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Resumo

Atualmente, a purificacdo de proteinas é tipicamente o aspeto mais dispendioso de um
processo bio farmacéutico. A cromatografia de troca ionica (IEC), que se baseia na adsorcao
de proteinas numa resina ou suporte cromatografico, € provavelmente o método mais
utilizado na purificacdo destas proteinas devido a exibir uma grande capacidade de ligacdo

para estas biomoléculas.

Ao investigar os diferentes eventos envolvidos na adsorcao de proteinas desenvolve-se o
conhecimento sobre o comportamento de proteinas em superficies, o qual pode ser aplicado
na purificacdo destas moléculas, bem como para uso em estudos biofisicos com base em

fenomenos de reconhecimento molecular.

A microcalorimetria de fluxo (FMC) tem provado ser uma abordagem eficaz para medicoes de
sinais de calor em tempo real, inerentes ao processo de adsorcao que ocorre dentro de um
sistema de cromatografia. Por conseguinte, permite uma melhor compreensao das forcas que

impulsionam o processo de adsorcao.

O presente estudo tenta elucidar e comparar o mecanismo de adsorcdo de uma proteina
modelo de alto peso molecular, seroalbumina bovina (BSA), em varios suportes
cromatograficos de troca ionica disponiveis comercialmente, usando a técnica de FMC. Os
suportes cromatograficos estudados carregados positivamente foram Toyopearl DEAE 650M,
Toyopearl GigaCap Q-650M e TSKgel SuperQ 5PW. Sendo que a tecnologia de fixacao de
ligandos usada no seu fabrico difere. Além disso, por ser um suporte cromatografico
carregado negativamente e ter a mesma carga que a BSA nas condicoes em estudo, o TSKgel
SP 5PW foi utilizado esperando uma interacdo primaria mais fraca entre o suporte e a BSA. O
estudo teve o objetivo de avaliar as diferencas termodinamicas e foi uma tentativa para

compreender forcas mais fracas presentes no mecanismo de interacao.

Os dados obtidos com uso de microcalorimetria de fluxo juntamente com as isotérmicas de
adsorcao ilustraram uma série de eventos cronoldgicos que ocorreram durante a adsorcao da
BSA nos suportes cromatograficos usados. Estes eventos incluiram: a libertacao de moléculas
de agua e ides da superficie do suporte e da proteina; alteracdes conformacionais da
proteina; “activated jump”; “chain delivery”; e desorcdo. Foi observado que estes eventos
tiveram diferentes magnitudes quando se compararam os diferentes suportes cromatograficos
de carga positiva, apesar de mostrarem o mesmo perfil de calor no termograma proveniente
dos ensaios de FMC. Em condicoes de “nado-ligacao”, isto &, com ligandos do TSKgel SP 5PW e

com a proteina ambos carregados negativamente, o perfil do termograma mudou
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completamente. No entanto, na presenca de 50 mM de cloreto de sédio, o comportamento
dos perfis observados foi semelhante aos obtidos com os suportes cromatograficos de carga
positiva.

Os estudos efetuados usando suportes cromatograficos carregados positivamente e TSKgel SP
com a presenca de 50 mM de cloreto de sddio mostraram entalpias de calor positivas aquando
do contacto da proteina com o suporte. Assim, nestes casos, 0 mecanismo de adsorcdo foi
considerado ser conduzido entropicamente, o que da muito mais importancia a troca de
moléculas de agua e ides neste complexo processo. Por outro lado, em ensaios onde o suporte
TSKgel SP é usado na auséncia de sal, o calor de adsorcéo total é negativo, o que significa que

neste caso a adsorcédo é conduzida entalpicamente.

Palavras-chave

Microcalorimetria de fluxo, Seroalbumina bovina, mecanismo de adsorcao, troca ionica
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Resumo alargado

Atualmente, a purificacdo de proteinas é tipicamente o aspeto mais dispendioso de um

processo bio farmacéutico.

Cromatografia de troca ionica (IEC), que se baseia na adsor¢ao de proteinas numa resina ou
suporte cromatografico, € provavelmente o método mais utilizado na purificacdo destas
proteinas devido a exibir uma grande capacidade de ligacdo para estas biomoléculas. A
purificacdo de proteinas é altamente importante para o seu posterior uso terapéutico, e

também como para estudos das suas funcoes e estrutura.

A adsorcao de proteinas em qualquer superficie € um processo altamente complexo, e é
controlado por varios subprocessos com efeitos sinérgicos e antagonicos provenientes de

diferentes tipos de forcas (Figure 1).
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Figure 1 - Esquema simplificado das interacdes possivelmente envolvidas num mecanismo de adsorcao

de proteinas em suportes cromatograficos. Adaptado de '

Ao investigar os diferentes eventos envolvidos na adsorcdao de proteinas desenvolve-se o
conhecimento sobre o comportamento de proteinas em superficies que pode ser aplicado
tanto na purificacdo destas moléculas, como também no desenvolvimento de estudos

biofisicos com base em fendomenos de reconhecimento molecular.

A microcalorimetria de fluxo (FMC) tem provado ser uma abordagem eficaz para medicoes de

sinais de calor em tempo real inerentes a processos de adsorcao e desorcao que ocorrem



dentro de um sistema cromatografico. Por conseguinte, permite uma melhor compreensao
das forcas que impulsionam o processo de adsorcdo, sem interferir com as proprias moléculas

e com o processo de adsorcao.

O presente estudo tenta elucidar e comparar o mecanismo de adsorcao de uma proteina
modelo de alto peso molecular, seroalbumina bovina (BSA), em varios suportes
cromatograficos de troca ionica disponiveis comercialmente usando a técnica de FMC. Os
suportes cromatograficos estudados carregados positivamente foram Toyopearl DEAE 650M,
Toyopearl GigaCap Q-650M e TSKgel SuperQ 5PW. Sendo que a tecnologia de fixacao de
ligandos usada no seu fabrico difere. Além disso, por ser um suporte cromatografico
carregado negativamente e ter a mesma carga que a BSA, nas condicées em estudo, o TSKgel
SP 5PW foi utilizado esperando uma interacao primaria mais fraca entre o suporte e a BSA. O
estudo teve o objetivo de avaliar as diferencas termodinamicas e foi uma tentativa para

compreender forcas mais fracas presentes no mecanismo de interacao.

Os dados obtidos com uso de microcalorimetria de fluxo juntamente com as isotérmicas de
adsorcao ilustraram uma série de eventos cronoldgicos que ocorreram durante a adsorcao da
BSA nos suportes cromatograficos usados. Estes eventos incluiram: a libertacdo de moléculas
de agua e ides da superficie do suporte e da proteina; alteragdes conformacionais da
proteina; “activated jump”; “chain delivery”; e desorcao (Figure 2). Foi observado que estes
eventos tiveram diferentes magnitudes quando se compararam os diferentes suportes
cromatograficos de carga positiva, apesar de mostrarem o mesmo perfil de calor no

termograma proveniente de ensaios de FMC.
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Figure 2 - Esquema de mecanimos de transporte presents em suportes cromatograficos de troca ionica.
(Cima) Mecanismo de “activated jump” presente em todos os suportes de troca ionica e (Baixo)
mecanismo de “chain delivery” presente em suportes em cadeias com grafting. Adaptado de ?



E as alteracdes conformacionais da proteina parecem ser maiores quando os suportes
cromatograficos possuem uma disposicdao bidimensional dos ligandos (sem “grafting”), devido

a aumentarem a sua area de contacto apés um espalhamento pela superficie.

Em condicdes de “nao-ligacdo”, isto €, com ligandos do TSKgel SP 5PW e com proteina ambos
carregados negativamente, o perfil do termograma mudou completamente. No entanto, na
presenca de 50 mM de cloreto de sddio, o comportamento dos perfis observados foi

semelhante aos obtidos com os suportes cromatograficos de carga positiva.

Os estudos efetuados usando suportes cromatograficos carregados positivamente e TSKgel SP
com a presenca de 50 mM de cloreto de sodio mostraram apresentar entalpias positivas
aquando do contacto da proteina com o suporte. Assim, o mecanismo de adsorcdo foi
considerado ser conduzido devido a fatores entrépicos, o que da muito mais importancia a
troca de moléculas de agua e ibes neste complexo processo. Por outro lado, ensaios com o
suporte TSKgel SP na auséncia de sal, o calor de adsorcao total observado é negativo, o que

significa que neste caso a adsorcao é conduzida entalpicamente.

Tendo tudo em consideracao, este trabalho consiste em mais um passo para a elucidacao do
complexo processo que € a adsorcao de proteinas. Modelos teodricos, semi-empiricos e futuras
simulacées computacionais relacionadas com o mecanismo de adsorcao, especialmente de
moléculas com alto peso molecular, devem contabilizar os efeitos acima referidos, bem como
as interacoes primarias. A combinacdo destas abordagens com investigacées experimentais
poderda futuramente conduzir para a possibilidade do desenvolvimento de suportes
cromatograficos mais rapidos, eficazes e com melhores rendimentos. Com o objetivo final de
simplificar e diminuir os custos associados & producdo biotecnoldgica de biomoléculas com

interesse farmacéutico.
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Abstract

Nowadays, protein purification is typically the most laborious and more expensive aspect of a
biopharmaceutical process. lon exchange chromatography is probably the most used method

in protein purification due to displaying the highest binding capacities for these biomolecules.

Protein adsorption onto any surface is a complex process that is controlled by a number of
subprocesses with synergistic and antagonistic effects of different types of forces.
Investigation of the events involved in protein adsorption promotes knowledge development

on protein and surfaces behavior.

Flow microcalorimetry (FMC) has proven to be an effective approach to real-time heat signal
measurements of adsorption and desorption events occurring inside a chromatographic
system. Therefore, it allows a better understanding of the forces that drive the adsorption

process without interfering with the system like the majority of used techniques.

The present study tries to elucidate and compare the mechanism of protein adsorption,
namely bovine serum albumin, onto several commercially available charged resins using the
FMC technique. The studied anion exchangers were Toyopearl DEAE 650M, Toyopearl GigaCap
Q-650M, and TSKgel SuperQ 5PW. Being ligand attachment technology one of the differences
between them. Also, although being a cation exchanger and having the same charge as BSA
under the working conditions, TSKgel SP 5PW was used expecting a weaker primary
interaction between BSA and the resin in order to evaluate the thermodynamic differences

and to try to understand weaker forces of the inherited mechanism.

Flow microcalorimetry data coupled with equilibrium binding isotherms illustrated a series of
chronological events that occurred during BSA adsorption onto the used resins, including resin
and protein dehydration, protein conformational alterations, protein activated jump, chain
delivery, and desorption. These events were found to have different magnitudes when

comparing the anion exchangers in spite of showing the same heat profile.

In “non-binding conditions”, i.e., with TSKgel SP 5PW negative ligands and negative net
protein charge, the thermogram profile completely changed. However, in the presence of 50

mM NaCl, the observed peak behavior was similar to those observed with anion exchangers.

The studied anion exchangers and TSKgel SP with 50 mM NaCl presented positive heat
enthalpies when the protein was flowing through the FMC cell. Hence, the mechanism of
adsorption was considered to be entropically driven, which gives much more importance to

counter-ion and water molecules role in this complex process. On the other hand, with TSKgel
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SP in the absence of salt, the adsorption net heat is negative, meaning that in this case

adsorption is enthalpically driven.

All things considered, this work consisted on another step for the elucidation of the complex
protein adsorption process. Theoretical, empirical models and future computational
simulations of adsorption equilibrium should account for these complex effects, as well as the
primary interactions.

Keywords

Flow microcalorimetry, Bovine serum albumin, adsorption mechanism, ion exchange.
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Chapter 1 - Introduction

1.1 Importance of protein purification

Proteins are complex molecules composed of amino acids. These have the most dynamic and
diverse roles than any other macromolecule in the animal body. Some of their functions
include: catalysis of biochemical reactions; formation of receptors and channels in
membranes; giving intracellular and extracellular scaffolding support; and transportation of
molecules within a cell or from one organ to another ®. Formerly, protein therapeutics was a
rarely used subset of medical treatments. Nevertheless, its application has increased
dramatically since the introduction of the first recombinant protein, human insulin, 35 years
ago *. Recombinant proteins are produced through recombinant deoxyribonucleic acid (DNA)
technology, which involves inserting the protein encoding DNA into bacterial, yeast, vegetal,
insect or mammalian cells, expressing the protein in these cells and then purifying the
protein of interest from them. Many biological medical products such as monoclonal
antibodies and biosynthetic human insulin are examples of recombinant protein therapies °.
Purified proteins are used in disease treatments in which have several advantages over small-

molecule drugs 3, such as:

e High specific and complex set of functions that chemical compounds cannot mimic.

e Less potential for protein-based therapies interfere with normal biological processes
and cause adverse effects due to the fact that proteins are highly specific.

e Replacement treatment in diseases that have a mutated gene. Since gene therapy is

not currently available for most genetic disorders.

Molecules used in recombinant protein therapies are required to have a very high degree of
purity. This purification process is also vital for studies of the function, structure and
interactions of the protein of interest. There are several steps involved in the acquisition of a
specific purified protein from a mixture. These steps may separate the protein from non-
protein parts of the mixture in a prior stage, and finally separate the chosen protein from all
other proteins with a desired purity. Separation of one protein from others is typically the

most laborious aspect of protein purification ©

. This or these separation steps may be
accomplished with liquid chromatography due to its proven efficiency, specificity and the
lack of better techniques. Liquid chromatography technique can exploit differences in protein

size, physico-chemical properties, binding affinity and biological activity.



1.2 Liquid-solid chromatography contemporary viewpoint

Liquid-solid chromatography (LC) is as a process that employs a fixed-bed of a solute-
interacting material, known as the stationary phase, to separate a mixture of components
that are carried by a fluid phase, known as the mobile phase. Liquid-solid chromatography
includes a variety of interaction mechanisms and modes of operation for the separation of
mixtures, but in all cases the mixture of components that are to be separated must interact
differently with the stationary phase and the mobile phase. Figure 3 shows a scheme of a
conventional column liquid chromatography (A) and a continuous annular chromatography (B)

currently used in laboratories and in some industries °.
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Figure 3 - Schematics of a conventional column chromatography (A) and continuous annular
chromatography (B) mostly used in biotechnological industries. The process is two dimensional in both
cases. Adapted from ©.

The purpose of chromatography is not always purification, it can be also used for analytical

applications:

e In preparative chromatography the objective is to obtain one isolated pure substance
for posterior use ’.

e In analytical chromatography the main objective is the separation of molecules with
the final objective of analysis, quantification, identification ® as well as studies of the

protein's structure °, post-translational modifications " and function *'';

The present work will focus only in preparative chromatography.



Contemporary liquid-solid chromatography can be divided, based on the type of stationary

phase ligate nature, into several branches (summarized Table 1).

Size exclusion chromatography (SEC) is grounded on non-adsorptive phenomena of proteins
enabling separation of molecules based on the difference in its retention factors dependent

on the molecule size 2.

Reversed phase chromatography (RPC) uses hydrophobic ligands that bind strongly with
hydrophobic molecules or moieties in proteins ©. The elution is mainly performed with water-
miscible organic solvents, which have non-polar characteristics in order to reduce protein
interaction with the stationary phase. Unfortunately, that may cause protein denaturation
due to high hydrophobicity, leading to the usually irreversible exposure of hydrophobic
moieties that are in the interior of the globular protein. This is one of the major
disadvantages of this type of stationary phases used in preparative chromatography. However,
RPC is very popular for chromatographic analytical purposes ®'2.

Another branch based on hydrophobic ligands is hydrophobic interaction chromatography
(HIC). The hydrophobic ligands are presumed to interact with hydrophobic side chains of the
protein. The hydrophobic character of a protein is promoted in presence of anti-chaotropic
salts. The salt changes the hydration shell of both, the protein and the ligand, which
promotes hydrophobic interaction forces (the so called salting out effect). Salt may also in
some cases alter the conformational structure of proteins '2. The elution in HIC is achieved by
decreasing salt concentrations instead of using organic solvents, which makes this approach

much more attractive to preparative chromatography.

Ligands that have the ability to recognize one of the structural motifs of a molecule are used
in what is called biospecific or affinity chromatography. This interaction can be extremely
specific and the ligand will interact with only one type of molecule, or the ligand can be
designed so that it recognizes a group of structurally similar molecules. Nevertheless, if the
adsorption is too strong it will make it too difficult to desorb the target protein from the

column.



lon exchange chromatography (IEC) is probably the most used liquid chromatographic method

in protein purification due to displaying the highest binding capacities for these biomolecules

3. It was indicated that about 40% of chromatographic steps for protein purification are IEC,

on an average of three chromatographic steps in the process ™. IEC is based on the binding of

proteins to charged groups immobilized on the solid phase which are in equilibrium with free

counter-ions in the mobile phase. Table 2 and Table 3 refer the present-day most common

ligands used in IEC.

Table 1

proprieties. Adapted from °.

- Branches of liquid chromatography based on stationary phase ligand and mobile phase

Stationary phase

Mobile phase Branch Acronym
ligate
None Aqueous Size exclusion SEC
Hydrophobic Normally a water-organic solvent Reversed phase RPC
mixture. Elution with increasing
percentage of organic solvent.
Mildly hydrophobic | Normally an aqueous solution with high Hydrophobic HIC
anti-chaotropic salt concentration. interaction
Elution with decreasing salt
concentrations
Charged Normally an aqueous solution with low lon exchange IEC
salt concentration. Elution by increasing
salt concentrations
Biospecific Aqueous. Elution varies with the system Affinity/biospecific AC/BIC

interaction

Table 2 - List of most used ion-exchange ligands on current chromatographic systems and its structure.

Adapted from ™.

Ligand name Acronym Structure of ligand Strength
Quaternary )

) Q -O-CH,;N*(CH3)s Strong anion exchanger
ammonium
Diethylaminoethyl DEAE -0-CH,CH,NH(CH,CHs), Weak anion exchanger
Carboxymethyl ™M -0-CH,CO0 Weak cation exchanger
Sulfopropyl SP -0-CH,CHOHCH,0CH,CH,CH,S0* Strong cation exchanger
Methyl sulfonate S -0-CH,CHOHCH,0CH,CHOHCH,S0* Strong cation exchanger




Table 3 Charge of the ligand on different values of solution pH. Adapted from ™.

Charge of the ligand dependent on the solution pH

Ligand Acronym

<2 2-2.5 2.5-3 3-5 5-7 7-10 10-11 >11
Quaternary Q
ammonium

Diethylaminoethyl | DEAE

Carboxymethyl o

Sulfopropyl SP
Methyl sulfonate S

In this process of adsorption the counter-ions are exchanged with the charged protein, hence
the name ion exchange chromatography. Charged amino acid residues located in the protein
surface and other several types of surface modifications that alter the surface charge
properties (namely charged groups which are post-translationally attached to proteins) are
believed to be responsible for the adsorption process "2, see Figure 4. Some post-translation
modifications that contribute greatly for the protein surface charge are shown in Table 4 as an

example.

Figure 4 - Qualitative electrostatic representation of bovine serum albumin (BSA) charged surface. The
heterogeneity of charges in this asymmetrical protein is clearly shown. BSA heterogeneous surface is
shown on the lower panel and colored according to the electrostatic potential calculated with PyMOL"
molecular graphics software ignoring solvent screening effect. For electrostatic potential, red is used
for negative (-) and blue for positive (+).



Table 4 - Post-translational modifications contributing to charge properties and charge alterations of

proteins. Adapted from '2.

Residue in which alteration Functional pK Post-translational modifications
occurs Group which alter the charge proprieties
Aspartic Acid Carboxylate 4.5 Phosphate group addition
Tyrosine Phenolic 9.7 O-sulfate. O-5’-adenylate, O-
hydroxyl phosphate
Cysteine Thiol 9.3 S-glucosyl, S-galactosyl, S-phosphate
9 Lysine Amino 10.4 N-methyl (mono, di), N-acetyl, N-
§ ADP-ribosyl
%n Arginine Guanidino 12 w-N-methyl (mono, di), N-ADP-
-f_;j ribosyl.
§ Histidine Imidazol 6.2 N(3)-phosphate
§, a-Amino Amino 6.8-7.9 N-acetyl, N-myristoyl, Schiff base
o with carbohydrates
“; a-Carboxyl Carboxylate 3.5-4.3 Methylation after S-farmesylation of
g subterminal cysteine, glycosyl-
§ phosatidylinositol via phosphor-
E ethanolamine.
Glutamic Acid Carboxylate 4.6 y-Carboxylate
_ Té’ Serine Hydroxyl n.a. 0O-phosphate, Sialoglycosyl
2 ‘é Threonine Hydroxyl n.a. 0O-phosphate, Sialoglycosyl
'% g Asparagine Carboxamide n.a. Sialoglycosyl
§ ‘é’n é’. 5-Hydroxyllysine Hydroxyl n.a. Sialoglycosyl
E 5:5 De,, 4-Hydroxyproline Hydroxyl n.a. Sialoglycosyl




1.3 Protein adsorption process in liquid-solid chromatography

In liquid-solid chromatography, the stationary phase should have the ability to attract the
target substances by what may be considered as a dynamic equilibrium. This equilibrium is
very complex and Figure 5 represents an over-simplified model scheme of the adsorption
mechanism in general chromatography systems. In this model there is an equilibrium where
molecules of the mobile phase, or ions and water molecules in ion exchange chromatography,
are continually being adsorbed and desorbed from the stationary phase. When the protein or
mixture is introduced the equilibrium conditions between the mobile phase and the adsorbed
surface are disturbed, creating a competition for the adsorptive sites on the surface of the
chromatographic support. A stronger affinity between the support and the protein will lead to
more displacement of solvent molecules/ions in favor of the protein molecules. It must be
considered that this scheme is too elementary to represent all the interactions that occur in a
chromatographic system. There are additional interactions between the proteins themselves
and mobile phase molecules/ions that also interact with proteins, this will be covered into
deeper detail later in this work. The magnitude of interaction of a protein with a surface is
governed by the system free energy before and after the interaction and can be attributed to

changes in system enthalpy and entropy 2.

® Protein-solvent
Protein-protein @ interaction

interaction

Solvent-support
interaction

Figure 5 - Simplified scheme of liquid-solid equilibrium interactions in a chromatography system.
Adapted from '



For effective protein retention to occur, the choice of mobile phase must be such that
protein molecules have higher attraction towards the adsorbent than mobile phase molecules.
However, the affinity should not be to strong not to hinder the elution of the target protein

in the elution buffer .

This equilibrium is established under static conditions when the mobile phase is not in motion
and defines the equilibrium binding capacity (EBC). Under dynamic conditions, i.e., when the
mobile phase is flowing through the column, dynamic binding capacity (DBC) dictates packed
columns performance, the DBC is generally related to EBC but is influenced by dispersive

factors, approaching the EBC only for conditions where the column has infinite efficiency ™.

Given these points, it is clear the necessity to understand and further elucidate these

complex interactions that contribute to protein adsorption phenomena.



1.4 Interactions that contribute to protein adsorption

Some of the technological problems regarding the mechanism of adsorption and aggregation

926 combined with

are being studied by using computational molecular simulations
theoretical 7% and experimental investigations >2%3'. As explained before, protein adsorption
at chromatographic surfaces involves various interactions between the protein and surface or
the ligands attached to the surface. The interactions that contribute to protein adsorption
may include, hydrogen bonding, hydrophobic interaction, electrostatic interaction, van der
Waals interaction, coordination bonding and conformational entropy among others, resulting

from the interplay between them ™.
1.4.1 Hydrogen bond

A hydrogen bond is an interaction in which a hydrogen atom is attracted simultaneously by
two electronegative atoms. Hydrogen bonding energy decreases with increasing temperature
and ion strength ', as well as by the presence of chaotropic agents such as urea and
guanidine hydrochloride. According to Norde, contributions from hydrogen bonding (other
than accounted for in the hydrophobic effect) are believed to have only a minor effect on

protein adsorption *2.

Water (H,0)

Hydrogen bond

Ammonia (NH;)

o+

Figure 6 - Example of a hydrogen bond between water and ammonia molecules. (6+) represents positive
partial charges and (3-) represents negative partial charges due to atom electronegativity *.



1.4.2 Hydrophobic Interaction

A solute or moiety is considered hydrophobic if it binds to water more weakly than water

itself 34

. Hydrophobic interaction is caused by redistribution of ordered water molecules
around apolar moieties back into bulk solution that causes the association of apolar parts, as
shown in Figure 7. This association can be between protein-protein hydrophobic parches or

protein-support hydrophobic interaction .

It has been estimated that dehydration of
hydrophobic surfaces results in a reduction in the Gibbs energy of 5-15 mJ.m? 2. This is
mainly due to entropy increase because water molecules get released from the surface of the

protein or the solid phase.

Figure 7 - Scheme of hydrophobic interactions and reorganization of water molecules. Note that the
number of ordered water molecules decreases after the interaction, which makes this process
entropically favorable.

Increasing temperature and/or salt concentration usually causes stronger hydrophobic
interactions. It is known that water molecules have a higher tendency for hydration of the
salt molecules than macromolecules and consequently the presence of the salt can enhance
the hydrophobic interaction because it will reduce the number of water molecules that are

surrounding the proteins *°

, promoting protein adsorption. Salt type also changes the
magnitude of these forces. Anti-chaotropic or cosmotropic salts promotes hydrophobic

interactions °.
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1.4.3 Electrostatic Interaction

Electrostatic phenomena arise from the forces that electric charges exert on each other. Such

forces are described by Coulomb's law.

Figure 8 shows a representation of these forces inside a chromatographic support pore.
Basically, opposite charges attract and similar ones repel each other. When the molecule and
the stationary surface are both charged, electrostatic interaction, attractive or repulsive, can

occur between them.

Figure 8 - Schematic representation of the oriented alighment of proteins induced by like-charged
surfaces. The oriented alignment maximizes the electrostatic repulsions, leading to the inhibition of
protein aggregation. Adapted from 2.

The strength of electrostatic interaction depends on the charge numbers, so it is significantly
affected by both pH and ionic strength. The increase of ionic strength will weaken (screen) or
even completely shield the electrostatic interaction. The increase of temperature reduces
electrostatic effect due to the enhanced thermal motion of molecules and atoms at elevated
temperature °. These forces are also responsible for inhibiting aggregation and refolding of a

protein inside a chromatography column 2.
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1.4.4 Van der Waals interactions

Van der Waals interactions are relatively weak forces of attraction between electrically
neutral molecules that collide with or pass very close to each other. There are still some
contradictions in this area, some authors state that van der Waals interactions hardly
influence adsorption of proteins *2 but newer studies showed that van der Waals forces may
even be the driving force of protein adsorption in chromatographic supports, especially in the
presence of salt '®**%_ These forces have a very limited range of distance (around 0.2 nm)®.
Due to their short range they need the occurrence of previous events, water molecule
displacement due to hydrophobic interaction is one example. For that reason, van der Waals

forces are often considered the major contribution to the hydrophobic interaction *.

However, van der Waals forces are believed to be weaker than most of the other molecular
interactions, usually releasing energy in the order of -6.56 x 10°to -0.03 J.m™, without salt

and with salt respectively %

1.4.5 Coordination Bond

These interactions occur between solid phase metal ions, such as Cu?’, Zn**, Ni**, and Co*
and imidazole group of histidine amino acid from the proteins. It is very specific and can be
weakened with increasing temperature or the presence of chelating agents, e.g.,

ethylenediaminetetraacetic acid (EDTA) due to binding possibility with metal ions .
1.4.6 Conformational Entropy

Adsorption results in the reduction of conformational entropy, so conformational entropy is

'3, Therefore, adsorption takes place only if

thermodynamically unfavorable for adsorption
the loss in conformational entropy is compensated by sufficient attraction between the solute
molecules and the surface or the entropy gained with the release of water molecules to the

bulk solution. This process will be further elucidated in this work.

In summary, protein adsorption is a complex process that is controlled by a number of
subprocesses with synergistic and antagonistic effects of the interactions mentioned above.
These subprocesses of adsorption will be further explained in this chapter. Examinations of
the interactions involved in protein adsorption facilitate the knowledge development and
findings on protein behavior at chromatographic surfaces. Furthermore, knowledge on the
binding behavior of proteins may also provide valuable insight into the molecular mechanisms

of protein-protein or protein-membrane interactions in a biological context 2.
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1.5 Protein surface, orientation and conformational role in
adsorption

The diversity of the amino acids hydrophobicity/hydrophilicity or charged/neutral features
results in an extraordinary structural complexity of protein molecules. Things become more
complex when considering the folding of protein molecules into their secondary and tertiary
structures

Protein folding leads to a heterogeneous surface that can be decomposed into individual
patches exhibiting specific properties. Bovine serum albumin (BSA), for example, consists of
three domains that repeat the a-helix pattern. The BSA molecule is characterized by an
asymmetric charge distribution. Considering the theoretical calculations, domains I, 1l and llI
have charges -9, -7.8 and -1.3, respectively, at pH 7.0 *. Its isoelectric point (pl) is reported
on a pH range from 4.8 to 5.6 “'. Protein behavior at chromatographic surfaces is complex,
often results of interplay of attraction and repulsion of individual patches on the
heterogeneous surface of protein that have diverse properties. At a positively charged
surface, negative charged patches of the protein molecule are attracted and tend to bind to
the surface while the positively charged patches are repulsed away from the surface, see
Figure 9. Similarly, hydrophobic patches of the protein molecule are attracted to a
hydrophobic surface while the hydrophilic patches are repulsed, due to water molecules
movement. Rotation of the protein molecule or conformational alterations are then driven by

attraction and/or repulsion, leading to preferred binding sites on protein %

N\
Preferred
orientation

Heterogeneous
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transitions
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Figure 9 - Schematic diagram of chicken egg white lysozyme (CEWL) orientation at chromatographic
surfaces at pH 7. CEWL heterogeneous surface is shown on the left panel and colored according to the
lipophilic potential or the electrostatic potential. For lipophilic potential, brown is used for hydrophobic
(H) and blue for hydrophilic (P). For electrostatic potential, red is used for positive (+) and purple for
negative (-). Adapted from 2.
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There are a number of factors that contribute to protein conformational transitions. BSA, for
example, has several isomeric forms at different pH values * that are classified as: Extended
(E); Fast migration (F); Normal dominant (N); Basic form (B), see Table 5. Solution pH leads to
charge changes in protein residues, changing a-helix proportion and causing changes in
different physical proprieties like aspect ratio, geometrical shape and total dimensions *°. All

of these changed proprieties may alter the protein binding process.

Table 5 - Bovine serum albumin physical isomers physical parameters. Adapted from *.

BSA Isomers
E (Extended) F (Fast migration) N (Normal) B (Basic)
Physical
Parameters
pH 2.7 4.5 8 10
% a-helix 36 45 55 48
Aspect ratio 11.9 3.2 2.6
Geometrical
) ) Oblate spheroid Prolate Triangle
dimensions
Size (nm) 2.1x2.1x25.0 4.0x4.0x12.9 8.0x8.0x3.0

All things considered, protein adsorption onto any support can be a complicated process
influenced by pH, temperature, ionic strength, protein conformational changes and the

electrochemical and physical proprieties of both the protein and the solid phase *.
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1.6 Subprocesses of protein adsorption

A comprehensive understanding of the adsorption phenomena, and in particular its molecular
mechanism, is crucial for the research and development of biomolecule chromatography.
Many experimental techniques, for example, atomic force microscopy, nuclear magnetic
resonance, X-ray crystallography, surface plasmon resonance, hydrogen-deuterium isotope
exchange, confocal laser scanning microscopy, and titration calorimetry have been used to
explore the microscopic information of the adsorption processes °. However, none of these
techniques can detect the dynamics of the process, which restricts not only the adsorption
mechanism understanding, but also the ligand design and process optimization .
Nevertheless, some light has been shed on the molecular mechanism of interaction.
According to Yamamoto “ and Hearn 8, the binding process of different biomolecules onto,
respectively, ion exchange and hydrophobic interaction resins can be divided into at least five
subprocesses 342 4:

Dehydration or/and removal of the protein electrical double layer (EDL);
Dehydration or/and removal of the solid phase electrical double layer (EDL);
The interaction between the protein and the solid phase;

The structural rearrangement of the protein upon adsorption;

g AN W N =

Rearrangement of the excluded water or/and ion molecules in bulk solution.

Dehydration or removal of the protein electrical double layer (EDL). EDL theoretical concept
will be further explained in this chapter. Prior to adsorption, water molecules or/and ions
that surround the protein must be partially excluded. It was observed that hydrophobicity of
a protein increases with size and exposed hydrophobicity surface area. Given that, proteins
with larger exposed hydrophobic patches require more energy for this dehydration/de-
counter-ion step. It is important to realize that this dehydration step is an energy consuming
process in which enthalpy of adsorption increases. However, the entropy gain due to more
release of water or ions usually results in higher degrees of freedom and compensates this
unfavorable enthalpic increase '8. This specific subprocess will be further addressed in this

chapter from a thermodynamic point of view.

Dehydration or removing the EDL of the solid phase is necessary for protein adsorption.
Water molecules and ions surrounding the ion exchanger are excluded “ in the same way of
the first subprocess. It will depend on the proprieties of the solid phase, such as electrostatic

state, functional groups and hydrophobicity.

The interaction between the protein and the solid phase. Both electrostatic interactions
and/or nonspecific interactions such as hydrophobic interactions between the protein and ion

exchanger mediated by van der Waals forces, and formation of bonds such as hydrogen
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bonding or formation of coordination complexes can occur. These forces are usually
accompanied by enthalpy release and entropy loss, giving this subprocess an important role in
the determining the magnitude of the total adsorption enthalpy '®*.

The structural rearrangement of the protein upon adsorption. Fourier transform infrared
spectroscopy with attenuated total reflectance (ATR-FTIR) procedures revealed that proteins
undergo a large degree of structural rearrangement in liquid chromatography . These
structural changes are higher in bigger proteins that are considered “soft”, like BSA. Enthalpy
change associated with this process obtained by microcalorimetry for BSA is between 4-10
mJ.m2, which shows that this is an endothermic process (due to being positive), at least in

presence of hydrophobic solid phases .

Rearrangement of the excluded water or ion molecules in bulk solution contributes to the
entropy increase. It is believed that this process is much more important in ion exchange

adsorption mechanism “? than in hydrophobic interaction adsorption 8.

This classification can be used to facilitate interpretation of the enthalpy changes measured
by microcalorimetry or van’t Hoff plot analysis to further elucidate the molecular adsorption

mechanism from a thermodynamic point of view.
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1.7 Thermodynamic aspects of interaction in chromatography

The possibility of a protein to be adsorbed (at constant pressure and temperature) is
determined by the change in standard Gibbs free energy (AG°) of the system, which can be

written for a reversible adsorption process:
AGY = (AH® —TAS%) <0 (1)

where AH® is the standard enthalpy change in the process and AS° is the standard entropy
change. Exothermic events (AH°<0) result in heat released by the system, while endothermic

events (AH°>0) leads to heat absorption.

Paying closer attention, for a process spontaneously occur, AG® must be negative. When the
adsorption process results from an increase in enthalpy (positive values for AH®) the entropic
effects are considered to dominate the adsorption process. In this case, the binding strength
of the protein with the sorbent is generally expected to be enhanced by increases in

temperature, as often occurs in the case of HIC ® and IEC 4%,

Separation of different proteins is achieved by tuning its adsorption affinities for a specific
solid phase. The equilibrium binding affinity constant (K) can be related to the standard Gibbs

free energy (AG°) change for a specific protein-solid phase as:
AG® = —RTInK (2)

where R is the gas constant (8,314462 J.K".mol™") and T is the absolute temperature in
Kelvin. From equation 6 and 5 we can understand that for protein separation to occur, i.e. if
proteins have different values for binding affinity (K), this can be associated with different
AG® values which is related to different enthalpy and entropy values. Proteins can thus be
separated by varying the magnitudes of the respective enthalpy or/and entropy changes,

resulting in different binding affinities and different adsorption free energies changes.

1.7.1 Processes that can contribute to enthalpy and entropy change in IEC

protein adsorption

It has been suggested and theoretically estimated *** that the major contributions to the
entropy change, associated with protein adsorption, are the process of dehydration or/and
the obliteration of the electrical double layer ™. In both processes, changes in the structure
of water play a major (and most likely the dominant) role because immediately prior to
adsorption some of these water, solvent or electrolytes must be excluded to decrease the

distance between the protein and the solid phase so that short-range interactions can occur.
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According to past estimates from 1979 this dehydration step was exothermic (AH<0) °'. We
know now from direct measurements that this is the exception and not the rule. Surface and
protein dehydration, in most cases, requires energy being actually an endothermic process
(AH>0) '?°. For example, solid phases with aromatic hydrocarbons have endothermic
dehydration enthalpies but aliphatic hydrocarbons have negative dehydration enthalpies.
Other studies showed that more hydrophobic proteins need more energy to dehydrate, and
exhibit higher dehydration heats '®. This observation indicated that both protein and solid
phase dehydration is enthalpicaly unfavorable. The adsorption process occurs due to large
entropy gains that compensates that enthalpicaly unfavorable condition. In other words, more
hydrophobic proteins have more ordered water molecules around them, hence the need of
larger energies to remove them. This does not mean that these proteins will have more
difficulty in adsorbing because this energy is later compensated by the higher water molecule
degrees of freedom gained, also known as, entropy gains. It was shown that interaction
between globular proteins and HIC solid phases are dominantly governed by

3233 |t was found that the removal of water from protein

54

hydration/dehydration processes
polar groups carries a large enthalpic penalty which explains the relatively large

dehydration energy necessary.

According to Norde et al. structural rearrangements of proteins upon adsorption also
contribute to entropy changes but not as significant as the hydration/dehydration processes.
These rearrangements are believed to play more important roles in enthalpy changes. Also,
positive AH values were obtained for this subprocess, using flow microcalorimetry when BSA is
adsorbed onto negative charged surfaces '837-%¢

There are other interactions that may have an influence on the enthalpy changes. For
instance, the attractive electrostatic forces between the protein and the charged resin are
expected to generate a larger heat release when compared to the hydrophobic interactions
'8 According to Ross et al., ionic interactions have negative AH or sometimes, slightly positive
AH *. Generally, electrostatic interactions play an important role in determining the
magnitude of the adsorption total enthalpy. However, this does not mean that protein
adsorption in IEC is solely driven by enthalpy changes, as observed by prior studies '®%°%,
More examples of other interactions are the double-layer, Born and hydration repulsion
effects that occur when the diffuse layers start to approach each other. Born and hydration
repulsion forces resulting from the overlapping of electron orbitals difficult the removal of
water molecules from the interfacial region and prevent strong attractive interactions
between the protein and the solid phase. These repulsive forces contribute mostly to the
increase of positive enthalpy change, leading to unfavorable conditions for protein binding .
At the same time, as it will be more precisely mentioned in sub-chapter 1.8, these forces are

of utmost importance to avoid irreversible bounding between the solid phase and protein.
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In summary, Table 6 and Table 7 are presented to assemble all the processes that are
currently believed to be responsible for thermodynamic changes in a chromatographic

system.

Table 6 - Summary of events responsible for thermodynamic changes in a chromatographic system. Note
that some of these events are interconnected and all are highly related.

Enthalpic events Entropic events
EDL overlapping ™ Dehydration and hydration ™
lonic interactions and van der Waals 3% Abolition of EDL '@
Dehydration ¥ Structural rearrangements upon

adsorption (although with a low
Electrostatic interactions 2 significance) 1%

Born and hydration repulsion forces '®
Hydrogen bonding ¥
18,37,50

Structural rearrangements upon adsorption

Interaction between adsorbed proteins 3’

Table 7 - Expected signs of the enthalpic processes based in upon a large body of thermodynamic
results for protein-ligand association in solution and protein-solid phase interaction. Adapted from Ross
etal *

Process AH

Dehydration (partial withdrawal of the water from protein nonpolar groups) | Positive
18,39

Van der Waals **%° Negative

Hydrogen bonding (in low salt medium) * Negative

lonic or electrostatic interaction "% Negative or slightly
positive

Protein protonation ** Negative

Protein conformational changes "> Positive

Reorientation and rotation in IEC solid phase %’ Positive

Repulsive forces between same charges or between hydrophilic moieties and | Positive

hydrophobic groups 2%

Historically, two methods have been employed to obtain information about thermodynamic
quantities associated with liquid chromatographic adsorption: van’t Hoff plots analysis and
microcalorimetric measurements. Despite microcalorimetry enthalpy measurements being
more reliable, they require more demanding experimental operation procedures and skillful

interpretation and are time and reagent consuming .
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1.7.2 Van’t Hoff plot analysis

Van’t hoff analysis is an indirect method to measure thermodynamic quantities associated
with liquid chromatography in which the enthalpy and entropy changes can be obtained by
joining equations 1 and 2 obtaining the following van’t Hoff linear expression:

In(K) =

—AH® (1) AS®
T

7 + 5 @

AH® and AS® may not change linearly with temperature in the case of proteins, making, as
always, the analysis of biomolecules systems more complex. Plotting the natural logarithm of
the retention data, against the inverse of the absolute temperature in Kelvin, as shown on
Figure 10, allows us to calculate the enthalpy and entropy of a given system. Just by
observing the slope we can see if the process in mainly exothermic or endothermic. Also, the
indirect method of van’t Hoff analysis is disabled by the presence of multiple subprocesses

associated with adsorption and thus does not produce representative results of the complex

protein adsorption mechanism, especially in overloaded conditions '®%’.
N
InK Exothermic reaction
—AH®

slope =
P R

0
. ) AS
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>

1

Figure 10 - Examples of two van't Hoff plots for two types of reactions. This linear behavior is rarely
observed when studying biomolecules.

1.7.3 Microcalorimetry techniques

Microcalorimetric techniques have the ability to investigate and enlighten complex adsorption

mechanisms in liquid chromatography based on acquired thermodynamic parameters
29,31,37,42,58-61

There are some discrepancies when thermodynamic values obtained from van’t Hoff analysis
when compared to microcalorimetric data. On the other hand, enthalpy changes from
microcalorimetric data are directly measured opposed to standard-state values from van’t

Hoff analysis. Therefore, direct measurement of protein processes by microcalorimetry is
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more beneficial since these will reflect more heterogeneous circumstances that will prevail in
biological systems '®*. Two techniques may be used to carry out microcalorimetric studies:

isothermal titration calorimetry (ITC) and flow microcalorimetry (FMC).

1.7.3.1 Isothermal titration calorimetry

A decade ago, the isothermal titration calorimeter (ITC) was considered as a specialist
apparatus; few laboratories had access to one and even fewer understood the implications of
much of the data generated. Currently, ITC instruments can be found in hundreds of
laboratories, whose specialities in biological areas range from determining affinities for whole
cellular systems to drug design. This rapid flourishing of the method and widespread
availability of data has dramatically increased our understanding of many systems. It has also
provided crucial data towards improving our ability to predict thermodynamic parameters for

biomolecular processes .

ITC directly measures the enthalpy change for a bimolecular binding interaction at a constant
temperature. This methodology relies upon a differential cell system within the calorimeter
assembly. The reference cell contains only water or buffer, while the sample cell contains the
macromolecule or ligand as well as a stirring device. Injection of the second component into
the sample cell produces heat effects that are due to stirring, dilution of the ligand, dilution

of the macromolecule and the heat of the interaction.

Some examples of biological studies where ITC can be used are: protein-protein and protein-
peptide interactions involved in such diverse processes as cell signalling; alzheimer’s disease;
transcription; chaperones and muscle contraction. In recent years, studies have described the
utility of the technique in the study of protein-drug, drug-DNA, protein-DNA and protein-

carbohydrate interactions ® and as expected, biomolecule-solid phase interactions in

chromatography 18,35,42,43,43-46,58,63.

Nevertheless, ITC based studies present some limitations in understanding adsorption
mechanism in chromatography. An ITC cell does not quite replicate the dynamics of a
chromatographic process nor permits the observation of several substeps during time in the
adsorption process. These disadvantages are overcomed by the more recent use of flow
microcalorimetry (FMC). When protein adsorption involves multiple phenomena, like the ones
previously mentioned, exothermic and endothermic changes have been observed at different

times during the adsorption process, as indicated by the FMC technique #-3"%7,

1.7.3.2 Flow microcalorimetry

Flow microcalorimetry (FMC) as the same objective than ITC, namely the measurement of
enthalpy changes during interaction between two molecules at a constant temperature. Also,
it is an effective approach to real-time heat signal measurements, since evaluates both

adsorption and desorption events occurring in a chromatographic column, thus allowing a
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better understanding of the forces that drive the adsorption process 2%:3":37:48.52,58,59,64.65  p|50

as the reader may see in Figure 11, FMC shares with a chromatographic system the same
mode of operation, therefore the results are expected to represent what really happens in a
chromatographic column. Highly sensitive thermistor sensors, placed in the column volume,
are responsible for measuring very small power changes (107 W). These energy changes are

converted to heats of adsorption using an experimentally determined calibration factor ¥.
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Figure 11 - Schematics of a flow microcalorimetry system and all its constituents.

These characteristics make FMC the only experimental technique to date, that can be used to
in-situ study of molecular adsorption interactions during chromatography. And without
interfering with the thermodynamic and kinetic adsorption equilibrium. This technique has
been used in different types of chromatography, i. e. hydrophobic interaction

29,36,48

chromatography *°, ion exchange chromatography , affinity chromatography ® and with

29,36,37,48,66

several types of biomolecules such as proteins and more recently with pDNA *'.

A typical output from FMC is a graph like the one in Figure 12, which may be called a
thermogram. In essence is a plot of heat in pJ.s” versus time in seconds. The termogram may
be shaped by only negative heats, only positive heats or both. Note that the negative peaks
here represent endothermic events and positive peaks exothermic ones due to the reference

system used. In other words, if the thermistors sense a heat decrease, a negative peak will
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appear, but that energy was transferred/absorbed by the protein-solid phase system,

consequently it will be an endothermic event, because the studied system gained energy.
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Figure 12 - Example of a characteristic thermogram showing an electrical pulse given to the system
(calibration peak) followed by and endothermic and exothermic events. Represented with consent of
the author *’.

Flow microcalorimetric methods allow the measurement of the heat flow during the
chromatographic process for any range of product concentration. Through the knowledge of
the magnitude and chronology of thermal events during and after the biomolecule-adsorbent

interaction, the adsorption mechanism can be elucidated.
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1.8 Theoretical aspects of adsorption mechanism in preparative
chromatography

Maturity of preparative chromatography will be only reached when it is possible to model and
predict its operation for any range of product concentrations. During the last years
researchers have presented several empirical, semi-empirical and theoretical equilibrium

6

models to describe and elucidate molecule adsorption mechanisms . Some of the used

approaches are presented below.

Adsorption equilibria is usually described by the relation between free protein concentration
(C) and the adsorbed protein concentration (Q) in the solid phase. In liquid-solid systems this
relation is temperature dependent, hence usually determined at a constant temperature, so
it is called adsorption isotherm. Adsorption isotherms data is very valuable for process

analysis, design and optimization of adsorption chromatography.

1.8.1 Langmuir model

Among several models, the Langmuir one (equation 1) is the most widely used to explain

adsorptive phenomena in chromatography :

— QNHEC
1+K.C

¢ (%)

where Q, is the maximum adsorption capacity and K, is the association constant of a
molecule to the adsorbent. Maximum adsorption capacity is widely used to compare different
solid phases and molecules. At low protein concentration, if one has K,C << 1, equation 1 can

be reduced to linear isotherm expression (Henry isotherm):

¢ =ml (3)

where m is a constant. Figure 13 shows a graphical representation of an adsorption isotherm
that follows Langmuir model.
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Figure 13 - Adsorption equilibrium isotherm example. Obtained plotting surface concentration of a given
molecule versus the concentration obtained after the equilibrium.

The Langmuir theory from 1918, originally developed for gas adsorption, is advantageous
because of its simplicity and wide applicability. It is based on three essential assumptions
that do not quite hold for the adsorption of biomolecules like proteins: monolayer coverage,
binding sites equivalence, and binding sites independence. Langmuir himself stated the limits
of his now famous equation commenting: “Considering the nature of the simplifying
assumptions made in its derivation it should, of course, not be looked upon as a general

» 4 Nowadays, Langmuir equation is regarded as an

equation of the adsorption isotherm
empirical expression when applied to liquid-solid adsorption systems. In other words,

Langmuir-type behaviors are experimentally observed.

1.8.2 Steric mass action model

Typically, proteins have polyelectrolyte characteristics and their adsorption behaviors are
more complex, as explained before. Protein adsorption depends more on the features of small
regions of the protein surface rather than the surface as a whole, as previously explained.
These contact regions in liquid phase will associate with solvent or counter-ions by solvation
and electrostatic interaction. In ion exchange adsorption these solvent molecules or ions
bound to the protein are displaced, which is assumed to obey a stoichiometric relationship.
The steric mass action model (SMA) has been recognized for taking this ion displacement into
account and focus the salt concentration effect on the adsorption ¢. SMA model also accounts

for the steric shielding effect of binding sites by the bond protein, as described below:

=) s ©

where C; is the salt concentration, z is the characteristic charge of protein, A is the ionic

capacity of the ion exchanger, and ¢ is the steric factor of the protein. The SMA model
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expresses the effect of ionic strength on the adsorption equilibria of a protein to an ion

exchange adsorbent.

Although these models offer a strictly theoretical framework to understand adsorption, it is
usually difficult for a biomolecule obey all the strict assumptions made in the model
development due to biomolecule complexity and adapting capacity. This limits the
applicability of the models in protein chromatography '°. Nonetheless, there are also semi-
empirical thermodynamic models " to describe polypeptide and protein binding to chemically

modified surfaces.

1.8.3 Potential barrier chromatography theory and electrical double layer

In order to adequately discuss adsorption from the viewpoint of the interaction
thermodynamics, a useful starting point is the concept of potential barrier chromatography
(PBC).

Potential barrier chromatography emphasizes the relationship between energy trajectory for
the binding of protein(s) or polypeptide(s) and the overall distances of their approach to the
solid surface. The interaction potential in PBC is a result of added effects like van der Walls

attraction, Born and hydration repulsion and electrical double layer effects.

The electrical double layer (EDL) is a phenomenon on the surface of any charged object when
it is exposed to a fluid with free ions, like in protein solutions. There are two parallel layers
of charged ions surrounding the solid phase and the protein (either positive or negative), see
Figure 14. The first layer, or Stern layer, comprises ions adsorbed onto the solid phase or the
protein. The second layer is composed of ions attracted to the surface charge via Coulomb
force, electrically screened by the first layer. This second layer is loosely associated with the
solid phase or protein, being made of free ions that move in the fluid under the influence of
electric attraction and thermal motion rather than being firmly anchored. It is thus called the
"diffuse layer”. When two different diffuse layers begin to overlap, namely if the protein has
opposite charge of the solid phase, alterations in the distribution of ions result in a negative

free energy change of the system which is a favorable thermodynamic event.

26



Stern layer

Bulk solution

Figure 14 - Electrical double layer scheme of a positively charged molecule. Negative ions are
represented in red and positive charged ions are represented as blue.

In contrast to double layer effect long-range process, the Born effect is a short-range
phenomenon that occurs due to electron orbital overlapping. Hydration repulsion effect arises
from the difficulty in removing water molecules from the Stern layer of ions '. The total

interaction potential (@) therefore can be described as:
B= E'DL + E&E + Eﬁvdu.' (7)

where @p, is the potential of the electrical double layer interaction, @z is the potential of the
Born repulsive effect and @4, is the potential of the van der Waals forces. Since these forces
are a function of the approach distance (d,) between the protein and the solid phase, the

energy net potential (@) can be plotted against this distance, as shown in Figure 15.
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Figure 15 - Interaction Potential energy profiles relevant to potential barrier chromatography. Red line
represents the total interaction potential with the location of the maximum, @,,,,, and minimum, @.;,,
of the interaction potential energy profiles associated with the adsorption energy well and the potential
barrier respectively. Adapted from 8.

These interaction potentials can be influenced by numerous experimental factors, for
example, the ionic strength or pH of the mobile phase. The profile shown in red is the total
interaction potential constituted by the sum of all the individual interactions potential
energies established by the protein and the solid phase. Strong van der Waals attractions tend
to generate deep adsorption energy well(s), while double layer repulsion effects and short
range repulsion interactions prevent the occurrence of such deep wells. The potential energy
well (D.in) should not be too negative because it must be compatible with elution, as
previously explained. While in contrast, no adsorption is feasible until an energy barrier (@ax)

is properly overcome '8,

Various fundamental questions can be asked about the magnitude of all these processes and
forces, namely how do the individual subprocesses can influence the interaction mechanism
between the protein and solid phase and how can the interaction thermodynamics be
elucidated? The importance of understanding in detail all of these individual subprocesses
have already been reported by other authors '**2.

Computer simulated models using Monte Carlo or molecular dynamics simulations %234 have

been, more recently, also used to study chromatographic processes. Nonetheless, for any
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discussion to be consistent and have a physically relevant meaning, the mechanisms

underlying chromatography of biomolecules need to be experimentally understood 2.

29



30



Chapter 2 - Goal of the study

As previously mentioned, the importance of protein molecules in recent technologies is well
recognized. Regarding the whole recombinant protein production, the most challenging step
is usually its purification. Preparative anion-exchange chromatography techniques have been
widely used in protein purification due to the highest binding capacities presented '*. Hence,
a higher understanding and further elucidation of the complex interactions that contribute to

protein adsorption phenomena is required.

Taking all this information into account, the main goal of this work is to study the mechanism
of protein adsorption, namely BSA, onto several commercially available solid phases with
charged ligands using the FMC technique and batch adsorption to experimentally obtain
adsorption isotherms curves and support’s static binding capacity . By combining these data
with state of art information, like computer molecular simulations, theoretical approaches
and other experimental investigations, the final objective is to further elucidate the
mechanism from a thermodynamic point of view so that there could be an improvement in
the knowledge of protein behavior at charged surfaces, which ultimately leads to the

possibility of future development of newer and superior chromatographic solid phases.

Experimental
Investigation

Results for TSKgel SuperQ 5PW and TSKgel SP 5PW from TOSOH BIOSCIENCE were compared
with previous studied supports that differ in their ligand attachment technologies, namely
Toyopearl DEAE 7' and Toyopearl GigaCap "*. TSKgel SP although being a cation exchanger,
was used in order to evaluate the thermodynamic differences in non-binding conditions with

an effort to understand the weaker forces of the inherited mechanism.
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Chapter 3 - Materials and Methods

3.1 Adsorption isotherm measurements

Several BSA (Sigma-Aldrich, USA) solutions were prepared in 20 mM Tris-HCl buffer (Nzytech,
Portugal) at pH 9. One solution contained 50 mM of NaCl (Fisher Chemical, UK) and the
second was void of any salt. The solid phases TSKgel SP 5PW and TSKgel SuperQ 5PW kindly
offered by TOSOH Bioscience (Germany) were washed with destilled water and later with the
respective buffer solution to guarantee the same volume due to swelling. 1mL of known
concentration BSA solutions, , were then transferred to 12-well plates and 10 pL of solid
phases suspension (1:2) was placed in each well. The plates were sealed with parafilm and
agitated for 16 h at 230 rpm in a 21.5°C orbital shaker. Initial BSA solutions were kept at
room temperature, preliminary experiments showed that there was no significant difference
between leaving BSA initial solutions at 21.5°C or room temperature. Also, prior experiments
showed that BSA molecules did not adsorb into 12-well plate walls, and 12-well plates did not

release any molecule that interfere with BSA concentration determination (data not shown).

After equilibrium, the slurry was transferred to eppendorf tubes and left to sedimentate by
gravity for 20 minutes. The supernatant was separated from the adsorbent with a 0.22 um
pore low protein binding syringe filter (Millex-GV, Merck KGaA, Germany). The absorbance of
each solution, prior and after the equilibrium was then aliquoted to 96-well UV transparent
plates (Thermo Scientific, Portugal) and BSA concentrations were determined at 280 nm with
a UV spectrophotometer (Bio-rad, Portugal). A mass balance was performed in order to know
the exact amount of protein bound to the adsorbent, and BSA equilibrum concentration were
plotted against surface concentration. All salts used were of analytical grade. De-ionized
distilled water obtained with Milli-Q ADV (Millipore, Madrid, Spain) was used in the prepared

solutions.
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3.2 Flow microcalorimetry

BSA adsorption thermograms were obtained using a flow microcalorimeter (Microscal FMC 4 Vi,
Microscal Limited, UK) shown in Figure 16. It is operated in a similar way to a liquid
chromatograph. The 171 pL cell (or column) is located between two highly sensitive
thermistors that can detect power changes in the order of 107 W ¥, Calibration was done
providing the FMC with 3uW during 100 seconds with the resin inside the cell, which
corresponded to 0.3 mJ. Solutions flow through the cell using precision syringe pumps
(Harvard Apparatus, UK) at 1.5 mL/h. Experiments were performed as Silva et al. » described.
The system was packed with 171 uL previously washed solid phase suspended in aproximatly
500 uL of equilibrium buffer. Thermal equilibrium was reached by flowing the equilibration
buffer 20 mM Tris-HCl pH 9 with and without 50 mM NaCl for approximately 12 h. After that,
a configurable 30 or 230 pL loop was filled with BSA dissolved in the equilibration buffer and
then injected into the column. Flow through was collected in falcon tubes and a mass balance
was done to evaluate the adsorbed quantity. Between each injection, 20 mM Tris-HCl pH 9
with 1 M NaCl was used as elution solution and 0.5 M NaOH (José Manuel Gomes dos Santos

Lda., Portugal) was used as a cleaning-in-place solution.

Figure 16 - Flow microcalorimeter used in the experiments of this work at CICS-UBI.

Acquisition, storing and data processing was made by CALDOS 4 software (Microscal, Limited,
UK). Peak deconvolution and peak area calculation was performed with PeakFit 4.12 software
(Seasolve Software Inc., USA) using asymmetric Gaussian peaks and Residuals method with a
Savitsky-Golay type smoothing. The heat of adsorption of each step was calculated from the
area of the de-convoluted peaks, to facilitate the elucidation of enthalpic events in the

obtained thermograms.
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Chapter 4 - Results and Discussion

4.1 Resins structural differences

Structural differences between the studied solid phases according to the supplier are shown
in Table 8. Static binding capacity and affinity constant present in the table were obtained
based on isotherm data by a linear regression of the Langmuir linearized equation. As stated
by the provider, a traditional ligand attachment method (TSKgel SP and Toyopearl DEAE)
consists of attaching the ligand directly to the resin through a spacer arm. The second
generation attachment (TSKgel SuperQ) adds a carbon spacer network between the bead
surface and the ligand. Ligands are also attached along the length of the spacer network,
improving capacity. The third generation (Toyopearl GigaCap Q) ligand is just like the second
but moves the charged groups to the larger pores where protein has better access to them,
with the aim of increasing mass transfer speed and promoting faster desorption. The absence
of ligands in smaller pores is not necessarily a disadvantage for protein separation, because
induces a reduced elution volume”.

Table 8 - Structural parameters of the studied resins together with the observed static binding capacity
and affinity constants calculated from Langmuir linearized equation.

Features Toypearl Toyopearl TSKagel TSKgel
DEAE - 650M GigaCap Q - 650M SuperQ 5PW SP 5PW
Ligand Anion exchanger Strong Anion exchanger Strong cation
exchanger
-O-CH,-CHy,-HN*- -O-R-N*-(CH,); -0O-R-O-CH,-CH,-
(CyHs)2 CH,-SO4’
Mean pore
diameter 100 nm
lon Exchange
Capacity 0.11 0.14 0.09
(meg/mL) ' ' '
Bead Hydroxylated polymethacrylic polymer beads. Same methacrylic polymer chemistry but with
Backbone a higher degree of crosslinking, making a more
rigid bead.
Attatchment Traditional Third Generation Second Generation Traditional
type
Static
Binding 1 1 1 -1
: 42.7 £6.0 mg.mL 151 + 18 mg.mL 109.3 £3.7 mg.mL 13.8+2.4 mg.mL
Capactiy
(BSA)
Dynamic
binding
capacity 259/ L-gel 173 g/ L-gel 52-88 g/ L-gel n.a.
(BSA) ™
Affinity 1 1 -1 -1
constant (Ka) 10.8 +6.1 mL.mg 83 +£34 mL.mg 15.6 + 2.3 mL.mg 8.5+ 4.4 mL.mg
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It is important to refer that TSKgel SP, although being a cation exchanger sharing the same
net charge with the protein, adsorption occurs. Even though an adsorption isotherm in these
conditions was not found in literature, this “non-binding conditions” phenomenon has already
been observed several times®, and it is currently explained by the protein heterogeneous
surface®’. Negatively charged proteins adsorbing onto negatively charged surfaces tend to
expose positively charged regions independently of their net charge?®“. As expected, TSKgel

SP curve showed the lowest static binding capacity (Table 8 and Figure 17).

4.2 Adsorption isotherms data

The experimentally obtained adsorption isotherms for BSA are reported in Figure 17. By
analyzing the profiles, it can be observed that all the supports follow a linear trend at lower
concentrations, followed by a plateau. A type | Langmuir isotherm profile can be observed at
lower protein equilibrium concentrations in all studied cases®®’*. This plateau is followed by a
region of increasing capacity in the case of TSKgel SP and Toyopearl DEAE. One possible
explanation for this second increase is the formation of multiple layers of BSA at the surface,
or even protein structural rearrangements that makes it possible to accommodate more

molecules, as already observed 52,
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Figure 17 - Equilibrium binding isotherms for bovine serum albumin adsorption onto ion exchange resins
at Tris-HCl pH 9 and 295 K. (®) TSKgel SuperQ 5PW, () Toyopearl DEAE 650M, (A) Toyopearl GigaCap
Q-650M (m) TSKgel SP 5PW.
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It can be seen that second and third generation solid phases have, as expected and according
to supplier’s information, higher static binding capacities. This is also justified by the type of
ligand and ion exchange capacity since TSKgel SuperQ and Toyopearl GigaCap share the same
type-Q cationic ligand unlike Toyopearl DEAE (bearing a DEAE-type ligand). Also, type-Q
ligand has a relatively higher charge than DEAE-ligand at pH 9 ™.

Still, Toyopearl DEAE binding capacity is largely superior than TSKgel SP binding capacity,
which is expected since at these conditions TSKgel SP shares the same net negative charge
with the used protein. Although being a cation exchanger, it was used expecting a weaker
primary interaction between BSA and the solid phase in order to evaluate the thermodynamic
differences and try to understand weaker forces of the inherited mechanism. This has already

been successfully performed with BSA by previous authors *'.
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4.3 Microcalorimetric data

Following the adsorption isotherms measurements, microcalorimetry studies were performed
in order to better understand the differences in the adsorption mechanism. Figure 18 shows
the resulting thermograms of different microcalorimetric experiments. Different thermograms
were obtained with similar injection protein concentrations (50 mg.mL™") and similar surface
concentrations (24.15 + 2 mg.mL™" gel). The profile of the thermogram curve is analogous for
the anion exchangers Toyopearl DEAE, Toyopearl Gigacap and TSKgel SuperQ. In the first
moments of the adsorption the mechanism is majorly endothermic while in the latter part of
the process the microcalorimeter detects slight heat rises, indicating exothermic event(s).
Although this behavior is the same for all the positively charged supports in these conditions,

the intensity, timing, area, and shape of the peaks varies greatly.

It is important to keep in mind that although endothermic energies are positive, they are
shown as negative in thermograms. Thermograms are presented in the calorimeter
perspective, i.e. a heat loss (negative heat) for the microcalorimetry is actually a heat gain

from the resin-protein system.
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Figure 18 - FMC thermogram obtained for 230 pL injection of 50 mg.mL™ BSA in equilibrium buffer Tris-

HCL pH 9 adsorbing onto (e) TSKgel SuperQ 5PW, (#) Toyopearl DEAE 650M and (A) Toyopearl GigaCap

Q-650M. Surface concentration (and flowthrough %) are respectively, 21.5 mg.mL™ resin (66 %), 27.66

mg.mL" resin (52%) and 23.28 mg.mL " resin (61%). Shaded area represents the interval of time at which

the protein plug contacts with the support.

Peak deconvolution using PeakFit Software was performed in order to separate more clearly

29,31,37

the different events as already done before by previous authors . An example of a

possible peak deconvolution is shown on Figure 19. Paying closer attention, not only there is
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an overlapping between exothermic and endothermic events, but the endothermic peak has a
subtle “shoulder”, particularly more notorious in low surface concentrations as the reader
may observe in Figure 19 and in Appendix I. Possibly the “shoulder” in the endothermic part is
more visible at lower concentrations due to not being masked by the exothermic one.
Therefore, this suggests the possible overlapping of different events during the adsorption
process. We can see the appearance of an extra endothermic peak, which evidences the
complexity of the adsorption mechanism.
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Figure 19 - PEAKFIT deconvolution of thermogram for BSA adsorption onto TSKgel SuperQ 5PW with Tris-

HCL pH 9 for 230 pL injection of 50 mg BSA.mL" resulting in surface concentration of 8.37 mg.mL" resin.
Shaded area represents the interval of time at which protein flowed through the cell.

Considering the mechanism proposed by Yamamoto and co-workers* mentioned in the first
chapter. The adsorption process at a molecular level can be divided in several sub-processes:
1) water molecules and ion release from the protein and support;

(

(2) interaction between the protein and the solid phase;

(3) structural rearrangement of the protein upon adsorption;
(

4) and rearrangement of the excluded water or ion molecules in bulk solution.

Taking this into consideration, possible explanations for the first and second endothermic
heat signals are sub-processes (1), (3) and (4). This hypothesis is supported with previous
studies: Dehydration process, i. e., the partial removal of water molecules from protein
groups, was determined to be endothermic "%, Protein conformational changes and repulsive
forces between same charges or between hydrophilic moieties and hydrophobic groups were

reported to also have an endothermic nature 237>°,
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The possibility of BSA aggregates formation and adsorption was also considered in the
microcalorimetric results analysis. However, it has been reported that monomeric BSA form
exceeds 85% at basic pH values *'. Having its isoelectric point between 4.8 to 5.6*', at pH 9
the protein is in a highly charged state. When proteins are charged, the repulsive effects
between them will increase and lower dimerization*'. Therefore, at these working conditions
the monomer-dimer equilibrium in solution is likely to be displaced to the monomer state,
supporting the idea that dimer adsorption does not significantly contribute to the resulting

thermogram peaks.

4.3.1 First endothermic peak

Due to Yamamoto model and the endothermic nature of the removal of water molecules and
ions, more thoroughly mentioned in subchapter 1.6 of this work, we were led to believe that
the first endothermic peak may be due to dehydration related processes (1) and (4). It should
be taken into consideration that these sub-processes are related and very often overlap in
time. Coupled with this, the results shown in Figure 20 indicate that protein surface
concentration strongly correlates with the total area of the first endothermic peak. Given
that there is a higher amount of molecules adsorbing, there should be a higher dehydration

and ion release from both protein and resin, leading to higher energies necessary to remove

them 8%°,
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Figure 20 - First endothermic peak area related with surface concentration obtained for 230 pL
injections of BSA in Tris-HCl pH 9 adsorbing onto (e) TSKgel SuperQ 5PW, (4) Toyopearl DEAE 650M and
(A) Toyopearl GigaCap Q-650M. First endothermic peaks obtained for 30 pL injections of the same
solutions onto (e) TSKgel SuperQ 5PW are also shown. Only considered trials with a linear relation
between injection concentration and surface concentration were considered.
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It is important to refer that for the specific case of TSKgel SuperQ, flowthrough values
(protein that did not adsorb divided by input total protein) in the range of 80% were observed
when injecting 230 pL. In other words, it was noticed that a high amount of proteins were
flowing through TSKgel SuperQ without adsorbing, even though the experiments were done
below the resin’s maximum capacity. Several factors may be involved, like incomplete
titration of ligands upon equilibrium [Ales], but we believe that the main reason for this
difference is due to the age of the TSKgel SuperQ available on the laboratory (approximately
15 years). This could compromise the available ligands in this support, hence lowering the
binding capacity and, consequently, explains the very high flowthrough values observed. In
order to have a better understanding of what was happening, other experiments were done
injecting 30 pL of BSA solutions in TSKgel SuperQ. These experiments did not present any
flowthrough.

All things considered, since TSKgel SuperQ trials with 30 pL injections did not reached the
diminished resin maximum capacity (due to no observed flowthrough), we believe that the
results obtained with the lower volume loop represents more accurately the energies involved
in the inherited mechanism of BSA adsorption onto TSKgel SuperQ. Henceforward, these

results will be presented in the interpretation of the following thermodynamic events.

Looking again to TSKgel SuperQ endothermic areas shown in Figure 20, and considering what
has been discussed previously, the results obtained for 30 pL injections were more expected
than the results obtained using 230 pL injections. Since they show that TSKgel SuperQ present

more similar dehydration energies with the other grafted resin, Toyopearl GigaCap.

Toyopearl GigaCap and TSKgel SuperQ, although bearing a higher charged ligand than
Toyopearl DEAE at this pH, show a lower dehydration heat when compared with Toyopearl
DEAE. Our hypothesis is that this could be due to the fact that they bear grafted ligands with
a tree-like tridimensional disposition (shown in the schematics of table X). Toyopearl DEAE
has a two dimensional disposition of the ligands and this could mean the presence of a higher
number of ordered water molecules and ions. Therefore the energy requirement to remove

these organized water molecules and counter-ions is higher.

As explained in chapter one, it is important to note that although dehydration process is
endothermic, it is considered a spontaneous process because it is compensated by the

entropy gain resulting from the release water molecules and ions >,
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4.3.2 Second endothermic peak

The second endothermic peak seems to have, as well, a close relation to surface
concentration (Figure 21). This occurs at the same time or shortly after dehydration.
Increasing surface concentration causes an increase of the area of the second endothermic
event, which could indicate the repulsion between already adsorbed molecules, molecule re-
orientation, and/or conformational alterations. Other previous studies suggest that these

37,56

processes have an endothermic nature . In addition, it was found that BSA undergoes

structural rearrangements upon adsorption ’® and these appear to be greater in the absence

of salt ”’.
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Figure 21 - Second endothermic peak area related with surface concentration obtained for 230 pL
injections of BSA in Tris-HCl pH 9 adsorbing onto (e) TSKgel SuperQ 5PW, (4) Toyopearl DEAE 650M and
(A) Toyopearl GigaCap Q-650M. Second endothermic peaks obtained for 30 pL injections of the same
solutions onto (e) TSKgel SuperQ 5PW are also shown. Only considered trials with a linear relation
between injection concentration and surface concentration were considered.

0

Notably, Toyopearl DEAE has in average higher second endothermic signals, followed by
TSKgel SuperQ and finally Toyopearl GigaCap. Our hypothesis is that in DEAE, due to the
ligands being directly attached to the solid phase, BSA repulsion is higher than in the other
supports where the ligands could be more spatially apart. Due to increasing protein loading on
resin surface, protein-protein interactions may become increasingly dominant and create a

different free energy minimum state to which proteins adapt *

. It is assumed that proteins
initially adapt to a conformation that maximizes surface-protein interaction resulting from
electrostatic attraction. However, this may become unfavorable in higher surface
concentrations due to repulsion between same-charged patches facing each other “°. This
repulsion can obviously be one of the sources of neighboring protein conformational

alterations. Equally important, last generation supports Toyopearl GigaCap and TSKgel SuperQ
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have the lowest second endothermic peaks. Due to the same reasons stated before, the
grafting and 3D disposition of ligands seem to lower protein conformational alterations when
comparing to Toyopearl DEAE. In summary, the 2D ligand disposition in Toyopearl DEAE
induces a higher footprint (higher spreading) of BSA upon adsorption. In grafted resins, the

“soft” protein it is more likely to end-up with a conformation closer to its globular form.

4.3.3 Exothermic peak

Concerning the exothermic peak, our hypothesis based on prior studies >%*3' is that the
exothermic peak may comprise processes with different natures: protein desorption; surface
transport; secondary adsorption; and solution protein interaction with already adsorbed

proteins.

Adsorbed protein-protein repulsive forces may induce transitions in protein local structure,
such as hydrophobic groups’ exposure or alteration of the charge distribution 2. This repulsive
forces may also be responsible for BSA re-orientation/conformational alteration at the
chromatographic surface changing the amount of binding points between the resin and
protein, and consequently altering its binding strength in the process 22, Adsorbed BSA
binding strength alteration can lead to surface transport and even protein desorption. This is
supported by Figure 22 that correlates the exothermic peak area with the percentage of
protein that flowed through the support in the equilibration step. Please note the interesting
fact that when the protein flowthrough is lower than 10%; the exothermic peak area is very
low, especially in Toyopearl GigaCap, in which is absent.

Flowthrough percentage (%)
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Figure 22 - Exothermic peak area related with flowthrough obtained for 230 pL injections of BSA in Tris-
HCL pH 9 adsorbing onto (e) TSKgel SuperQ 5PW, (#) Toyopearl DEAE 650M and (A) Toyopearl GigaCap
Q-650M. Note that TSKgel SuperQ 5PW thermogram with no flowthrough (e) was obtained with a 30 puL
loop. The smaller graph in the left bottom corner is a zoom in of lower flowthrough percentages.
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Another explanation for the exothermic event is the presence of surface transport
mechanisms, supported by the trials where no flowthrough was observed. Activated jump
(Figure 23 - Top) is a surface transport mechanism present in all resins, and consists in the
protein hopping under adsorbed state without desorption and re-adsorption®. Other transport
mechanism, named chain delivery (Figure 23 - Bottom), may also be present in higher
generation grafted resins Toyopearl GigaCap and TSKgel SuperQ. This is very well explained
by Yu and co-workers 2 and consists in the delivery of an adsorbed molecule from a flexible
grafted chain to a close enough neighboring chain. These surface transport mechanisms are
highly related with maximum binding capacity (qmax) and affinity constant (K,) values 2. Due
to the charged ligands, both surface transport mechanisms possibly involve electrostatic

interactions, which, like the presented data, were found to have mainly exothermic nature
31,39

. -l
Activated jump

Figure 23 - Schematics of surface transport mechanisms present in IEC resins. (Top) Activated jump
present in all IEC resins and (Bottom) Chain delivery mechanism present in grafted resins, for example:
TSKgel SuperQ and Toyopearl GigaCap. Adapted from 2

As previously explained, when injecting 30ul of BSA solution onto TSkgel SuperQ no
flowthrough was observed, even though an exothermic peak was present. This further
suggests that surface transport mechanisms are present. Another observation that supports
this hypothesis is that a correlation between surface concentration and the exothermic peak

area was found (Figure 24).
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Figure 24 - Exothermic peak area related with surface concentration obtained with 30 pL injections of
BSA in Tris-HCl pH 9 adsorbing onto TSKgel SuperQ 5PW. Obtained with no flowthrough.

The possibility of solution protein interaction with already adsorbed proteins was also
considered, due to its observation in prior thermodynamic plasmid DNA adsorption studies

3'. However, since we are operating in the

under volume overloading working conditions
linear zone of the adsorption isotherm and all exothermic peaks maximum occur on average
500 seconds later that the end of plug, the exothermic events take place in absence of BSA
molecules in the flowing solution. This leads us to believe that solution protein interaction

with adsorbed protein was not a major contribution.
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4.3.4 “Non-binding” conditions data

BSA adsorption onto TSKgel SP 5PW at pH 9, considered an interaction under “non-binding

28,78

conditions” also referred by some authors to as “adsorption on the wrong side”,

completely changes the thermogram profile as we can see in Figure 25. Adsorption of a net

d % and has been

negative protein onto a like-charged surface has already been observe
explained by the protein heterogeneous surface and its capacity for structural
rearrangements “. Proteins adsorbing at positively or negatively charged surfaces tend to
expose oppositely charged regions independently of their net charge . This phenomena,

called “protein charge regulation” is particularly visible for soft proteins like BSA ®7°.
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Figure 25 - FMC thermograms obtained for 230 pL injection of different concentrations of negatively net
charged BSA in equilibrium buffer Tris-HCl pH 9 adsorbing onto negatively charged TSKgel SP 5PW.
Surface concentrations are respectively ( ) 2.8 mg.mL", (dark blue) 5.85 mg.mL", (grey) 30.03
mg.mL", (orange) 45.71 mg.mL™" and (light blue) 65.0 mg.mL". Shaded area represents the interval of
time at which there was protein flowing through the cell.

Under these non-binding conditions, it was observed a very high exothermic event followed,
only at higher surface concentrations, by an endothermic one (Figure 25). In these cases, the
thermograms were deconvoluted into two peaks (one exothermic and one endothermic). It
can be seen, in Figure 26, that the exothermic peak area increases (resulting in more
negative enthalpy) as surface concentration increases until the supports static maximum
binding capacity is reached (13.8 + 2.4 mg.mL", obtained from the application of the
Langmuir model to isotherm data presented in Table 8). It can also be observed (Figure 25)

that when the protein plug stops its contact with the adsorbent, the exothermic event starts
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decreasing. As mentioned in subchapter 1.4, different types of interaction may be involved in
this exothermic behavior. Our hypothesis is that electrostatic attractive interactions between

28,37,40

the support and protein justify the observed highly exothermic heat (around -43 mJ).

Of course, protein conformation alteration and the de-counter-ion involved in the process
comprises endothermic heats '®37°°) nevertheless these are overcome by the pure
electrostatic attraction. When the protein is forced to interact with the support, when in the
vicinity of the ligand brush, it changes its conformation promoting a highly energetic

interaction as the one observed in the present study 7%,

Adsorption based on hydrophobic interaction was also considered, however in our particular
case the enthalpy was found to be highly exothermic (not compatible with the energy release
for a hydrophobic interaction), reinforcing our belief that electrostatic contributions play a
major role. It was also thought that van der Waals forces could be involved, but this
hypothesis was discarded due to finding that van der Waals forces in the absence of salt are
not very significant *.
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Figure 26 - Exothermic peak area related with BSA surface concentration. Obtained with TSKgel SP 5PW
with 230 pL injections with Tris HCl pH 9.

Interestingly, for surface concentrations above the adsorption isotherm “plateau zone”, an
endothermic peak appears. The endothermic part of the thermogram seems to comprise
adsorbed protein-protein repulsive events present at higher surface concentration. As the

monolayer is being completed, repulsion between adsorbed proteins increases 2%>°.

Adsorption “on the wrong side” was found to be highly dependent on salt concentration in
previous studies 278, These studies, conducted with negatively charged brush layer (made of
poly-acrlyic acid), observed that maximum adsorption is found near the point of zero charge

of the protein. However, substantial adsorption was observed where negatively charged BSA
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adsorbed onto the negatively charged brush layer, up to a specific pH value (which the
authors named critical pH). Critical pH is highly depended on salt concentration. Thus, some
preliminary trials were conducted with TSKgel SP in the presence of 50 mM NaCl pH 9 (also
negatively net charged protein and negative charged ligand conditions). Remarkably, as seen
in Figure 27, the thermogram profile with the use of salt is completely different when
compared with the ones obtained with the same resin in the absence of salt (Figure 25). It
can be seen an endothermic event followed by an exothermic one. As the reader may recall,
this behavior was found in the interaction of negatively charged BSA with positively charged
resins (TSKgel SuperQ, Toyopearl DEAE and Toyopearl GigaCap). In other words, the presence
of salt in non-binding conditions inverts the thermogram behavior back to the profile

observed when ion exchange conducts the adsorption process.
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Figure 27 - FMC thermograms obtained for 230 pL injection of BSA in 20 mM Tris-Hcl at pH 9 with 50 mM
NaCl adsorbing onto TSKgel SP 5PW with the respective surface concentration obtained. The shaded
area corresponds to the protein plug in the cell.

Has already stated before, endothermic peaks were connected several times with the release
of water molecules and counter-ions 2**"3_ Theoretical calculations indicate that the main
driving force of adsorption in “non-binding” conditions in the presence of salt is the release of
counter-ions, which is related to the existence of distinct positively and negatively charged
patches on the protein surface (Figure 4). As long as a protein molecule has patches of
sufficient size, like BSA, the counter-ions will form a chain and will associate with oppositely
charged patches and will evade similarly charged patches. This associations of the counter-
ions chains with the oppositely charged patches release counter-ions, hence the appearance
of the endothermic peak. This will lead to an increase in entropy of the system driving the
adsorption process. This explanation may justify the observed inversion in the thermogram

profile when in presence of salt.
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Adsorption was reduced while working with salt, as can be seen in the isotherm (Figure 28),
because the maximum pH until “non-binding conditions” is observed (critical pH) decreases "
Also, it was observed that protein flowthrough in presence of salt is around 94% whereas in its
absence is around 77%.

14
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Figure 28 - Equilibrium binding isotherm for BSA adsorption onto TSKgel SP 5PW in Tris-HCl pH 9 with 20
mM Tris at 295 K in the absence of salt (®) and with 50 mM NaCl (#).
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4.4 Adsorption driving forces

Regarding the driving forces of adsorption, two moments could be considered, signal obtained
during the contact of the protein plug with the adsorbent and signal obtained after the plug
leaves the cell. For the analyzed anion-exchangers it is important to note that while protein
solution is passing through the cell (before t = 1680s, time when the mobile phase plug
containing BSA is replaced by BSA-free mobile phase), the net heat of adsorption is
endothermic (see Figure 18). Paying closer attention to equation 1 in sub-chapter 1.7, for a
process to spontaneously occur AG® needs to be negative. If the adsorption process is
dominated by endothermic energy (positive values for AH°) the entropic effects are
considered to dominate the adsorption process. The adsorption process occurs due to large
entropy gains that compensates that enthalpically unfavorable condition. In other words, the
enthalpic energy requirement is later compensated by the higher water molecule and ions
degrees of freedom gained, also known as, entropy gains. This entropic driving force was
observed, as already mentioned, for the studied anion exchangers, TSKgel SuperQ, Toyopearl
GigaCap and Toyopearl DEAE, and for the cation exchanger TSKgel SP in presence of 50 mM
NaCl. On the other hand, in TSKgel SP, adsorption heat is negative in the absence of salt

(Figure 25), meaning that in this case adsorption is enthalpically driven.

Taking all this information into account, it is of utmost importance to refer that the existence
of exothermic signals (anion exchanger in the present study) and endothermic signals (cation
exchanger in the present study) after the protein plug is also considered an important part of
the overall protein adsorption mechanism. These latter phenomena, i.e. protein-protein
repulsion, protein desorption, conformational alterations, binding strength alteration, and
surface transport mechanisms, should be considered as an integral part of the process and
therefore considered in the development of future stationary phases, molecular simulations

and experimental investigations.
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Chapter 5 - Conclusions

Considering that energy changes from different sources are involved in the adsorption
process, microcalorimetry displayed once more the capability of a valuable insight on the

overall process.

With a negative net charge, BSA adsorption was studied onto:
e Anion exchanger TSkgel SuperQ 5PW at pH 9 in the absence of salt;

e (Cation exchanger TSKgel SP 5PW in absence and presence of sodium chloride (50 mM).

It was seen that, in the absence of salt, TSkgel SuperQ 5PW showed the same thermogram
behavior than other commercial anion exchangers (Toyopearl DEAE and Toyopearl GigaCap),
presenting an endothermic part that was deconvoluted into two endothermic signals followed
by a single exothermic signal. Although the thermogram behavior was similar, the intensity,

area, and shape of the peaks varied relatively between resins.

The derived observations and conclusions were developed within the mechanistic framework
proposed by Yamamoto and co-workers. The first peak, endothermic, increased with protein
surface concentration and was considered to be connected to:

e Water molecules and ion release from the protein and support;

e Rearrangement of the excluded ions or water molecules in the solution.

A close relation was also found between the second endothermic peak and surface
concentration. That fact together with its timing led to the conclusion that this peak
comprised:

e Protein-protein repulsion;

e Conformational alterations;

¢ Molecule re-orientation.

Lastly, exothermic peak showed a correlation between protein flowthrough and surface
concentration when injection concentrations were low. It was found to be related to:

e Protein desorption (at high injection concentrations);

e Secondary adsorption (at high injection concentrations).

e Surface transport mechanisms - activated jump and chain delivery (when injection

concentrations were low);

Interestingly, surface transport mechanisms were never mentioned in prior ITC or other static
adsorption study techniques. This could be due to the fact that these mechanisms are
intensified in flow conditions. The use of flow microcalorimetry enabled this possible

observation. This protein hopping between ligands inside a chromatographic column can lead
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to desorption, making the protein leak even in the equilibrium step at higher injected

concentrations.

Another important finding to note, is the change in thermogram profile in a same-charged
protein-resin system. And when in presence of 50 mM NaCl, its inversion back to the profile
observed while ion exchange mechanisms drive the adsorption process. Adsorption of a net
negative protein onto a like-charged surface in absence of salt, has been previously
observed>?®* and explained by “protein charge regulation”. This behavior was found to be
suppressed in presence of salt leading to the return of the interaction mechanism to its

original for an ion exchange interaction and consequently to the inversion of the FMC profile.

For future work, further experiments should be conducted with the studied anion exchangers.
This time, in the presence of salt, due to its known effects in ion exchange chromatography,
expecting to observe the existence of differences in the shape and magnitude of the
thermograms. In addition, it would be very interesting to conduct further comparative

experimental studies using resins with “gel-in-a-shell” and “salt-tolerance” features.

Ultimately, the author hopes to have shed some light on the complexity of protein adsorption
and the important role of: protein-protein interactions on the adsorbent surface, protein
reorientation and/or conformation change, surface transport mechanisms, and protein and
adsorbent surface dehydration in the establishment of the adsorptive process. Theoretical,
empirical models and future computational simulations of adsorption equilibrium should
account for these complex effects, as well as the primary interactions. Because of the direct
correlation between heat of adsorption data and these non-specific interactions, it would
certainly be advantageous to use calorimetry data in model selection or development. The
use of such data also provides valuable insight regarding the underlying driving forces for

protein adsorption.
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Appendix |

The thermograms that were not shown in the discussion of this work whose areas were

compared are shown in this appendix.
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Figure 29 - FMC thermograms obtained for 230 pL injection of different BSA solutions
concentrations in equilibrium buffer Tris-HCl pH 9 adsorbing onto TSKgel SuperQ 5PW.
Injection concentrations are represented in the figure followed by the resulting surface
concentration obtained. For example: (dark blue) thermogram was obtained injecting 50

mg.mL™" BSA solution resulting in 21.5 mg BSA.mL" TSKgel SuperQ.
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Figure 30 - FMC thermograms obtained for 230 pL injection of different BSA solutions
concentrations in equilibrium buffer Tris-HCl pH 9 adsorbing onto Toyopearl DEAE 650M.
Injection concentrations are represented in the figure followed by the resulting surface
concentration obtained. For example: (light green) thermogram was obtained injecting 20
mg.mL" BSA solution resulting in 22.16 mg BSA.mL" Toyopearl DEAE.
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Figure 31 - FMC thermograms obtained for 230 pL injection of different BSA solutions
concentrations in equilibrium buffer Tris-HCl pH 9 adsorbing onto Toyopearl GigaCap Q-650M.
Injection concentrations are represented in the figure followed by the resulting surface
concentration obtained. For example: (dark blue) thermogram was obtained injecting 75

mg.mL™" BSA solution resulting in 74.9 mg BSA.mL" Toyopearl GigaCap Q-650M.
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