
set to 70 and p(r) contained a total of 70 data points (r=1, 2, 3...
70). This fitting procedure resulted in excellent fits throughout all
protein-chromatographic resin suspension experiments, as seen in
the overlay of the experimental data and the produced fit (Supple-
mentary Material, Fig. S3, left-hand side).

The resulting PDDF (p(r)) is then further used to fit the SARW
model derived in Section 3. Again, the difference between p(r) (the
experimental PDDF) and the PDDF of the SARW model is mini-
mized (Eq. (12)). Minimization is achieved by applying the Find-
ArgMin function. This results in considerably good fits for distances
up to 45 nm (Supplementary Material, Fig. S3, right-hand side)

For calculation of the theoretical scattering curves, the atomic
coordinates of the PDBs of lysozyme (1dpx), an IgG1 monoclonal
antibody (1hzh), and GFP (1gfl) were used to calculate the theo-
retical PDDF by summing up all pair distances of all atoms. The in-
tensities were calculated for every scattering angle between 0.896
and 3.000 nm~! according to Eq. (18). The theoretical scattering
curves were used as a benchmark for attractive and repulsive in-
teractions in the low g-range.

4. Results & discussion
4.1. Determination of buffer surface tension

The buffers tested in Senczuk et al. (2009) were replicated and
their surface tension was measured (Table 1). Since the surface
tension values varied greatly between buffers, the concentration of
one of the salts in the dual salt mixtures was adjusted until sim-
ilar surface tension values were reached using the surface tension
measured for 0.55 M citrate (73.5 mN*m~!) as a reference point
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mAb: comparable surface tension
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= 0.350 M NaCitrate & 0.5 M NaPhosphate
- 0.550 M NaCitrate & 0.35 M NaSulfate

= 0.550 M NaCitrate
- 0.550 M NaCitrate & 0.5 M NaAcetate

Fig. 1. Breakthrough curves for lysozyme (A, left) and mAb (B, right) at a sample concentration of 5 mg*ml-! using different buffer systems with comparable surface tension
as the mobile phase and a TOYOPEARL Butyl-650 M HIC column. DBC was determined for a residence time of 10 min.

and target value. Based on these measurements, the buffers listed
in Table 1 (right-hand side) were then chosen as the appropriate
buffers for chromatographic experiments for comparing the bind-
ing capacities of a HIC column when different dual salt mixtures
with similar surface tension are used as the mobile phases.

At first glance, it might seem counterintuitive that for two of
the dual salt buffer systems (citrate + sulfate and citrate + ac-
etate), the addition of 0.3 M or 0.5 M of the secondary salt re-
sulted in surface tension values that are almost identical to the
one obtained for 0.55 M citrate alone. In this context, it has to
be stated that the surface tension of a mixed salt system is not
the sum of the contributions of the individual salts present in the
mixture. Instead of being additive, the mixture’s surface free en-
ergy, which determines the surface tension, is reduced by an ex-
cess of the component with the lower surface free energy, which
is enriched in the surface layer [36]. In a dual salt mixture, the salt
with the lower surface tension increment determines the mixture’s
surface tension. This phenomenon was also observed by Baumgart-
ner et al. It led them to state that in their mixtures of kosmotropic
and chaotropic salt, "the surface tension seems to be more influ-
enced by the chaotropic salt” [3].

This behavior is also the reason why it was not possible to
achieve a surface tension value more similar to the reference point
for the mixture of citrate and phosphate, even by further reduc-
ing the concentration of phosphate present in the solution down
to 0.1 M. It was, therefore, decided to keep the concentration
of phosphate at its original value of 0.5 M in order to have a
meaningful amount of secondary salt in the solution and instead,
slightly decrease the amount of citrate in the buffer, which resulted
in a surface tension value still within the acceptable range of +
1 mN*m~1,

4.2. Binding capacity in buffers with equal surface tension

Based on the relationship described in Eq. (1), it could be ex-
pected that different buffers at the same pH and with similar sur-
face tension values would have the same hydrophobic energy and,
hence, lead to the same dynamic binding capacity of the HIC resin.
This expectation was put to the test by measuring the dynamic
binding capacity of a Toyopearl Butyl 650-M column for lysozyme
(Fig. 1 A) and the mAD (Fig. 1 B) in breakthrough experiments us-
ing the dual salt buffers with comparable surface tension (Table 1)
as mobile phases. Table 2 provides a list with the DBC values cal-
culated at 10 % BT for all the individual curves.

For all the dual salt systems investigated in these experiments,
the measured binding capacity was noticeably higher than for
citrate alone. The resulting DBC values varied strongly between
the different buffers (Fig. 1 and Table 2). While this confirms, to
some degree, previous observations of dual salt systems leading to
higher binding capacities in HIC, the results are still slightly differ-
ent to what Senczuk et al. reported. Our study of the dual salt sys-
tem with phosphate as a secondary salt does not lead to the largest
increase in binding capacity, as was previously reported [1]. Among
the dual salt systems investigated, higher binding capacities did
not correlate with the slight differences in buffer surface tension
remaining after concentration adjustment. Therefore, it seems un-
likely that these small variations in surface tension are the cause
for the observed phenomenon.

4.3. The ionic strength of the buffers

The results described in the previous section indicated that the
surface tension of the mobile phase solution might not be the de-
cisive influencing factor when it comes to the dynamic binding
capacities of a HIC column. Thus the influence of ionic strength
on protein binding was investigated. The salt concentration in the
buffer systems was adjusted to ionic strength values comparable to
the reference buffer (0.55 M citrate pH 6.0).

Egs. (2) and (3) were used to calculate the ionic strength. The
citrate concentration in the buffers was then adjusted to get a
value that closely matched the reference (ionic strength of 3.1 M).
For the buffer containing the secondary salt sulfate, we have de-
cided to adjust the secondary salt concentration to 0.5 M to match
the secondary salt concentration of all dual salt systems. Since pH
adjustment to pH 6.0 required the addition of significant amounts
of NaOH, which, when taken into account, led to the new citrate
concentrations and ionic strength values listed in Table 3.

4.4. Binding capacity in buffers with equal ionic strength

The DBC was studied with lysozyme, GFP, and mAb at sample
concentrations of approx. 5 mg*ml~! (Fig. 2). Dynamic binding ca-
pacities differ substantially between the mono- and dual salt sys-
tems (Table 4). For lysozyme and GFP, the breakthrough curves of
dual salt systems group closer together. For mAb, dynamic binding
capacities differ vastly depending on the secondary salt. Altogether,
differences are less pronounced compared to the buffers of equal
surface tension, especially in the case of lysozyme. All proteins ex-
hibit the lowest binding capacity in the mono salt buffer 0.55 M
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Table 2

Comparing capacities at 10 % BT for lysozyme, mAb, and GFP when solubilized in buffers sharing comparable surface tension. The DBC was determined
for a residence time of 10 min. Differences between the lowest and highest binding capacities are shown, where either all buffers or only dual salt buffers
are compared to each other.

Buffer Buffer Surface tension [mMN*m~']  DBCyqy for lysozyme [mg*ml~!']  DBCyoy for mAb [mg*ml-]
0.55 M Citrate 73.5 7 8

0.55 M Citrate + 0.50 M Acetate 73.4 23 21

0.35 M Citrate + 0.50 M Phosphate 74.3 12 17

0.55 M Citrate + 0.30 M Sulfate 73.7 21 22

Highest difference, all systems [%] - 70 64

Highest difference, dual salt systems only [%] - 48 23

Table 3

New citrate concentrations calculated to achieve dual salt systems sharing the same ionic strength con-
sidering the citrate buffer as a reference (3.1 M).

Buffer Citrate concentration [M]  Ionic strength after pH adjustment [M]
0.55 M Citrate 3.1
Citrate + 0.50 M Acetate 0.463 2.9
Citrate + 0.50 M Phosphate  0.441 2.8
Citrate + 0.50 M Sulfate 0.329 2.8

A B

Lysozyme: comparable ionic strength mAb: comparable ionic strength
1.0 1.0
0.8 0.8
20.6 0.6
4 Q
[s) O
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= 0.550 M NaCitrate = 0.441 M NaCitrate & 0.5 M NaPhosphate == 0.550 M NaCitrate = 0.441 M NaCitrate & 0.5 M NaPhosphate
=== 0.463 M NaCitrate & 0.5 M NaAcetate = === 0.329 M NaCitrate & 0.5 M NaSulfate === 0.463 M NaCitrate & 0.5 M NaAcetate === 0.329 M NaCitrate & 0.5 M NaSulfate
C GFP: comparable ionic strength
1.0
0.8
Q 0.6
(8]
0.4
0.2
0% 5 10 15 20 75 30
mg protein/ml resin
== 0.550 M NaCitrate === 0.441 M NaCitrate & 0.5 M NaPhosphate
= (0.463 M NaCitrate & 0.5 M NaAcetate = (0.329 M NaCitrate & 0.5 M NaSulfate

Fig. 2. Breakthrough curves for lysozyme (A, top left), mAb (B, top right) and GFP (C, bottom left) at a sample concentration of approx. 5 mg*ml-! using different buffer
systems with matching ionic strength as the mobile phase and a TOYOPEARL Butyl-650 M HIC column. DBC was determined for a residence time of 10 min.

sodium citrate. The breakthrough curves with the secondary salt 4.5. Adsorption behavior, internal structure, protein-protein

sulfate induce the highest dynamic binding capacities for lysozyme interactions, and binding topology in buffers with equal ionic strength
and GFP, whereas it ranks close second for mAb. Besides, it is dif-

ficult to deduce trends for the investigated systems, and further The breakthrough experiments showed that ionic strength
analytics are needed to gain better understanding of driving forces seems to be the more decisive factor for the DBC. Nevertheless,
governing binding to the stationary phase. ionic strength alone is not sufficiently describing the phenomenon.

Therefore, we have conducted SAXS and adsorption isotherm ex-
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Table 4
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Comparing capacities at 10 % BT for lysozyme, mAb, and GFP when solubilized in buffers sharing comparable ionic strength. The DBC was deter-
mined for a residence time of 10 min. Differences between the lowest and highest binding capacities are shown, where either all buffers or only

dual salt buffers are compared to each other.

Buffers DBCy  for lysozyme [mg*ml~']  DBCjoy for mAb [mg*ml~']  DBCyoy for GFP [mg*ml-1]
0.55 M Citrate 7 8 6
0.463 M Citrate + 0.50 M Acetate 17 14 12
0.441 M Citrate + 0.50 M Phosphate 16 20 13
0.329 M Citrate + 0.50 M Sulfate 18 19 14
Highest difference, all systems [%] 61 60 57
Highest difference, dual salt systems only [%] 11 30 14
periments to investigate possible explanations for the differences
in dynamic binding capacities. Firstly, we hypothesize that the pro-
tein structure could be altered in the respective buffer, resulting )
in either an expanded or collapsed conformation. This would then 0l ﬁf,trac“on Lysozyme
result in modulation of the protein’s footprint on the chromato- 35888050
graphic resin and therefore cause differences in the dynamic bind- 1094 %8
ing capacities. Alternatively, protein-protein interactions could be o)
responsible for modulating the surface coverage, allowing closer 51071 Repulsion
packing when protein-protein interactions are attractive and looser %
packing when protein-protein interactions are repulsive, respec- %10‘2'
tively. Moreover, attractive protein-protein interaction could trigger © ;
multilayer formation. In order to investigate the internal structure 5107% : 81451:(3) m m:g:g;zz & 0.5 M NaAcetate 8o,
and intermolecular interactions, the model proteins were analyzed = ] e 0.4411M NaCitrate 5:0.5 M NaPhosphate .®°
via SAXS. Furthermore, adsorption isotherms were performed to 107" ¢ 0.320 M NaCitrate & 0.5 M NaSulfate
evaluate the impact of protein-protein interaction on protein ad- S 1dpx
sorption. Lastly, the protein-resin adduct was analyzed using SAXS. 10755 10°
The self-avoiding random walk model was fitted into the pair den- alnm]
sity distribution function. The resulting model parameters were an-
alyzed to investigate the protein topology on the chromatographic Attraction mAb
resin. 104
0.33
4.5.1. SAXS: proteins in buffers of equal ionic strength _ 10% e’f?‘m
In Fig. 3, SAXS traces of the model proteins in the investigated g °
mono and dual salt buffers are shown. Moreover, the theoretical 210-1- Repulsion
scattering profile of PDB crystal structures 1dpx, 1Thzh and 1gfl are ©
depicted. Notably, the intermediary and high g-range of all SAXS %10_2'
curves (~ 04 nm~! < q) are comparable to the crystal structure’s ElO*i e 0.550 M NaCitrate
theoretical scattering curve. However, noise increases substantially T o 0.463 M NaCitrate & 0.5 M NaAcetate
at ¢ = 1.5 nm™!, resulting in more significant deviations from the - e & O4TLM NaCitwte £/0.5 MilaRhosphate
theoretical scattering curve. This is believed to be due to the high * 0329 M NaCitrate &0.5 MNasulfate
electronic contrast. Since SAXS traces are comparable between 0.4 10- _ theh . %
and 1.5 nm~!, real-space distances of 4.1-15.7 nm are accordingly 107t 10°
(as their reciprocal relation is given by Eq. (17), which includes the g [nm™]
intramolecular distances of mAb and GFP (Dpyax mAb and GFP: 16.4
nm [37] and 7 nm [38]) but exceeds that of lysozyme (Dmax of 10 Attraction GFP
lysozyme: 4.0 nm [39]). This indicates comparable intramolecular
structures of mAb and GFP > 4.1 nm in all investigated buffer sys- 100] ! Sodbuege
tems. 7 0 088000
In the low g-range (q > 0.2 nm~!), the scattering intensities '§10—1, )
differ substantially for mAb in different HIC buffers (Fig. 3 B). For - Repulsion
lysozyme and GFP (Fig. 3 A & B), differences in the low g-range are S 102
observable but less pronounced. Generally, the low g-range is dom- g
inated by long-range correlations, indicating the respective buffer’s —1073; © 0.550 M NaCitrate
modulation of protein-protein interactions. To classify whether the =2 ’ g'iji m ';:g::t: z 8-; m z:sﬁizat:ate i
interactions are attractive or repulsive, the theoretical scattering 1074 0:329MNaCitrate&0:5MNaSqua‘t)e L
profiles of the crystal structures of the corresponding model pro- — 1gfl
teins were calculated and compared to the experimental data in 1073 g : ==&

the low q-range. Lysozyme shows attractive interactions (Fig. 3
A), whereas mAb shows both attractive, neutral and repulsive be-
havior, respectively (Fig. 3 B). For GFP, no or minor repulsive in-
teractions can be observed in the respective mono or dual salt
buffers. Trends towards attraction and repulsion correlate with the
pl of the model protein: the acidic GFP (pl = 5.8 [30]) exhibits
no or weak repulsive interactions, mAb (pI = 7.9-9.1 [29]) both

q[nm™]

Fig. 3. SAXS profiles of lysozyme (A), the mAb (B), and GFP (C) in solution (5
mg*ml-1). Attractive and repulsive categorizations are referred to as the theoreti-
cal scattering profile of the corresponding PDB. Respective PDBs are visualized in
the top right corner for each protein.
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pronounced attractive and repulsive interactions, respectively, and
lysozyme (pl = 10.7 [28]) are dominated by attractive interactions
in the dual salt buffers.

The attractivity (and vice versa repulsion) induced by the sec-
ondary salt follows a trend: the presence of divalent anions (S04~
and HPO42-) induce the highest attractive/lowest repulsive forces
followed by the monovalent acetate anion. This trend is in line
with the Hofmeister series [13]. The mono- and dual salt system'’s
comparison reveals inconsistencies with the Hofmeister series: at
pH 6, citrate?~ and citrate3~ are the predominant anion species
in aqueous solution [40] and rather kosmotropic anions. (citrate3~
> S042~ > HPO4% > citrate?~ > CH3CO0~ > citrate~ [13,41,42])
However, the single salt sodium citrate buffer induces higher re-
pulsive/lower attractive interactions than the citrate and acetate
system.

Ultimately, the SAXS analysis of the proteins in the respective
buffer indicates that the internal structure of mAb and GFP >
4.1 nm is comparable. Moreover, protein-protein interactions de-
pend on the kosmotropic nature of the secondary anion and the
pl of the protein. mAb systems generally span the broadest range
of protein-protein interactions, ranging from the repulsive to the
attractive regime. Lysozyme systems are strictly in the attractive
regime, whereas GFP shows no to slightly repulsive interactions.
Attractive interactions correlate with dynamic binding capacities,
as highly attractive systems (such as the systems with the sec-
ondary salt sulfate) coincide with higher dynamic binding capaci-
ties. More repulsive systems (especially citrate alone) coincide with
low dynamic binding capacities. For mAb, both the variations in
dynamic binding capacity (30 % for mAb’s dual salt systems com-
pared to 11-14 % for GFP and lysozyme, as seen in Table 4) and
protein-protein interactions are high (Fig. 3), whereas they are
smaller for the other two proteins. The single salt system 0.550
M citrate shows an interesting behavior. Judging from the protein-
protein interaction data alone, we would postulate generally lower
binding capacities than the dual salt system, as the citrate system
is rather repulsive (Fig. 3). However, the difference for citrate alone
to the system with the highest binding capacity is 57-61 %, but the
difference between the lowest and highest binding capacity ranges
from 11-30 % for the dual salt systems (Table 4). Although we only
have a qualitative measure for protein-protein interactions at hand,
this vast difference cannot be explained in the protein-protein in-
teraction analysis (Fig. 3). This underlines the need for a quantita-
tive comparison of protein-protein interactions and dynamic bind-
ing capacities.

Altogether, we hypothesize that protein-protein interactions
could explain high dynamic binding capacities and play a crucial
role in protein adsorption. In the following section, we will focus
on the implications of protein-protein interactions in protein ad-
sorption in general and investigate whether the binding mode of
the protein is influenced.

4.5.2. Isotherms in buffers with equal ionic strength

Equivalent to the breakthrough curves (Fig. 2), adsorption
isotherms were determined for the model proteins in mono- and
dual salt buffers of equal ionic strength (Fig. 4). Generally, the
ranking of the binding capacities in the adsorption isotherm exper-
iments is comparable to the breakthrough curves for GFP and mAb.
For lysozyme, however, this is not the case except for the mono
salt buffer. The 0.55 M citrate buffer induces the lowest binding in
the adsorption isotherms and breakthrough experiments.

As discussed above, most model proteins exhibit protein-
protein interactions in the investigated systems, where GFP shows
the weakest protein-protein interactions. Factoring in the protein-
protein interactions from our SAXS analysis, Langmuir adsorption
isotherm behavior is not expected for systems exhibiting protein-
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Fig. 4. Adsorption isotherms for lysozyme (A, top), mAb (B, middle), and GFP (C,
bottom). A total volume of 250 pl was incubated for 24 h in 96 well plates at a
slurry conc. of 10 % and 5 %, respectively. Data points where a resin concentration of
5 % where used are denoted with a star. 95 % confidence intervals are displayed in
the corresponding color. Time effects were tested by reducing the incubation time
to 3 h for the mAb in 0.441 M citrate & 0.5 M phosphate. As seen in Fig. S2, Sup-
plementary Material, the difference between 3 and 24 h is small.

protein interactions, which is true for the majority of the experi-
ments (Fig. 4).

When only the adsorption isotherm data is considered, the
Langmuir model describes the GFP adsorption isotherms reason-
ably well (Fig. 4 A). Considering also the SAXS data; GFP in solu-
tion showed the lowest protein-protein interaction of all investi-
gated model proteins. Only GFP in citrate and citrate plus phos-
phate shows weak repulsive protein-protein interaction (Fig. 3 C).
Since the protein-protein interaction analysis here is only quali-
tative, it is challenging to state whether the measured protein-
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protein interactions are high enough to diminish the model’s va-
lidity or they can be neglected to allow for a good fit.

Adsorption isotherms of the mAb only follow Langmuir behav-
ior when acetate is employed as a secondary salt (Fig. 4 B), which
is in line with the protein-protein interaction data from the SAXS
analytics (Fig. 3 B). When phosphate and sulfate are employed as
secondary salts, a non-Langmuirian ascent can be observed that
can be fitted well with the Freundlich isotherm. When phosphate
is employed as a secondary salt, a non-Freundlich plateau is even-
tually reached, making both models unsuitable for the descrip-
tion of the isotherm. For the secondary salt sulfate, however, a
plateau could not be reached. Here, we could not collect data
at higher mobile phase concentrations due methodological limita-
tions. Lastly, the 0.55 M citrate buffer induces the Freundlich type
binding for mAb. This non-Langmuirian behavior is also in line
with our protein-protein interaction data since the mAb is in the
repulsive regime when 0.55 M citrate is used as a buffer.

The adsorption isotherm experiments with lysozyme reveal
Freundlich and BET behavior, respectively (Fig. 4 A). For the
lysozyme experiments, non-Langmuirian behavior is also in line
with the SAXS data since a strictly attractive regime is observed
for lysozyme in all investigated systems (Fig. 3 A). Adsorption
isotherms that follow the BET model indicate multilayer formation,
but it is unclear whether the multilayer forming interactions are
reversible or irreversible.

Conclusively, we hypothesize that either the surface coverage is
increased or multilayer formation does occur in systems that fol-
low the Freundlich and BET isotherm model, respectively, being
consistent with our protein-protein interaction data. However, it
cannot be stated whether reversible self-association or irreversible
aggregation occurs. Furthermore, GFP in citrate only and citrate
plus phosphate could show pseudo-Langmuirian behavior or too
little repulsive interaction to impact the protein adsorption.

4.5.3. SAXS: protein-resin adduct fitted via SARW model

For the analysis of the protein-resin adduct, the chromato-
graphic resin was incubated for 15 h with either mAb, GFP or only
buffer, respectively. The resin suspensions were measured via SAXS
and a self-avoiding random walk model was fitted into the result-
ing pair density distribution function after inverse Fourier trans-
form of the scattering data (Fig. S3, Supplementary Material). The
resulting model parameters are presented in Fig. 5 A, as well as
Fig. S4 (Supplementary Material).

Fig. 5 A shows that the excluded volume decreases when pro-
tein (GFP and mAD) is loaded onto the resin. When comparing the
bound model protein’s impact, the resulting excluded volume pa-
rameter is lower for resin incubated with mAb compared to GFP.
Besides the impact of the loaded protein, the excluded volume pa-
rameter depends on the buffering system. For either model protein,
the excluded volume parameter is significantly higher in the mono
salt system (0.55 sodium citrate) than all other dual salt systems.
Furthermore, the excluded volume parameter is lowest for systems
incubated with the dual salt buffer citrate plus sulfate. This buffer
results in a significantly lower excluded volume parameter com-
pared to all others in mAb systems. Moreover, it induces a sig-
nificantly lower excluded volume parameter for GFP systems com-
pared to citrate alone and citrate plus acetate.

Altogether, the excluded volume parameter correlates inversely
with the equilibrium binding capacity determined via the adsorp-
tion isotherms. This of course raises the question how protein
adsorption could impact the excluded volume parameter of the
adduct as a whole. Generally, the excluded volume parameter can
be correlated with the accessible surface area, as the accessible
surface area encompasses the excluded volume [43]. Therefore, we
believe that the reduction of the excluded volume parameter can
be best understood with the reduction of the accessible surface
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Fig. 5. A: Self-avoiding random walk (SARW) excluded volume parameter (v) de-
duced from SAXS measurements of resin slurry (5 %) incubated with protein at 5
mg*ml~! for 15 h. The average of three independent experiments is shown, includ-
ing standard deviation. B: Conceptual visualization of the impact of protein bind-
ing on a SARW polymer. As proteins deposit in the cavities of the chromatographic
resin, the excluded volume parameter (v) of the protein-resin adduct decreases.
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area. When a fractal object is considered, this is most likely caused
by the deposition of the protein in the cavities of the chromato-
graphic resin. Deposition of proteins in the cavities of the chro-
matographic resin would decrease overall accessible surface area
(Fig. 5 B).

On the other hand, preferential binding of the protein to flat
or convex regions of the chromatographic resin would increase the
accessible surface area and, therefore, the excluded volume param-
eter of the whole object, which could not be observed. This curva-
ture dependency was previously highlighted in a theoretical work
[44]. There, concave hemicylindrical carbon nanotubes were sim-
ulated in water, and they were more hydrophobic than their con-
vex counterpart. When we now also consider the SAXS analytics
of the proteins in solution, buffer-dependent protein-protein in-
teractions could play a role in the topology of the protein-resin
adduct. Protein-protein interactions could lead to increased depo-
sition onto already occupied cavities and decreased surface cover-
age due to repulsion, respectively. Altogether, we believe that the
excluded volume parameter decreases due to the deposition of the
protein in the cavities of the chromatographic resin. Nevertheless,
this hypothesis is only based on theoretical considerations and de-
mands further validation.

Similarly, the path length of the resulting self-avoiding ran-
dom walk increases when mAb and GFP are loaded onto the resin,
whereas the increase is more pronounced for mAb than GFP. In
contrast to the excluded volume parameters, only two buffering
systems show significantly different path lengths, namely mAb in-
cubated with citrate alone exhibited shorter path lengths than cit-
rate plus sulfate (Fig. S4, Supplementary Material).

5. Conclusion

The ionic strength of dual salt HIC buffers is a more decisive pa-
rameter for dynamic binding capacities than their surface tension.
However, dynamic binding capacities still differ up to 30 % depend-
ing on the secondary salt employed, and the model protein used,
even with comparable ionic strength of the buffering systems. To
gain better mechanistic insight into dual salt systems in HIC, SAXS
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analytics have been used to investigate the model proteins in the
respective dual salt systems alone and when bound to the chro-
matographic resin.

We conclude that protein-protein interactions increase surface
coverage for mAb and trigger multilayer formation for lysozyme,
as the adsorption isotherms show a deviation from Langmuirian
behavior, respectively. Protein-protein interactions are modulated
in general agreement with the Hofmeister series and the pl of the
model protein. The excluded volume parameter correlates with the
maximum isotherm binding capacities. We hypothesize that the
decrease of the excluded volume parameter is caused by the de-
position of proteins in the cavities of the chromatographic resin.
Furthermore, we postulate that attractive protein-protein interac-
tions can enhance deposition in said cavities, as it allows closer
packing due to the formation of attractive clusters and multilayers,
respectively.

The protein’s internal structure is not responsible for the in-
creased binding capacity. The internal solution structure of mAb
and GFP at distances > 4.1 nm is comparable in the investigated
buffers, suggesting unaltered protein conformation.
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ABSTRACT

The CASPON enzyme became an interesting enzyme for fusion protein processing because it gen-
erates an authentic N-terminus. However, the high cysteine content of the CASPON enzyme may
induce aggregation via disulfide-bond formation, which can reduce enzymatic activity and be con-
sidered a critical quality attribute. Different multimerization states of the CASPON enzyme were
isolated by preparative size exclusion chromatography and analyzed with respect to multimeriza-
tion propensity and enzymatic activity. The impact of co-solutes on multimerization was studied
in solution and in adsorbed state. Furthermore, protein—protein interactions in the presence of dif-
ferent co-solutes were measured by self-interaction chromatography and were then correlated to
the multimerization propensity. The dimer was the most stable and active species with 50% higher
enzymatic activity than the tetramer. Multimerization was mainly governed by a cysteine-mediated
pathway, as indicated by DTT-induced reduction of most caspase multimers. In the presence of
ammonium sulfate, attractive protein—protein interactions were consistent with those observed for
higher multimerization when the cysteine-mediated pathway was followed. Multimerization was
also observed under attractive conditions on a chromatographic stationary phase. These findings
corroborate common rules to perform protein purification with low residence time to avoid disul-
fide bond formation and conformational change of the protein upon adsorption.

Introduction contains 26 cysteines, cysteine-mediated multimerization
may cause product loss during manufacturing as previously
reported for other cysteine-bearing proteins.!'°"'*l The
CASPON enzyme contains six free, exposed cysteine resi-
dues on its surface (Figure 1(C))." These exposed cysteine

residues can potentially form intermolecular disulfide

Circularly permuted caspase-2, in particular CASPON
enzyme, became a potentially interesting industrial enzyme
for fusion protein processing.[1_3] This cysteine-dependent
protease is the essential element of a platform process for
the production of recombinant proteins.”’ The CASPON

enzyme is a mutant of human caspase-2 (wtCasp2)™* and
exhibits increased enzymatic activity as well as manufactur-
ability compared to wtCasp2.!"*°! The high manufacturabil-
ity of the CASPON enzyme is partially due to the use of a
solubility tag.”?! Figure 1 shows the wtCasp2 crystal structure
(Figure 1(A), PDB accession number: 1PYO)" and an
AlphaFold prediction of the CASPON enzyme structure
(Figure 1(B & C)).® The most notable difference is the
large, relatively unstructured solubility tag of the CASPON
enzyme (Figure 1(C)). The core is structurally similar to
wtCasp2, differing in only four amino acids.!"!

Human caspases are commonly active as dimers of heter-
odimers (Figure 1(A)). The multimerization state of the
CASPON enzyme is expected to be dimeric due to circular
permutation of the heterodimers into a single chain
(Figure 1(B & C).°) As the CASPON enzyme dimer

bridges to caspase molecules and other cysteine-bearing
molecules alike, resulting in the formation of multimers or
aggregates. Moreover, since caspases are cysteine-dependent
aspartate-directed proteases, the oxidation state of the cyst-
eine in the active site critical to the enzymatic activity.
Generally, solubility of large solutes, such as multimers, is
decreased due to increased free energy of cavity forma-
tion.">'] Thus, the question arises whether cysteine-medi-
ated multimerization and disulfide bond-based aggregates
are a critical quality attribute for the CASPON enzyme.
Contrary to aggregation due to protein unfolding,>"” cyst-
eine-mediated aggregation may not result in changes to the pro-
tein tertiary structure.'® As a result, the native fold and
enzymatic activity can be maintained. This also means that disul-
fide-linked multimers or aggregates can be reduced to their
smallest functional multimerization state using reducing agents

CONTACT Alois Jungbauer @ alois.jungbauer@boku.ac.at @ Department of Biotechnology, Institute of Bioprocess Science and Engineering, University of

Natural Resources and Life Sciences, Vienna, Austria

@ Supplemental data for this article can be accessed online at https://doi.org/10.1080/10826068.2022.2158471

© 2022 The Author(s). Published with license by Taylor & Francis Group, LLC.

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use,

distribution, and reproduction in any medium, provided the original work is properly cited.


http://crossmark.crossref.org/dialog/?doi=10.1080/10826068.2022.2158471&domain=pdf&date_stamp=2022-12-27
http://orcid.org/0000-0001-8182-7728
http://orcid.org/0000-0002-3574-6991
https://doi.org/10.1080/10826068.2022.2158471
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1080/10826068.2022.2158471
http://www.tandfonline.com

2 . L. A. JAKOB ET AL.

Heterodimer

Dimer of

heterodimer

Monomer

Figure 1. Comparison of the wtCasp2 crystal structure and an AlphaFold prediction of the CASPON enzyme including a cartoon representation of both proteins.
Cysteine residues are marked in yellow. A: wtCasp2 (PDB accession: 1PYO). Small p12 subunits are depicted in teal, large p19 subunits are depicted in brown. B & C:
AlphaFold prediction of the CASPON enzyme (panel C shows a zoomed view). CASPON enzyme monomers are marked dark blue and light blue, surface exposed

cysteines of one monomer are circled in yellow.

such as dithiothreitol (DTT).!"**" Therefore, protein aggrega-
tion through the cysteine-mediated pathway can be reversed
during the manufacturing process or before use. Nonetheless,
proteins recovered by reversing disulfide-linked multimerization
may have lower product quality as native disulfide bonds may
undergo chemical modifications such as -elimination.'*"?
Disulfide bond formation is a highly pH-dependent process
due to higher nucleophilicity of cysteines’ deprotonated thio-
lates.!****) Hence, conditions favoring the formation of aberrant
disulfide bonds should be avoided when processing cysteine
bearing peptides or proteins, that is, incubation of cysteine-bear-
ing proteins above pH 7. In many bioprocesses, however, slightly
basic conditions are prerequisites for numerous unit operations
such as the purification of polyhistidine-tag bearing proteins
using immobilized metal ion affinity chromatography (IMAC)
and the purification of proteins with an isoelectric point in the
neutral range using anion-exchange chromatography (AEX).
Co-solutes, such as ions, can induce attractive and repulsive
protein-protein interactions, *>*! potentially increasing spatial
proximity of thiol moieties'**! and therefore cause multimeriza-
tion. As proteins can reversibly associate under attractive condi-
tions, the residence time and orientation of such reversible
multimers dictate spatial proximity and residence time of inter-
molecular thiol/thiolate pairs. Therefore, protein-protein inter-
actions can have a substantial impact on cysteine-mediated
multimerization. Chaotropic salts such as guanidium

hydrochloride can cause aggregation by simultaneously destabi-
lizing the tertiary and quaternary structures,!>!¢!

The analysis of the aggregation state of a protein can be
achieved by several techniques.!”’>°' While native gel elec-
trophoresis allows separation of proteins with different sizes,
accurate determination of the size and quantity is diffi-
cult.® Sodium dodecylsulfate polyacrylamide gel electro-
phoresis (SDS-PAGE), on the other hand, is not suitable for
the analysis of non-covalent aggregates due to the denatur-
ing conditions used. SDS-PAGE may also have additional
complications when analyzing proteins with high cysteine
contents. For example, traces of oxidizing compounds can
induce disulfide-bond formation and therefore obscure the
native aggregation state.!*?! High-performance size exclusion
chromatography (HP-SEC) is the standard technique® that
offers several advantages: elution of the protein in its native
form and the possibility of integration with a multi-angle
light scattering (MALS) detector, allowing determination of
the molar mass irrespective of the shape of the protein.!*"**

In this work, we studied the multimerization of CASPON
enzyme, as well as the stability and enzymatic activity of its
multimerization variants. Isolated CASPON enzyme species
were characterized with respect to their molecular weight
and enzymatic activity. The most stable and active species
was exposed to a kosmotropic, neutral, as well as a chaot-
ropic salt and its multimerization state was monitored over



time via HP-SEC. Multimerization rates were correlated to
protein-protein interactions obtained by self-interaction
chromatography experiments. Moreover, we investigated the
difference between multimerization in the liquid phase ver-
sus in a chromatographic solid phase to elucidate the pos-
sible origin of CASPON enzyme multimerization variants.
Opverall, this study aims to assess whether multimerization is
a critical quality attribute for the investigated protein in
downstream processing, formulation and application as an
industrial protease. In the broader context, this study can
provide guidance in the manufacturing, formulation, and
the of application of cysteine-bearing proteins.

Materials and methods
Buffer preparation

All employed chemicals were obtained from Merck KGaA
(USA). pH of all buffers was adjusted using either 10 M NaOH
or 25% HCI to achieve the desired pH value with a maximum
deviation of + 0.05. Phosphate buffered saline (PBS) used as a
reference buffer contained 20 mM Na,HPO, and 150 mM NaCl
at pH 7. When investigating the impact of different salts on the
multimerization behavior of the CASPON enzyme, solutions
were buffered with 60 mM Na,HPO,.

Model protein: the CASPON enzyme

The model protein, the CASPON enzyme, was produced in-
house. After expression of the protein in E. coli, a two-step
purification process was applied. The purification procedure
has been adapted from Lingg et al.''! We have employed an
additional SEC polishing step on an AKTA pure system
(Cytiva, Sweden). Parameters of the SEC are shown in the
supplementary materials (Table S1). For the preparation of
CASPON enzyme dimer, SEC polishing loads were incu-
bated for 15min with either 25mM TCEP or 25mM DTT
to maximize yield. After SEC polishing, the protein solution
was either directly employed or further concentrated to up
to 18 mg*ml~' using Amicon Ultra-15 centrifugation tubes
(Merck Millipore, USA) with a 10kDa cutoff. The former
preparation was used for the investigation of CASPON
enzyme’s multimerization behavior and the latter for further
analysis of multimerization mechanisms, SIC experiments
and the chromatographic binding experiments. For analysis
of individual CASPON enzyme species, fractions at peak
maximum (as indicated by 280nm absorbance) were used.
Extinction coefficients are 15.6 and 0.557 ml*mg~"*cm ™" at
214 and 280 nm, respectively.

HP-SEC

A detailed description of HP-SEC parameters can be found
in the supplementary materials (Table S2). In brief, a
TSKgel G3000 SWXL analytical column was used at a flow-
rate of 0.4ml*min~"' for all samples that did not contain
imidazole. For imidazole containing samples, a Superdex
200 Increase 10/300 GL (Cytiva, Sweden) was used at a
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flowrate of 0.5ml*min~'. For the determination of molar
mass, MALS was performed on a DAWN HELEOS (Wyatt,
USA) and analyzed with the ASTRA software (Wyatt, USA).
Samples were filtered with a 0.22 um filter prior to all injec-
tions and injection volume was 100 pl. Absorbance at 214 as
well as at 280 nm were monitored depending on the concen-
tration of the analyzed CASPON enzymes species.

FRET activity assay

A FRET assay was used for the determination of proteolytic
enzymatic activity of the CASPON enzyme. The procedure was
already described in literature . In brief, 1uM CASPON
enzyme was incubated with 75uM Abz-VDVAD|SA-
Dap(Dnp) (Bachem AG, Germany). Fluorescence was meas-
ured on an Infinite M200 Pro plate reader (Tecan Group AG,
Switzerland) and the reaction buffer was 50mM HEPES,
150 mM NaCl, pH 7.2. The initial slope of the fluorescence sig-
nal (excitation: 320 nm, emission 420 nm, gain: 110) was meas-
ured and enzymatic activity was calculated based on the slope
of CASPON enzyme standards. Enzymatic activity units (U/g)
correspond to the catalysis of 1 pmol substrate per minute and
gram of the CASPON enzyme.

Multimerization in the presence of co-solutes

For analysis of the CASPON enzyme dimer multimerization
over 7 days, two-fold stock solutions of buffers were used to
achieve the desired salt concentration after 1:2 dilution,
resulting in a protein concentration of 1mg*ml~'. After
sample preparation, samples were incubated on a thermo-
mixer (Thermo Fisher Scientific, USA) at 300 rpm at either
4 or 25°C, whereas the impact of the shaking frequency was
not investigated. After incubation, samples were directly
analyzed via HP-SEC. Due to the long analysis time of HP-
SEC and overall variability of the absorbance signal in the
HP-SEC analysis, the relative content of the different species
instead of the concentration of each species was compared
between the co-solute conditions. Dimer depletion rates
were calculated based on the decrease of dimer content over
time, in which the decrease over 7 days were used for all
conditions except for ammonium sulfate. For ammonium
sulfate, rates were calculated at different time points at
which 30-50% of dimer could still be detected. For testing
reducibility of CASPON enzyme multimers that were
formed either in the presence of ammonium sulfate or guan-
idine, CASPON enzyme dimer preparations with a concen-
tration of 14-18mg*ml~' were directly diluted to
Img*ml™" in the corresponding buffer and incubated at
room temperature for 168 hours. 50 mM DTT was added to
the samples to investigate the reducibility of formed multi-
mers, incubated for 15min and then further diluted to
0.2mg*ml™" for HP-SEC analysis. As a reference, H,O was
added instead of DTT.
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Self-interaction chromatography

The CASPON enzyme was immobilized on a prepacked 1 ml
HiTrap NHS-Activated HP affinity column (Cytiva,
Sweden). The detailed coupling procedure can be found in
the supplementary materials.

After coupling the protein to the column, unbound pro-
tein was determined photometrically to calculate surface
coverage. For calculation of the surface coverage, we have
followed the same procedure as earlier reported in litera-
ture®”. The CASPON enzyme’s radius was estimated com-
bining the Einstein-Stokes equation and the relation derived
by Tyn and Gusek*");

-8
- 9.2*10l (1)
MW 3

Considering the molar mass of the CASPON enzyme
dimer of 70.626 kDa (which is equivalent to a r;, of 3.29 nm
as determined by Equation 1) and a surface area of
43.7m**ml ', the immobilized protein content of
18.1 mg*ml ™" is equivalent to a surface coverage of 12 %.

For each condition in the SIC experiments, 50ul of
CASPON enzyme with a concentration of 1.5g*1™" were
injected in triplicates on a 1220 Infinity LC (Agilent
Technologies, USA) HPLC system at a residence time of
10 min. The column was operated at either room tempera-
ture or 0-4°C. Throughout our experiments on the HPLC
system, air was frequently entrapped in the system, leading
to ripples in the UV signal. Since the entrapment could not
be avoided, affected chromatograms were smoothed by
applying a gaussian filter using Mathematica 12.1 (Wolfram
Research, Inc., USA). Smoothed chromatograms are marked
as such.

For analysis of the protein, absorbance at 280nm was
used, except for conditions with a retention time of >1.5
CV or low overall signal, in which case absorbance at
214nm was used. Figures containing absorption data at 214
as well as 280nm are normalized according to their corre-
sponding extinction coefficient.

For the calculation of B,,, the partition coefficient of the
protein under interactive (Koyeran) and non-interacting con-
dition (Kggc) is needed. Generally, the partition coefficient
is equivalent to the retention factor and is given by
Equation 2:

K= Ve =Vo (2)
Vi="Vo
Where Vy is there retention volume of the protein in the
mobile phase, Vj is the extra particle volume, and V, is the
total volume of the mobile phase.
B,, is calculated by the following Equation 3:

(KSEC - Kovemll)Vi

B pr—
2 N+«My,

3)

where V; is the intra-particle pore volume, N is the number
of immobilized proteins, and M,, is molar mass of CASPON
enzyme dimer (70.626kDa). We assumed that the CASPON
enzyme can access the entire mobile phase and therefore
Ksgc was set to 1. For the calculation of V, and V,

extraparticle porosity ¢ and particle porosity ep are assumed
to be 0.301** and 0.841**), respectively.

Multimerization in IMAC

IMAC Sepharose FastFlow (Cytiva, Sweden) 50% resin
slurry was incubated with the same volume of 50 mM NiSO,
(thus two-fold resin volume). After incubating the IMAC
resin with Ni*", the resin was kept in 20% ethanol for stor-
age. For binding experiments, the slurry was washed with
equilibration buffer, which was either 60 mM Na,HPO,, 1 M
ammonium sulfate, 20mM imidazole, pH 8 or 60 mM
Na,HPO,, 1M sodium chloride, 20 mM imidazole, pH 8.
20mM imidazole was used to suppress unspecific binding.
The CASPON enzyme dimer stock (17mg*ml™') was
diluted with equilibration buffer to achieve a protein con-
centration of 2.78 mg*ml ™', which was further diluted to a
final protein concentration of 2.5mg*ml™' by addition of
the 50% slurry. Final resin concentration was 5% and total
volume was 200 ul. After addition of the chromatographic
resin to the protein solution, the solution was incubated for
30min on a tube rotator at 300rpm (Antylia Scientific,
USA) for binding. After removal of 100l of the super-
natant, the mixture was washed two times with 700 pl equili-
bration buffer and then incubated without withdrawing the
liquid from the second wash for 6h on the tube rotator at
300 rpm. Finally, 750 1l of the supernatant were withdrawn
and 200pul of IMAC elution buffer (300mM imidazole,
20mM Na,HPO,, 300 mM NaCl) were added to the slurry
to elute the bound protein. After filtration of the eluted pro-
tein, HP-SEC analysis was performed using Superdex 200
Increase as stated above. Each experimental condition was
performed in triplicates.

Results & discussion

Caspon enzyme multimerization states: stability,
enzymatic activity and reducibility

Figure 2(A) shows HP-SEC chromatograms of three inde-
pendent CASPON enzyme preparations. A heterogenous
size distribution of the product was observed in the SEC fin-
gerprints. Suspected multimers were further isolated by pre-
parative SEC (Figure 2(B)) and the fractions were
subsequently analyzed with HP-SEC-MALS (Figure 2(C &
D)). The HP-SEC-MALS analysis revealed that the main
fraction consists of the CASPON enzyme dimer, since the
molecular weight determined through light scattering was
consistent with the theoretical molecular weight (experimen-
tal: 71,500 Da, theoretical: 70,626 Da, Figure 2(B & C)).
Similarly, the CASPON enzyme tetramer could be identified
(experimental: 143,000 Da, theoretical: 141,252 da, Figure 2(B
& C)). Higher order multimers were also identified; how-
ever, they could not be resolved and showed a broad distri-
bution of molar indicating the presence of
hexameric and higher forms of the CASPON enzyme
(Figure 2(C)). Separation of higher order multimers could
probably be achieved by HP-SEC columns with a larger

masses,
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Figure 2. (A) HP-SEC chromatograms of different CASPON enzyme preparations. (B) Preparative SEC chromatogram. Highlighted areas (blue) of peak 1, 2 and 3
were fractionated and further analyzed. HP-SEC MALS of dimeric (C) and tetrameric (D) CASPON enzyme fraction corresponding to fractions 1 and 2 in preparative
SEC, respectively. MW of different CASPON enzyme species shown in the HP-SEC-MALS analysis.

pore diameter. However, the focus of this study was on the
dimeric species since it is the most active and hence most
relevant multimerization state. For the isolated fractions,
SDS-PAGE could not differentiate different size variants and
showed mostly monomer with a minor dimer band (Figure
S3, supplementary material).

To determine whether heterogeneous multimerization of
the product affects product quality, CASPON enzyme dimers,
tetramers, and the broad higher order multimer fractions
were separated via preparative SEC. The resulting CASPON
enzyme fractions were immediately transferred to 4 °C, stored
at the initial elution concentration and analyzed for their
enzymatic activity and stability over a time course of 48 h.

Figure 3(A) shows the time course of the multimerization
state and the corresponding recovery. SEC profiles of the
CASPON enzyme dimer do not change significantly over
48h, whereas the multimer profiles of the tetramer fraction
change significantly. After 48 h, residual dimeric and tetra-
meric CASPON enzyme in the mainly tetrameric fraction
multimerized to higher order multimers. This suggests that
dimers have a stable multimerization state, while higher
order multimers are more transient in nature. This is also
reflected in the recovery, as the recovery of dimeric fraction
is high (96%), while recoveries of tetrameric and higher
order fraction decreases to under 40% after 48 h. Since SEC
only shows soluble multimers or aggregates up to a certain
size, it is likely that the observed loss in area stems from the

formation of very large or insoluble aggregates. Interestingly,
multimerization of tetrameric and higher order species was
higher even though the sample concentration was lower
compared to that of the dimeric fraction. It appears that
increasing multimer size correlates with decreased stability
in the investigated phosphate buffer. This could be due to
higher free energy of cavity formation. It was shown that
free energy of cavity formation in water correlates for length
scales >1nm with the surface area,!'> which could explain
decreased stability of higher order multimers.

Enzymatic activity was monitored over the course of two
days for the dimeric and tetrameric fraction (Figure 3(B)).
For the higher order multimers, enzymatic activity could
not be determined since protein concentration was too low
for the assay. Concentration via membrane concentrators of
this fraction resulted in multimerization itself (data not
shown), hence the activity measurement of the original
higher order multimer fraction was not feasible. Generally,
the CASPON enzyme dimer exhibits a higher enzymatic
activity than the tetramer fraction. Furthermore, enzymatic
activity decreases can be observed for both fractions, where
the relative loss in enzymatic activity is more pronounced in
the tetrameric fraction. Oxidation of cysteines in the active
sites could be the cause of reduced enzymatic activity. The
cysteine in the active site can be oxidized via dissolved oxy-
gen, but can also be involved in cross-linking between the
tetrameric or higher order multimers, therefore decreasing
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the total number of functional active sites. Since tetramer
and higher multimer fractions show decreased enzymatic
activity and stability, maintaining the CASPON enzyme in

the dimeric state is beneficial.
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In order to investigate the multimerization pathway, dimer,
tetramer, and higher order multimer fractions were incubated
with 10mM DTT. Enzymatic activity and SEC profiles were
compared to those of untreated samples, shown in Figure 4.



Note that peaks after 30 min are DTT associated (Figure S2,
supplementary materials) and the protein concentration varied
for each sample. All investigated samples showed a higher
dimer content after DTT treatment as tetramer and higher
order multimer content decrease in the normalized chromato-
grams (Figure 4) and the area of the dimer fraction in the raw
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Figure 4. Effect of DTT on tetramers and higher order fractions: SEC-HPLC chro-
matograms of the dimeric fraction (0.9 g*|™") that exhibited a 188% increase in
enzymatic activity (A), tetrameric (0.4g*|f1) with a 12.5% increase (B) and
heterogenous higher order multimer fraction (0.2g*I™") (C). Samples were
either incubated with 10 mM DTT or were directly analyzed. Size variants identi-
fied with SEC-MALS are highlighted and marked: higher order multimer (HO),
tetramer (TE) and dimer (DI). Corresponding raw data can be found in the sup-
plementary materials (Figure S1).
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chromatograms increases (Figure S1). This effect is more pro-
nounced for the tetramer and higher order multimer fractions.
Enzymatic activity of the dimeric and tetrameric fraction was
increased after addition of DTT. This increase was most pro-
nounced for the dimeric fraction (188%) and moderate for the
tetrameric fraction (13%). Protein concentration was again too
low for the determination of the enzymatic activity of the
higher order multimer fraction. The CASPON enzyme mono-
mer cannot be detected throughout the experiment. Moreover,
we have analyzed all fractions with and without DTT using
SDS-PAGE (Figure S3, supplementary material). In the SDS-
PAGE analysis, only the CASPON enzyme monomer and very
low amounts of the dimer could be detected for all investigated
samples. Altogether, we believe that SDS-PAGE is not a suitable
analytical method for investigating disulfide-bond linked
CASPON enzyme multimers.

Reduction of CASPON enzyme tetramers and higher order
multimers is a strong indication for multimerization formed by
covalent disulfide bridges. As indicated by the AlphaFold pre-
diction (Figure 1(C)), the cysteine close to the hexa-histidine
tag appears to be exposed in a flexible region, which could be
the most prominent site for disulfide bond formation.
However, tetrameric and higher order multimers were only
partly reduced, hence it is not clear whether cysteine-mediated
multimerization is accompanied by another multimerization
mechanism or more reducing agent would be needed. Other
recombinant proteins have also been reported to undergo cyst-
eine-dependent multimerization.">'*>**! " For monoclonal
antibodies, cysteine-dependent multimerization can occur dur-
ing manufacturing”® and after exposure to thermal stress, "’
correlating overall to free thiol content."**! Cysteine-depend-
ent multimerization in recombinant proteins derived from E.
coli seems to be more prominent overall.!'>?!

Schweizer and coworkers reported that a disulfide bridge in
the dimer interface stabilized the dimeric state in wtCasp2 (4).
Interestingly, no monomerization occurred upon DTT add-
ition. We hypothesize that the reduction of the internal disul-
fide bridge is either sterically hindered or non-covalent forces
between the monomers are strong enough to keep the dimer
intact in the employed buffer. With regards to enzymatic activ-
ity, the dimeric fraction experienced a higher replenishment of
the enzymatic activity compared to the tetrameric fraction.
This could be explained by preferential reduction of disulfide
bonds compared to oxidized cysteine in the active site. SDS-
PAGE is not suitable for the analysis of the size variants since
tetrameric or higher species could not be detected irrespective
of DTT addition. We hypothesize that harsh sample prepar-
ation and non-native conditions could alter the native multime-
rization state. Disulfide reshuffling and oxidation to higher
order multimer species could occur which might be visible as
slight smeared bands in the SDS-PAGE. Nevertheless, SDS-
PAGE confirmed the high purity of the investigated samples
and the absence of host cell impurities.

Multimerization behavior of dimeric CASPON enzyme

Since the dimeric species of the CASPON enzyme is most
stable and active, we further investigated its multimerization
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behavior in the presence of kosmotropic, neutral and chaot-
ropic salts (ammonium sulfate, sodium chloride and guani-
dium hydrochloride, respectively). We have selected a pH
range of 6-8 to study multimerization behavior. At this prac-
tically relevant pH range, the protonation state of cysteines
varies from partially protonated and fully protonated to par-
tially deprotonated and fully deprotonated at pH 6 and 8,
respectively[23]. Temperatures for incubation were set to
either 4°C or 25°C to emulate conventional temperatures in
downstream processing. During this experiment, minor
peaks occurred at higher retention times than the dimeric
species and due to their later retention time compared to
the dimer in SEC, we identified the species as the CASPON
enzyme monormer.

Figure 5 shows the evolution of the multimeric state of
the CASPON enzyme with respect to different salt exposure,
pH, and temperature. As expected, multimerization is higher
at 25°C compared to 4°C for all salts. In the presence of
1M ammonium sulfate and 1 M sodium chloride, multime-
rization increases with solution pH, with ammonium sulfate
inducing more pronounced multimerization. Highest multi-
merization was observed in the presence of 1 M ammonium
sulfate at pH 8 and 25°C, where multimerization was over
90% after 3days. In comparison, multimer content was
below 20% after incubation for 3 days with sodium chloride
at pH 8 and 25°C. For 1M guanidium chloride, tempera-
ture had a tremendous impact on multimerization. Almost
no multimerization was observed at 4 °C, whereas multime-
rization can be observed for all tested pH values at 25°C.
Ammonijum sulfate and sodium chloride also induce mono-
merization compared to the reference. However, monomer
content was lower than 20% throughout the experiment for
those two salts. Multimerization behavior does not correlate
with pH when the enzyme is incubated with guanidium
hydrochloride. pH 6 induced pronounced monomerization
in the presence of guanidium hydrochloride as indicated by
a maximum monomer content of over 20%. While a high
monomer content was observed throughout the experiment
at 4°C, monomer content decreases abruptly after one day
at 25°C. After one day, decreased monomer content coin-
cides with increased multimerization.

In the presence of 1M ammonium sulfate and 1M
sodium chloride, multimerization increases at higher pH
and thus higher thiolate content. This indicates a predomin-
antly cysteine-dependent multimerization because of higher
reactivity of thiolates. However, multimerization rates differ
substantially between ammonium sulfate and sodium chlor-
ide. These effects are generally in accordance with the
Hofmeister series.””! High monomer content at pH 6 indi-
cates an overall destabilization of the monomer-monomer
interface that is further enhanced by disruption of non-
covalent interactions by guanidine."®'”*®! Interestingly,
guanidine induced monomerization followed by multimeri-
zation at 25°C. Since guanidine can potentially cause
unfolding of the protein, we hypothesize that formed multi-
mers could have an altered tertiary structure and hence fol-
low a denaturing multimerization pathway. At 4°C however,
monomerization occurs in the presence of guanidine while

multimerization does not occur. Thus, the disruption of the
dimer interface is not necessarily accompanied by unfolding
of the CASPON enzyme which is potentially increased at
25°C. Lastly, the reference experiment shows that the
CASPON enzyme dimer is stable for at least one day in PBS
with a comparably low ionic strength.

As previously mentioned, cysteine-dependent multimeri-
zation can also occur in IgGl and IgG2; however, it is much
lower compared to the multimerization of CASPON enzyme
in the reference PBS buffer. Even after thermal stress
exposure for 12 weeks at 45 °C, total aggregate content of an
anti-streptadivin antibody preparation was below 10% and
reducible aggregate content was 2-5%.!"") On the other
hand, cysteine-mediated multimerization appears to be more
prominent when overexpressing recombinant, cysteine-bear-
ing proteins in E. coli. Depending on the protein of inter-
est!'®® and E. coli strain,** disulfide-linked aggregate
content directly after purification varies from under 10% to
a considerably higher aggregate content.'®**) When incu-
bating the cysteine-bearing extracellular domain of human
CD83 at room temperature, higher cysteine-dependent mul-
timerization can be observed, where disulfide-linked aggre-
gate content reaches 30-70%.!") This is considerably higher
compared to the multimerization of the CASPON enzyme
in the low ionic strength reference conditions. In PBS, the
CASPON enzyme preparation contains under 20% aggregate
content after 7 days.

To further investigate the differences of multimerization
caused by ammonium sulfate and guanidine, we incubated
the CASPON enzyme over 168h (7 days) at room tempera-
ture with these salts. For guanidine, pH 6 was selected due
to prominent monomerization followed by multimerization
(Figure 5). For ammonium sulfate, pH 8 showed highest
multimerization content after 7 days and thus represented an
interesting condition. After incubation over 7days, both
preparations were analyzed with and without DTT.

Figure 6 shows the resulting HP-SEC chromatograms.
After incubation with ammonium sulfate, the overall signal
is lower than 90% compared to all other samples.
Nevertheless, addition of DTT reduces higher order multi-
mers back to dimers (and to a much smaller extent, mono-
mers), indicating strictly cysteine-mediated multimerization.
Guanidine on the other hand causes less multimerization
compared to ammonium sulfate and incubation with reduc-
tant cannot reduce all higher order multimers. Furthermore,
monomer content is highest of all investigated samples, indi-
cating that after monomerization of the CASPON enzyme,
monomers can covalently link via disulfide bridges to
non-native dimers or higher order multimers. After DTT
addition, the total UV area of the SEC chromatogram of
guanidine treated samples is considerably lower compared
to that of the samples incubated with ammonium sulfate,
indicating a higher proportion of non-reducible higher order
multimers that are too large to be detectable after 0.22 pm
filtration. We suggest that guanidine induces a denaturing
pathway and mixed pathway due to its salting in effect, lead-
ing to the formation of multimers with an altered ter-
tiary structure.
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Figure 5. Impact of pH and different additives on multimerization (1 M salt, 60 mM phosphate). Left: 4 °C. Right: 25 °C.

Protein-protein interactions

In this section, we investigate the correlation between pro-
tein-protein interactions and multimerization rates. Protein-
protein interactions were determined by SIC experiments,
where dimeric CASPON enzyme was present as an analyte

in the mobile phase and as a ligand in the stationary phase.
As a reference, highly interactive conditions were also tested
with a column that carried immobilized Tris instead of the
CASPON enzyme.

Firstly, 1M ammonium sulfate induces strong attractive
protein-protein interactions that cannot be quantified using
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SIC due to backbone interactions (Figure 7) and low recovery
(Table 1), respectively. As seen in Figure 7, protein retention
is higher at increasing pH values. Furthermore, retention
increases with increasing temperature with the CASPON
enzyme as a ligand and with Tris as a ligand. Overall, reten-
tion on NHS Sepharose with immobilized CASPON enzyme
is higher compared to that on the bare column with Tris as a
ligand in addition to recoveries dropping below 22%. It can-
not be stated whether the enzyme binds irreversibly or revers-
ibly to the SIC column. Initially, formed multimers could be
reversible due to protein-protein interactions as reported in
literature!*” and become irreversible as disulfide bonds form

over time. Once again, higher pH values likely increase reac-
tion rates of disulfide bond formation due to higher concen-
tration of thiolate anions on the surface of the protein.
Moreover, protein-protein interactions may additionally con-
tribute to higher multimerization rates at higher pH.
Interestingly, binding of the CASPON enzyme to Tris-
Sepharose at pH 8 and 25°C appears to change the interac-
tions with protein remaining in the mobile phase. After each
injection, retention time increases and recovery decreases,
suggesting successive deposition of the CASPON enzyme and
increased interactivity of the stationary phase to the CASPON
enzyme in the mobile phase.
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Figure 7. SIC experiments in presence of 1M ammonium sulfate, 60 mM phosphate buffer with different ligand (either CASPON enzyme or Tris). Successive injec-
tions are numbered from 1 to 3. Chromatograms marked with an asterisk (*) were smoothed using a gaussian filter.

Table 1. Recovery for SIC experiments for TM ammonium sulfate, 60 mM
phosphate buffer on two different ligands (Tris or CASPON enzyme).

Table 2. B,, for CASPON enzyme incubated with PBS, 1M NaCl and 1M gua-
nidium HCI. Positive B, values indicate repulsive interactions.

pH Ligand Recovery at 4°C Recovery at 25°C B, [mol*I~"*g~?]

6 CASPON enzyme 54.7+3.9 21.7+43 PBS Nacl Guanidium Hcl
C(O)-Tris 943+13 95.6+1.0

7 CASPON enzyme 66.9+1.8 13.7+3.6 pH 4°C 25°C 4°C 25°C 4°C 25°C
C(0)-Tris 101£1.0 90.2+15 6 050 034 264 274

8 CASPON enzyme 55.1+£0.8 52+15 7 1.07 1.54 2.75 264 3.04 .94
C(0)-Tris 88.6%6.2 51.3+4.1 8 592 278 385 o4

Secondly, 1 M sodium chloride and 1 M guanidine buffers
induce weak repulsive protein-protein interactions and
dimer depletion showed no correlation to B, in the pres-
ence of those two salts (Figure S4, supplementary materials).
Protein-protein interactions were comparable at different
temperatures (Table 2). In the presence of sodium chloride,
protein-protein interactions are increasingly repulsive with
increasing pH. When guanidine is employed, protein-protein
interactions are equally repulsive irrespective of pH.

While multimerization was highly temperature dependent
in the presence of guanidinium hydrochloride and sodium
chloride, increasing protein-protein interactions did not

correlate with increasing temperature. For sodium chloride,
increasing temperature could simply allow faster kinetics and
thus increase dimer depletion rates. For guanidine, protein-
protein interactions were not indicative of multimerization
whatsoever. This suggests that protein-protein interactions
might not be a useful parameter in predicting multimerization
via a denaturing multimerization mechanism.

The impact of protein-protein interactions on multimeri-
zation in the adsorbed phase was investigated by batch
adsorption of CASPON enzyme on Ni Sepharose FF resin.
The protein was adsorbed for 6 h under either highly attract-
ive (1M ammonium sulfate, pH 8) or slightly repulsive (1M
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Figure 8. SEC chromatograms of IMAC eluates after 6 h incubation. Ammonium sulfate induces strong protein-protein interactions, whereas sodium chloride indu-
ces weakly repulsive interactions. Size variants identified with SEC-MALS are highlighted and marked: dimer (DI), tetramer (TE) and higher order multimer (HO). Raw
data and normalized chromatograms of the remaining two injections for each condition can be found in the supplementary material (Figure S5).
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NaCl, pH 8) conditions and subsequently eluted and eval-
uated. This contact time is typical for a purification process
using IMAC.!40-42]

Figure 8 shows normalized HP-SEC chromatograms (raw
data can be found in supplementary materials, Figure S5) of
the eluted CASPON enzyme after adsorption in the presence
of different salts. The relative dimer content in the eluate is
equal to that of the load at 57% when incubated with 1 M
sodium chloride. In the presence of 1 M ammonium sulfate,
the relative dimer content decreases from 57% in the load to
45% in the eluate. Multimerization still occurs in the
adsorbed phase under attractive conditions. Immobilized
proteins can still interact with other proteins in close prox-
imity. Unfortunately, mass balances were difficult to deter-
mine and were unreliable due to the low volume of
stationary phase, leading to low recoveries (Table S3).

Mechanism of action

Understanding multimerization mechanism can facilitate
process development and improvement for cysteine-bearing
proteins, specifically for the CASPON enzyme. In a manu-
facturing process, reductants could be added to buffers in
certain downstream unit operations (ion-exchange chroma-
tography,  hydrophobic  interaction  chromatography,
buffer exchange, filtration) if a strictly cysteine-mediated
multimerization mechanism is followed (Figure 9). This
could ultimately increase product yield due to reduction of
disulfide-bond linked multimers. If target protein aggregates
are reversed during the process, potential chemical modifica-
tions of the product must be monitored. In the final formu-
lation, low reductant concentration could reduce the active
center to replenish the enzymatic activity and reverse newly
formed multimers. Reductants show pH-dependent activity
which could limit their application to defined pH ranges.*’!

The addition of chaotropic and denaturing reagents such
as guanidine is rare except for refolding processes.!**
Nevertheless, the enzyme could enter a denaturing or mixed
pathway (Figure 9) in several unit operations that can cause
partial unfolding. Partial unfolding of proteins can be
observed upon adsorption in HIC*>*) or ion-exchange
chromatography (IEX).'>*”) In general, multimers obtained
from the denaturing pathway are more problematic than
reducible multimers as their tertiary structure and hence
activity might be affected.

Aside from the CASPON enzyme, some general consider-
ations must be made for other cysteine-bearing proteins.
Firstly, in-silico tools could help to identify potentially
redundant cysteines and avoid cysteine-dependent multime-
rization a priori when conducting protein design. Secondly,
cysteine removal might not always be possible, in which
case special emphasis should be put on stability and activity
of the protein in presence of the selected reductant.
Dedicated stability experiments should be performed by
employing analytical techniques to monitor changes of the
native state (e.g., SEC) and the denatured state (e.g.,
reversed-phase HPLC).
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Conclusion

Dimeric CASPON enzyme is the most stable and active
multimerization species. Under standard process conditions,
i.e,, in PBS at 25°C for up to 24h, multimerization of the
dimer is negligible, indicating that multimerization is not a
critical quality attribute in its application as a protease for
tag removal. Generally, multimerization of the CASPON
enzyme follows two different pathways or a combination
thereof, namely a cysteine-mediated pathway or a denatur-
ing pathway. In the cysteine-mediated pathway, CASPON
enzyme multimers are linked via disulfide bonds and the
formed multimers are reduceable. Here, protein-protein
interactions correlate with dimer depletion rates, where 1 M
ammonium sulfate induced highest dimer depletion. In the
denaturing pathway, the CASPON enzyme partly unfolds
and binds to other proteins to form non-reducible multi-
mers. In the presence of chaotropic guanidine, the CASPON
enzyme follows both the denaturing pathway and the cyst-
eine-mediated pathway in a weakly repulsive regime. The
multimerization also occurs when binding CASPON enzyme
to IMAC Sepharose FF under attractive conditions, indicat-
ing that multimerization occurs during downstream process-
ing. Multimerization propensity must be considered when
processing such cysteine-bearing proteins. The addition of
reductants such as DTT can be considered to reverse multi-
merization and restore the native state of the protein. This
work is in line with common rules to execute protein purifi-
cation with low contact time and low residence time to
avoid disulfide bond formation and conformational change
of the protein upon adsorption.

Supplementary materials

Table S1: Preparative SEC parameters with HiLoad Superdex
200 pg (Cytiva, Sweden). Table S2: Detailed HPLC parame-
ters for samples containing imidazole (Superdex 200
Increase 10/300 GL) and without imidazole (TSKgel G3000
SWXL). Figure S1: Chromatogram raw data for Figure 3.
Figure S2: Injection of 10 mM DTT solution after incubation
at RT for 160 min. Figure S3: SDS-PAGE analysis of dimeric,
tetrameric and higher order multimer fraction (NuPAGE
(Invitrogen, USA) 4-12% Bis-Tris with MES running buf-
fer). 1: Protein standards. 2: dimer fraction. 3: dimer frac-
tion, 10mM DTT. 4: dimer fraction, 180mM DTT. 5:
tetramer fraction. 6: tetramer fraction, 10 mM DTT. 7: tetra-
mer fraction, 180 mM DTT. 8: higher order multimer frac-
tion. 9: higher order multimer fraction, 10mM DTT. 10:
higher order multimer fraction, 180 mM DTT. 11: Protein
standards. Figure S4: B,, plotted over dimer depletion rate
for sodium chloride and guanidium hydrochloride at 4 and
25°C. Table S3: Mass balances and binding capacities for
IMAC binding experiments. Figure S5: All SEC chromato-
grams of IMAC eluates after 6h incubation. Top: raw data.
Bottom: normalized data. Ammonium sulfate induces strong
protein-protein interactions, whereas sodium chloride indu-
ces weakly repulsive interactions.


https://doi.org/10.1080/10826068.2022.2158471
https://doi.org/10.1080/10826068.2022.2158471
https://doi.org/10.1080/10826068.2022.2158471
https://doi.org/10.1080/10826068.2022.2158471
https://doi.org/10.1080/10826068.2022.2158471
https://doi.org/10.1080/10826068.2022.2158471
https://doi.org/10.1080/10826068.2022.2158471
https://doi.org/10.1080/10826068.2022.2158471
https://doi.org/10.1080/10826068.2022.2158471
https://doi.org/10.1080/10826068.2022.2158471

14 L. A. JAKOB ET AL.

Acknowledgments

We would like to thank Monika Cserjan-Puschmann for her scientific
input. We would like to acknowledge Christoph Koppl and Andreas
Fischer for their help with experimental work. We thank the colleagues
of our company partner Boehringer Ingelheim RCV for the scientific
input and their continuous scientific support.

Disclosure statement

The authors report there are no competing interests to declare.

Funding

This work was supported by the Austrian Science Fund under Grant
[FWF W1224-B09, Doctoral Program on Biomolecular Technology of
Proteins (BioToP)] and by acib. The COMET center: acib: Next
Generation Bioproduction is funded by BMK, BMDW, SFG,
Standortagentur Tirol, Government of Lower Austria und Vienna
Business Agency in the framework of COMET - Competence Centers
for Excellent Technologies. The COMET-Funding Program is managed
by the Austrian Research Promotion Agency FFG.

ORCID

Alois Jungbauer ([s) http://orcid.org/0000-0001-8182-7728
Nico Lingg (») http://orcid.org/0000-0002-3574-6991

References

[1] Lingg, N, Kro, C.; Engele, P Ohlknecht, C.; Koppl, C.;
Fischer, A.; Lier, B; Loibl, J.; Sprenger, B.; Liu, J; et al
CASPON Platform Technology: Ultrafast Circularly Permuted
Caspase-2 Cleaves Tagged Fusion Proteins before All 20
Natural Amino Acids at the N-Terminus. N Biotechnol. 2022,
71, 37-46. DOI: 10.1016/j.nbt.2022.07.002.

[2]  Cserjan-Puschmann, M.; Lingg, N.; Engele, P.; Kro83, C.; Loibl,
].; Fischer, A.; Bacher, F.; Frank, A.-C.; Ohlknecht, C.; Brocard,
C,; et al. Production of Circularly Permuted Caspase-2 for
Affinity Fusion-Tag Removal: Cloning, Expression in
Escherichia  coli,  Purification, and  Characterization.
Biomolecules 2020, 10, 1592. DOI: 10.3390/biom10121592.

[3] Lingg, N,; Cserjan-Puschmann, M.; Fischer, A; Engele, P
Krof3, C.; Schneider, R.; Brocard, C.; Berkemeyer, M.; Striedner,
G.; Jungbauer, A. Advanced Purification Platform Using
Circularly Permuted Caspase-2 for Affinity Fusion-Tag
Removal to Produce Native Fibroblast Growth Factor 2. J.
Chem. Technol. Biotechnol. 2021, 96, 1515-1522. DOI: 10.1002/
jctb.6666.

[4]  Schweizer, A.; Briand, C; Grutter, M. G. Crystal Structure of
Caspase-2, Apical Initiator of the Intrinsic Apoptotic Pathway.
J. Biol. Chem. 2003, 278, 42441-42447. DOI 10.1074/jbc.
M304895200.

[5] Ohlknecht, C.; Petrov, D.; Engele, P.; Krof, C; Sprenger, B.;
Fischer, A, Lingg, N, Schneider, R, Oostenbrink, C.
Enhancing the Promiscuity of a Member of the Caspase
Protease Family by Rational Design. Proteins 2020, 88,
1303-1318. DOI: 10.1002/prot.25950.

[6] Jumper, J.; Evans, R; Pritzel, A; Green, T. Figurnov, M,
Ronneberger, O.; Tunyasuvunakool, K; Bates, R; Zidek, A.;
Potapenko, A.; et al. Highly Accurate Protein Structure
Prediction with AlphaFold. Nature 2021, 596, 583-589. DOI:
10.1038/s41586-021-03819-2.

[7]  Evans, R; O’Neill, M,; Pritzel, A.; Antropova, N.; Senior, A;
Green, T.; Zidek, A.; Bates, R; Blackwell, S.; Yim, J. Protein
Complex Prediction with AlphaFold-Multimer. bioRxiv 2022,
DOI: 10.1101/2021.10.04.463034.

[10]

[11]

[12]

[13]

[14]

[15]

(16]

(17]

(18]

[19]

[20]

[21]

[22]

(23]

Mirdita, M.; Schiitze, K.; Moriwaki, Y.; Heo, L.; Ovchinnikov,
S; Steinegger, M. ColabFold - Making Protein Folding
Accessible to All. bioRxiv 2022, DOIL 10.1101/2021.08.15.
456425.

Garcia-Calvo, M.; Peterson, E. P.; Rasper, D. M.; Vaillancourt,
J. P; Zamboni, R; Nicholson, D. W. Thornberry, N. A.
Purification and Catalytic Properties of Human Caspase Family
Members. Cell Death Differ. 1999, 6, 362-369. DOI: 10.1038/s;.
cdd.4400497.

Zhang, L; Moo-Young, M., Chou, C. P. Molecular
Manipulation Associated with Disulfide Bond Formation to
Enhance the Stability of Recombinant Therapeutic Protein.
Protein Expr. Purif. 2011, 75, 28-39. DOIL: 10.1016/j.pep.2010.
08.006.

Franey, H.; Brych, S. R; Kolvenbach, C. G.; Rajan, R. S.
Increased Aggregation Propensity of IgG2 Subclass over IgGl:
role of Conformational Changes and Covalent Character in
Isolated Aggregates. Protein Sci. 2010, 19, 1601-1615. DOI: 10.
1002/pro.434.

Tang, P; Tan, Z; Ehamparanathan, V.; Ren, T.; Hoffman, L;
Du, C; Song, Y; Tao, L; Lewandowski, A; Ghose, S.; et al.
Optimization and Kinetic Modeling of Interchain Disulfide
Bond Reoxidation of Monoclonal Antibodies in Bioprocesses.
MAbs. 2020, 12, 1829336. DOIL 10.1080/19420862.2020.
1829336.

Chandler, D. Interfaces and the Driving Force of Hydrophobic
Assembly. Nature 2005, 437, 640-647. DOI: 10.1038/
nature04162.

Sedov, L; Magsumov, T. The Gibbs Free Energy of Cavity
Formation in a Diverse Set of Solvents. J. Chem. Phys. 2020,
153, 134501. DOI: 10.1063/5.0021959.

Guo, J; Carta, G. Unfolding and Aggregation of Monoclonal
Antibodies on Cation Exchange Columns: effects of Resin Type,
Load Buffer, and Protein Stability. J. Chromatogr. A 2015, 1388,
184-194. DOI: 10.1016/j.chroma.2015.02.047.

Povarova, O. L; Kuznetsova, I. M.; Turoverov, K. K. Differences
in the Pathways of Proteins Unfolding Induced by Urea and

Guanidine Hydrochloride: molten Globule State and
Aggregates. PLoS One. 2010, 5, €15035. DOI: 10.1371/journal.
pone.0015035.

Syed, S. B; Khan, F. I; Khan, S. H; Srivastava, S.; Hasan,
G. M, Lobb, K. A, Islam, A. Hassan, M. I; Ahmad, F.
Unravelling the Unfolding Mechanism of Human Integrin
Linked Kinase by GdmCl-Induced Denaturation. Int. J. Biol.
Macromol. 2018, 117, 1252-1263. DOI: 10.1016/j.ijbiomac.2018.
06.025.

Swaminathan, R.; Ravi, V. K; Kumar, S.; Kumar, M. V.
Chandra, N. Lysozyme: A Model Protein for Amyloid Research.
Adv Protein Chem Struct Biol 2011, 84, 63-111.

Bondos, S. E; Bicknell, A. Detection and Prevention of Protein
Aggregation before, during, and after Purification. Anal
Biochem. 2003, 316, 223-231. DOI: 10.1016/S0003-
2697(03)00059-9.

Dotson, P. P; 2nd Karakashian, A. A.; Nikolova-Karakashian,
M. N. Neutral Sphingomyelinase-2 is a Redox Sensitive
Enzyme: role of Catalytic Cysteine Residues in Regulation of
Enzymatic Activity through Changes in Oligomeric State.
Biochem. J. 2015, 465, 371-382. DOI: 10.1042/BJ20140665.

Liu, H; May, K. Disulfide Bond Structures of IgG Molecules:
structural Variations, Chemical Modifications and Possible
Impacts to Stability and Biological Function. MAbs. 2012, 4,
17-23. DOI: 10.4161/mabs.4.1.18347.

Grassi, L.; Cabrele, C. Susceptibility of Protein Therapeutics to
Spontaneous Chemical Modifications by Oxidation, Cyclization,
and Elimination Reactions. Amino Acids. 2019, 51, 1409-1431.
DOI: 10.1007/s00726-019-02787-2.

Poole, L. B. The Basics of Thiols and Cysteines in Redox
Biology and Chemistry. Free Radic. Biol. Med. 2015, 80,
148-157. DOLI: 10.1016/j.freeradbiomed.2014.11.013.


https://doi.org/10.1016/j.nbt.2022.07.002
https://doi.org/10.3390/biom10121592
https://doi.org/10.1002/jctb.6666
https://doi.org/10.1002/jctb.6666
https://doi.org/10.1074/jbc.M304895200
https://doi.org/10.1074/jbc.M304895200
https://doi.org/10.1002/prot.25950
https://doi.org/10.1038/s41586-021-03819-2
https://doi.org/10.1101/2021.10.04.463034
https://doi.org/10.1101/2021.08.15.456425
https://doi.org/10.1101/2021.08.15.456425
https://doi.org/10.1038/sj.cdd.4400497
https://doi.org/10.1038/sj.cdd.4400497
https://doi.org/10.1016/j.pep.2010.08.006
https://doi.org/10.1016/j.pep.2010.08.006
https://doi.org/10.1002/pro.434
https://doi.org/10.1002/pro.434
https://doi.org/10.1080/19420862.2020.1829336
https://doi.org/10.1080/19420862.2020.1829336
https://doi.org/10.1038/nature04162
https://doi.org/10.1038/nature04162
https://doi.org/10.1063/5.0021959
https://doi.org/10.1016/j.chroma.2015.02.047
https://doi.org/10.1371/journal.pone.0015035
https://doi.org/10.1371/journal.pone.0015035
https://doi.org/10.1016/j.ijbiomac.2018.06.025
https://doi.org/10.1016/j.ijbiomac.2018.06.025
https://doi.org/10.1016/S0003-2697(03)00059-9
https://doi.org/10.1016/S0003-2697(03)00059-9
https://doi.org/10.1042/BJ20140665
https://doi.org/10.4161/mabs.4.1.18347
https://doi.org/10.1007/s00726-019-02787-2
https://doi.org/10.1016/j.freeradbiomed.2014.11.013

[24]

[25]

[26]

(27]

(28]

[29]

(30]

(32]

(33]

(36]

(37]

Trivedi, M. V.; Laurence, J. S.; Siahaan, T. J. The Role of Thiols
and Disulfides on Protein Stability. Curr. Protein Pept. Sci.
2009, 10, 614-625. DOI: 10.2174/138920309789630534.
Matsarskaia, O.; Roosen-Runge, F.; Lotze, G.; Moller, J;
Mariani, A,; Zhang, F.; Schreiber, F. Tuning Phase Transitions
of Aqueous Protein Solutions by Multivalent Cations. Phys.
Chem. Chem. Phys. 2018, 20, 27214-27225. DOI: 10.1039/
c8cp05884a.

Jakob, L. A.; Beyer, B, Janeiro Ferreira, C; Lingg, N,;
Jungbauer, A.; Tschelieflnig, R. Protein-Protein Interactions and
Reduced Excluded Volume Increase Dynamic Binding Capacity
of Dual Salt Systems in Hydrophobic Interaction
Chromatography. J. Chromatogr. A 2021, 1649, 462231. DOL
10.1016/j.chroma.2021.462231.

Arakawa, T.; Kita, Y. Protection of Bovine Serum Albumin
from Aggregation by Tween 80. ] Pharm Sci 2000, 89, 646-651.
DOI: 10.1002/(SICI)1520-6017(200005)89:5<646::AID-JPS10>3.
3.COs2-A.

Wang, W. Instability, Stabilization, and Formulation of Liquid
Protein Pharmaceuticals. Int. J. Pharm. 1999, 185, 129-188.
DOI: 10.1016/S0378-5173(99)00152-0.

Charman, S. A,; Mason, K. L.; Charman, W. N. Techniques for
Assessing the Effects of Pharmaceutical Excipients on the
Aggregation of Porcine Growth Hormone. Pharm. Res. 1993,
10, 954-962.

Fekete, S.; Beck, A.; Veuthey, J. L; Guillarme, D. Theory and
Practice of Size Exclusion Chromatography for the Analysis of
Protein Aggregates. J. Pharm. Biomed. Anal. 2014, 101,
161-173. DOI: 10.1016/j.jpba.2014.04.011.

Ye, H. Simultaneous Determination of Protein Aggregation,
Degradation, and Absolute Molecular Weight by Size Exclusion
Chromatography-Multiangle Laser Light Scattering. Anal.
Biochem. 2006, 356, 76-85. DOI: 10.1016/j.ab.2006.05.025.
Achilli, C; Ciana, A; Minetti, G. Oxidation of Cysteine-Rich
Proteins during Gel Electrophoresis. J. Biol. Methods. 2018, 5,
e104. DOL: 10.14440/jbm.2018.275.

Housmans, J. A. J; Wu, G.; Schymkowitz, J.; Rousseau, F. A
Guide to Studying Protein Aggregation. Febs J. 2021. DOI: 10.
1111/febs.16312.

Tarmann, C.; Jungbauer, A. Adsorption of Plasmid DNA on
Anion Exchange Chromatography Media. J. Sep. Sci. 2008, 31,
2605-2618. DOI: 10.1002/js5¢.200700654.

Carta, G.; Jungbauer, A. Protein Chromatography: Process
Development —and  Scale-Up;  Editor Ed.oEds.; Protein
Chromatography: ~ Process Development and  Scale-Up,
Weinheim, Germany, 2010.

Chung, W. K;; Russell, B;; Yang, Y.; Handlogten, M.; Hudak, S;
Cao, M.; Wang, J.; Robbins, D.; Ahuja, S; Zhu, M. Effects of
Antibody Disulfide Bond Reduction on Purification Process
Performance and Final Drug Substance Stability. Biotechnol.
Bioeng. 2017, 114, 1264-1274. DOIL: 10.1002/bit.26265.
Schneider, C. P.; Shukla, D.; Trout, B. L. Arginine and the
Hofmeister Series: The Role of Ion-Ion Interactions in Protein

(38]

(39]

[40]

[41]

[42]

(43]

[44]

[45]

[46]

(47]

PREPARATIVE BIOCHEMISTRY & BIOTECHNOLOGY 15

Aggregation Suppression. J. Phys. Chem. B 2011, 115,
7447-7458. DOI: 10.1021/jp111920y.

Balamurugan, K. Prakash, M. Subramanian, V. Theoretical
Insights into the Role of Water Molecules in the Guanidinium-
Based Protein Denaturation Process in Specific to Aromatic
Amino Acids. J. Phys. Chem. B 2019, 123, 2191-2202. DOI: 10.
1021/acs.jpcb.8b08968.

Godfrin, P. D.; Zarraga, 1. E; Zarzar, J; Porcar, L; Falus, P.;
Wagner, N. J; Liu, Y. Effect of Hierarchical Cluster Formation
on the Viscosity of Concentrated Monoclonal Antibody
Formulations Studied by Neutron Scattering. J. Phys. Chem. B
2016, 120, 278-291. DOI: 10.1021/acs.jpcb.5b07260.

Lingg, N.; Ohlknecht, C.; Fischer, A.; Mozgovicz, M.; Scharl, T ;
Oostenbrink, C.; Jungbauer, A. Proteomics Analysis of Host
Cell  Proteins  after  Immobilized  Metal  Affinity
Chromatography: Influence of Ligand and Metal Ions. J.
Chromatogr. A 2020, 1633, 461649. DOI: 10.1016/j.chroma.
2020.461649.

Riguero, V.; Clifford, R; Dawley, M.; Dickson, M.; Gastfriend,
B.; Thompson, C.; Wang, S.-C; O’Connor, E. Immobilized
Metal Affinity Chromatography Optimization for Poly-
Histidine Tagged Proteins. J. Chromatogr. A 2020, 1629,
461505. DOI: 10.1016/j.chroma.2020.461505.

Zhang, C.; Fredericks, D.; Longford, D.; Campi, E.; Sawford, T ;
Hearn, M. T. Changed Loading Conditions and Lysate
Composition Improve the Purity of Tagged Recombinant
Proteins with Tacn-Based IMAC Adsorbents. Biotechnol. J.
2015, 10, 480-489. DOI: 10.1002/biot.201400463.

Santarino, I. B.; Oliveira, S. C. B,; Oliveira-Brett, A. M. Protein
Reducing Agents Dithiothreitol and Tris(2-
Carboxyethyl)Phosphine ~ Anodic ~ Oxidation.  Electrochem.
Commun. 2012, 23, 114-117. DOI: 10.1016/j.elecom.2012.06.
027.

Rathore, A. S.; Bade, P.; Joshi, V.; Pathak, M.; Pattanayek, S. K.
Refolding of Biotech Therapeutic Proteins Expressed in
Bacteria: review. J. Chem. Technol. Biotechnol. 2013, 88,
1794-1806. DOI: 10.1002/jctb.4152.

Beyer, B.; Jungbauer, A. Conformational Changes of Antibodies
upon Adsorption onto Hydrophobic Interaction
Chromatography Surfaces. J. Chromatogr. A 2018, 1552, 60-66.
DOI: 10.1016/j.chroma.2018.04.009.

Muca, R; Kolodziej, M.; Piatkowski, W.; Carta, G.; Antos, D.
Effects of Negative and Positive Cooperative Adsorption of
Proteins on Hydrophobic Interaction Chromatography Media.
J. Chromatogr. A 2020, 1625, 461309. DOI: 10.1016/j.chroma.
2020.461309.

Guo, J.; Zhang, S.; Carta, G. Unfolding and Aggregation of a
Glycosylated Monoclonal Antibody on a Cation Exchange
Column. Part I Chromatographic Elution and Batch
Adsorption Behavior. J. Chromatogr. A 2014, 1356, 117-128.
DOI: 10.1016/j.chroma.2014.06.037.


https://doi.org/10.2174/138920309789630534
https://doi.org/10.1039/c8cp05884a
https://doi.org/10.1039/c8cp05884a
https://doi.org/10.1016/j.chroma.2021.462231
https://doi.org/10.1002/(SICI)1520-6017(200005)89:5646::AID-JPS103.3.CO;2-A
https://doi.org/10.1002/(SICI)1520-6017(200005)89:5646::AID-JPS103.3.CO;2-A
https://doi.org/10.1016/S0378-5173(99)00152-0
https://doi.org/10.1016/j.jpba.2014.04.011
https://doi.org/10.1016/j.ab.2006.05.025
https://doi.org/10.14440/jbm.2018.275
https://doi.org/10.1111/febs.16312
https://doi.org/10.1111/febs.16312
https://doi.org/10.1002/jssc.200700654
https://doi.org/10.1002/bit.26265
https://doi.org/10.1021/jp111920y
https://doi.org/10.1021/acs.jpcb.8b08968
https://doi.org/10.1021/acs.jpcb.8b08968
https://doi.org/10.1021/acs.jpcb.5b07260
https://doi.org/10.1016/j.chroma.2020.461649
https://doi.org/10.1016/j.chroma.2020.461649
https://doi.org/10.1016/j.chroma.2020.461505
https://doi.org/10.1002/biot.201400463
https://doi.org/10.1016/j.elecom.2012.06.027
https://doi.org/10.1016/j.elecom.2012.06.027
https://doi.org/10.1002/jctb.4152
https://doi.org/10.1016/j.chroma.2018.04.009
https://doi.org/10.1016/j.chroma.2020.461309
https://doi.org/10.1016/j.chroma.2020.461309
https://doi.org/10.1016/j.chroma.2014.06.037

