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Resumo

Desde que a habilidade dos &cidos borénicos de formar ligagbes covalentes
reversas com grupos cis-diol foi divulgada, varios estudos tém sido realizados com o
intuito de explorar essa interac¢do. Entretanto, a interaccao cis-diol € uma entre diferentes
possiveis interaccdes do acido fenilborénico. Esse comportamento multimodal é uma das
principais razdes pela qual os mecanismos de interaccdo dessa cromatografia ainda néo
estdo completamente elucidados. Neste contexto estudos de caracterizagdo das
interac¢des entre o &cido fenilborénico e proteinas seleccionadas foram realizados em
diferentes condicdes de adsor¢do com o objectivo de aperfeicoar a selectividade dessa
cromatografia de afinidade. Estudos de adsorcéo foram realizados numa faixa de pH entre
4 e 9 e diferencas na retencdo das proteinas foram relacionadas com seu pl e presenca
de glicanos em sua estrutura. Estratégias de eluicdo foram entdo aplicados e boa
selectividade foi obtida pela separacdo de glicoproteinas com gradiente de Tris e pela
separacdo de proteinas acidas/neutras com gradiente de citrato. Imobilizagbes de &cido
fenilbordnico em criogéis com grupos funcionais foram realizados em diferentes condi¢cées
para posterior integracdo das etapas de clarificacdo e captura do processo de purificacao
de anticorpos. Todas as matrizes com fenilboronato mostraram ser capazes de adsorver
IgG policlonal, porém selectividade e capacidade precisam ser aprimoradas para uma

maior eficiéncia.

Palavras-chave : cromatografia fenilboronato, cis-diol, interagcdo de afinidade,
cromatografia multimodal, glicosilacdo, suporte monolitico, criogel, cromatografia liquida,

anticorpos monoclonais, separacéo de proteinas






Abstract

Since the ability of boronic acids to form reversible covalent bonds with cis-diol
groups was first reported, several studies have been performed to explore this interaction.
Due to phenylboronic acid (PBA) multimodal behavior, cis-diol affinity is just one of the
possible interactions between PBA and target molecules. This multimodal behavior of PBA
is the main reason of miscomprehension of mechanisms of interactions of phenylboronate
chromatography. Thus characterization of these additional chemical interactions between
PBA and a selected protein library under different conditions was performed aiming the
improvement of selectivity of phenylboronate chromatography. Adsorption experiments
were carried out over a pH range from 4 to 9 and differences in the retention of these
proteins were generally related with, charge (pl value) and presence of glycans. Elution
strategies were also applied and a good selectivity was achieved when glycoproteins were
separated through tris gradient and acidic/neutral proteins through citrate gradient.
Immobilization of PBA, by different conditions, onto cryogels with functional epoxy group
was also evaluated for further integration of the clarification and capture steps of the
downstream process of antibodies. All phenylboronate matrices tested were able to
capture polyclonal 1gG, however selectivity and capacity of the process has still to be

improved.

Keywords : phenylboronate chromatography, cis-diol, affinity interaction, multimodal
chromatography, glycosylation, monolith support, cryogel, liquid chromatography,

monoclonal antibodies, proteins separation






Acknowledgements

In my point of view, all best activities performed in life are the ones where inter
human relation is present. The results of such interpersonal relation are the best
innovations, teams, companies, friends or time of life. It is based on that | am beyond than
happy for having hundreds of people among family, friends, colleagues and workmates to

acknowledge since this work would not be the same without them.

Firstly, | would like to acknowledge Professor Joaquim Sampaio Cabral for
accepting me at MIT Portugal program and later here at Institute for Biotechnology and

Bioengineering (IBB) at Instituto Superior Técnico.

A special acknowledge to my supervisors Professor Raquel Aires-Barros and
Doctor Ana Azevedo for allowing me to be part of Bioseparations group and Professor
Steven Cramer for kindly accepting me at his group. Their support, motivation, attention
and patience were crucial for the development of this work. Even in distant places, they
provided me the proper continuous support with wise knowledge and guidance. Thank you

very much!

To José Silva Lopes and MIT Portugal staffs for the initial help of my PhD in

Portugal with visa and documents.

To the officers of IBB and Department of Bioengineering in Portugal: Maria
Conceicao, Mafalda, Maria Raposo, Isabel and Rosa Maria and also the officers from
Center For Biotechnology and Interdisciplinary Studies (CBIS) at RPI in USA: Jetuan
Rodriguez and Jane Havis. Thank you all for providing a great assistance with paper

works, documents and appointments.

To my MIT Portugal colleagues always supporting me since the first year, this
journey would not be the same without them, for sure. | would like to especially thank you
Michaela Simicikova, iris Batalha, Joana Coelho and Nuno Faria for their friendship and

presence at all times, in work discussions, parties and even in the most difficult ones.

To current and former colleagues from Bioseparations/BERG group: Teresa
Galhos, Anténio Sousa, Roksana Pirzgalska, André Nascimento, Raquel Santos, Sara
Rosa, Maria Joao, Dragana Barros, Inés Pinto, Sandra Bernardo, Luana Cardoso, Ruben
Soares, Sofia Duarte, Maria Gomes, Jorge Paulo, Carla Moura, Tomas Dias, Luis
Carreira, Ana Rosa, Jodo Trabuco, Marina Monteiro, Salomé Magalhaes, Fatima Pinto,
Marco Marques, Elisabete Freitas, Vasco Silva, Jodo Monteiro, Jodo Belchior, Gabriela






Gomes, Pedro Oliveira, Jonathan de La Vega, Luis Raiado for being supportive, helpful
and providing great companies during this time, in particular Filipa Ferreira, Luis Borlido,
Renata Ferreira, Hélder Barbosa and Sofia Rebelo for being part of this and also helping
me with first adaptation, discussions and lab works. Thank you all for making this times a
special one.

To Ricardo Pereira and Mrs Rosa Goncalves for being so helpful with lab

organization and providing the materials to my work.

| also would like to acknowledge my friends, colleagues and lab mates from
Cramer research group: James Woo for his great lab advisory, Siddharth Parimal for kindly
help me with SAP maps, Melissa Holstein, Kartik Srinivasan, Sophie Karkov, Bill Keller,
Raul Sheth, karim Nakamura. Their discussion and helps were essential for adding quality
to this work. | could not forget my friends and colleagues from CBIS: Mirco Sorci, Gyna,
Catalina Bravo, Odile Restaino, Sandrine Lavenus, Mauricio Mora-Pale, Saba Suladze,
Javier Aguilera, Luciana Meli, Jennifer Gagner, Anne Marie and Leyla Gasimli. Thank you

all for all help and also for being part of my great journey in USA.

From several places lived, special roommates became good friends. Thank you for
your company, patience and friendship, in particular Ana Beatriz Lacerda and Luana

Cristina.

| would like to acknowledge in a special way my friends who became my family
during this time. Geisa Lopes, a friend since college who became a sister. She was the
one responsible for introducing me to this great PhD program which | am part today. Talita,
Marcelo, Maria, Pedro Gouveia (son and father) and Fatima. They all were and are
present at all times during these years, close or far, in the best or most difficult times as a
real family. Thank you for your help and friendship! It was essential for the success of this

thesis.

To my blood family, mom Nanci, dad Adélio (in memorian), my sister Elaine, niece
Laura and brother in law Gledson, for their support, love and for always believing in me.

Also to my big family uncles, aunts and cousins who always supported me.

To Fundacédo para Ciéncia and Tecnologia (FCT) and MIT Portugal program for
financial support which allowed me to perform all this work.

To God, for not letting me down, for inspiring and illuminating me! Thank you for
being close and present through all these people mentioned here!

Vi






“I am not afraid of storms for | am learning how to sail my ship.”

Louisa May Alcott






Abbreviations List

3CPBA — 3-Carboxyphenylboronic acid

4CPBA - 4-Carboxyphenylboronic acid

ANS - 8-Anilino-1-naphthalenesulfonic acid

APBA — 3-Aminophenylboronic acid

ARS — Alizarin Red S

BA — Boronic acid

BAN — Buffer for acidic and neutral proteins binding at pH gradient
BC — Boronate chromatography

BDGE - 1,4-Butanediol diglycidyl ether

BGLy — Buffer for glycoproteins binding at pH gradient

CA — Carbonic anhydrase

CD - N-(3-Dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride
CHES - 2-(Cyclohexylamino)ethanesulfonic acid

CHO - Chinese hamster ovary

CV — Column volume

DBC — Dynamic binding capacity

DNA — Deoxyribonucleic acid

ED - Ethylenediamine

EG - Ethylene glycol

EPPS — 4-(2-Hydroxyethyl)-1-piperazinepropanesulfonic acid
FPBA — Formylphenylboronic acid

GD - Glutaraldehyde

HEPES - 4-(2-Hydroxyethyl)-1-piperazineethanesulfonic acid
HMD — Hexamethylenediamine

HPLC — High performance liquid chromatography

HSA — Human serum albumin

IgG — Immunoglobulin G

mAb — Monoclonal antibodies

MEP — 4-Mercaptoethyl pyridine

MES - 2-(4-Morpholino)ethanesulfonic acid

Xl






MMC — Multimodal chromatography
MOPSO - 3-Morpholino-2-hydroxypropanesulfonic acid
MPBA — Mercaptophenylboronic acid
MW — Molecular weight

PBA — Phenylboronic acid

PBC - Phenylboronate chromatography
PBS — Phosphate buffer saline

pl — Isoelectric point

RNA — Ribonucleic acid

RNase A — Ribonuclease A

RNase B — Ribonuclease B

RT — Room temperature

SEC - Size exclusion chromatography

TAPS — [(2-Hydroxy-1,1-bis(hydroxymethyl)ethyl)amino]-1-propanesulfonic acid

Tris — Tris(hydroxymethyl)aminomethane

Xl






RESUMO € Palavras-Chave ..............eoeiiiiiiiiiii et [
ADSEract and KEYWOITUS  ....oveiiiiiiiiiiii i e e e e e e e e e s e e s e e e e eeeeeeeaenernnes i
ACKNOWIBAGEMENTS ... e e e e e e e e e e e e e e e et s e e s e e eaeaaeeeeesaeennes \%
ADDreviations LISt  .....coiiiii et a e e e e e e e e aaarrr——— Xl
Chapter | — General INtrodUCHION  ...evvuiiiiiieie e e e e 1
I = - Vo 2o {0 0 T ISR PRR 3
2. Thesis SCOPE AN OULIING .....uuuiii it s s e e e e e e e eeeeaeenne 5
REFEIEINCES ...ttt e et 7

Chapter Il — Phenylboronate Chromatography: from Af  finity to Multimodal Behavior

........................................................................................................................................ 11
Y 015 £ = T PRSI 13
I [ o1 10T [T i o T o DO PP PPPPPPRPRPPR 13
2. Boronate chromatography .....cccoiiceeiiiiiice e e a e 18

2.1 Multimodal interactions of PBC..........cccoiiiiiiiciicce e 21
2.1.1 Tetrahedral configuration behavior ..............ccccoceeiiii e, 22
2.1.2 Trigonal configuration behavior ..., 23
2.1.3 Phenyl moiety effECt ... 24
2.2 Media, supports and ligands for boronate chromatography ..........cccccceeeeeeenen. 26
2.3 Biomolecule surface properties effect on PBC.........c.cooooviiiiiiiiiiiiiiiiiiiine e 28
3. Conclusions and fULUre trENAS ..........ueeeieiiiiiiiiee e 30
] (=] =] 1= 32

........................................................................................................................................ 39
F Y 013 1 = ! TP T ST PPPPPPPP 41
O [ o1 10T [T i o T o DO PP PPPPPRPRPP 42
2. Materials and Methods ............uuuiiiiiiii e 45

2.1 MAEEIIAIS. ..ot e e e e e e e e e e e s 45
2.2 AJSOrption EXPEIIMENTS ......ciiiiieieeiiiiieis e e e e et e e e e e e e e e eee e 46
2.2.1 Column eXPEeriMENTS......cuuuuiiiiieieeieeeeeeeeeee e e e e e e e e e e e e e e e e rer e eeaeaes 46
2.2.2 BatCh @XPEHIMENTS.....iiiiiiiiiiiee et e e e e e e e e e e e e ee s 46
2.3 Ligand density MeasUIrEMENT.........uuuuriieiiii e eee e eeeeeeieiis s e s e e e e e e e eeeeeeernnene s 47

XV






2.4 HydrophobiC StUIES .....ccoo e 48

2.4.1 Phenylsepharose chromatography ............oeuviiiiiiiii e 48
2.4.2 8-Anilino-1-naphtalenesulfonic acid (ANS) binding ..........cooovvviiiiiiiinieeeeneenn, 48
2.5 Protein surface properties analySiS ... .ccceiviieeiieiiiiieeeiies e 49
2.6 Analysis of Phenylsepharose chromatography fractions by size exclusion
Chromatography (SEC) ....ccci oo e e e e e e e e e e 49
3. RESUILS ANnd DISCUSSION .....uuiiiiiiiiiiiiiiieiee ittt e e e e e e e e e e e e 50
3.1 Adsorption studies on packed COIUMNS ...........cccviiiiiiiiiieec e, 50
N = - ] (ol o (] (=11 S 51
TN A Vol T [ To o] o] =] ] 1 1 52
3.1.3 NEULral ProtEINS ......ccoiiiieiiiiie e e e e e e e e e e e e e e e ee s 55
3.1.4 CPG versus agaroSe MEdia........ccoeeeeriiiiieiiiiiiiiiie e 56
3.2 Batch adsorption studies: exploiting interactions at lower pH............cc.coco....... 57
3.3 Evaluation of hydrophobic interactions ............cccceevviiiiiii i 62
3.3.1 Phenyl HP Sepharose chromatography.........cccceeveiiiiiiiiiiiiiiecicccnin e 63
3.3.2 ANS fIUOFESCENCE.... .ttt e e e e e e e e e e e e e e 65
A, CONCIUSIONS....eeiiiiiiie ittt e et e e e e e e e e bbbttt e bt e eaeeaaeaeaeenas 67
F ol [0 1V [=Te [o =T 0 0 =T | £ 69
RETEIENCES ... e e e e e e ettt e e e 70

Chapter IV — Exploring the Selectivity of Phenylbor ~ onate Chromatography: Proof of

L0 o =T o] PPN 73
ADSITACT ...ttt e e e e e e e e e e b 75
R 101 1o T [T 1o o PP URRUR 76
2. Materials and Methods ............uuuiiiiiiiii e 80

P2 1V = =T = OSSP 80
2.2 Elution experiments in COIUMN .......cooiiie i e e 81
2.2.1 Reverse salt gradi@nt.............ceoriiiiiiieiiicceee e 81
2.2.2 PH GradiEnt........coo e 83
2.2.3 Displacer gradient ...........uuuuuuiiiiiiiie e 84

2.3 Adsorption batCh eXPeriMmeENtS ......ccoooiiii i e 85
2.4 Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)........ 86

3. RESUILS ANnd DISCUSSION ......uiiiiiiiiiiiiiiieeee ittt e e e e e e e e e e e e 86
3.1 REVEISE gradieNt ......cccoiiiiiie e e e e e e e 86
7 o I = o 1= o | 90






3.2.1 pH gradient study for proteins retained by cis-diol interaction..................... 91

3.2.2 pH gradient study for proteins retained by secondary interactions (Lewis acid-

base, hydrophobic Or aromMatiC) .........cccooeviiiiiii e 93
3.3 Displacer gradiEnt..........coviiiiiiiiiiiir e 96
3.3.1 Displacer gradient study for proteins retained by cis-diol interaction............ 97
3.3.2 Displacer gradient study for proteins retained by secondary interactions
(Lewis acid-base, hydrophobic or aromatic) ...........cccccceeeiiiiiiii e, 101
S o] o o 11 E{ T L SRR PPPPPPRI 107
] (=] (=] 1= PP 109

Chapter V — Phenylboronate Chromatography for Antib odies Separation: Adsorption

Studies and Cryogel Functionalization for Process | ntegration ...........cccceeevviiviiiinnns 113
ADSIFACT ...ttt e e e e e e e e e e 115
I [ o1 10T [T i o T o DO PP PPPPPUPPPPRPR 116
2. Materials and MethOUS ..........uuiiiiiiii e 119

2.1 Materials and ChemiCals ..........oooiiiiiiiii e 119
2.2 AJSOrption EXPEIIMENTS ......cciiiiiiiiiiiiis s e e e e e e e e e e e e e e e e e eerrrar s 120
2.2.1 Column eXPEeriMENES.......uuuuiieiie it e e eeee e e e e e e e e e e e e e e e e eeaeeeas 120
2.2.2 Dynamic binding capacity (DBC) by frontal analysis...........cccccoeeeeiinennenenn. 121

2.3 Immobilization of PBA 0N CIrYOQEIS.....ccoiiiiiiieiiiiieecceie e 121
2.4 Functionalized Cry0gelS @SSAYS ....uuuuuiiiiiiiireeeiiiiiieiiiiiiiaiss e s e e e aeeeeeeeeeseenenn s 124
2.4.1 PBA ligand density measurement by ARS ......cccooiiiiiiiiiiiiiiei e, 124
2.4.2 1gG bINAING ASSAY......cecvvriiiiiiiiieiieeeeee e e e e e e e e e e e e e e e e 125

3. RESUILS ANd DISCUSSION .....uuuiiiiiiiiiieiiie e e e e e e e e e e e e e e e e e e e e e e e e nes 126
3.1 Adsorption studies on commercial boronate columns............ccccovvvvvvvviiiiinennn. 126
3.2 Cryogels functionalization with PBA.............oorricce e 130

A, CONCIUSIONS....eeiieiiiie e ettt e e e e e e e e e e bbb bbbttt e eeeeeaaaaeaeas 134
RETEIENCES ... et e et a e e e 135

Chapter VI — Conclusions and Future Trends  .....ooooeiiiiiiiiii i e 139

I @ o Tod 1= o] o RSP RPURRU 141
1.1 Fundamental STUAIES .......cooeiiiiiiii it 141
jIOZ2SY (Vo [=TS3o ] o I Fo [ C = To L<To] 1 o) 1[0 o 144

2. FULUIre ChallENQES .....coeeiiiiiic e s e e e e e e e e e eeeaeaneees 145

RETEIENCES ... et a e e e 147

XIX






Chapter VII — APPENTICES ..o oot e e e e e e e e e e e e e eaeaes 149

Appendix A - Building the proteins library .........ccccccvvvivieeiiicce e 151
Al Percentage of adsorption of proteins at Agarose P6XL (A) and ProSep®-PB (B)
.................................................................................................................................... 151
A2 SDS-PAGE of proteins selected for the protein library stained by glycoprotein
detection kit (A) and comassie brilliant bBlue (B) ......c.ooovveeiiiiiiiiiieiiice e eee e 152
Appendix B - Supplier specifications of commercial supports used in this work........... 153
B1 ProSep®-PB from EMD MilliPOre.........cuuuuuiiiiiiiieeeiiieiee e e e ee e 153
B2 Agarose P6XL from ProMetic BiOSCIENCES ........ccceviiiiiiiiiiiiiiiie e eeeee e 154
B3 Boric Acid gel from Sigma-AldriCh ..........euiiiiiiiiic e 155
B4 Cryogel BasiCE from Protista............c.ouuuiiiiiiii s 156

XXI






CHAPTERI

GENERAL INTRODUCTION
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General introduction

1. Background

The first boronic acid (BA) was isolated over 100 years ago, but only in the end of
50’s the ability of BA to esterify with cis-diol compounds by reversible covalent bounds
was identified [1]. Since then, several applications came up in different fields as
pharmaceutical, biomedical and chemical [1,2]. The wide range of applications relies not
only on the specific affinity interaction but also in the chemical stability and easy of
handling making this compound very attractive [1]. The recent popularity of this acid is
mainly due to two reasons: the first commercialized BA containing drug Velcade®
approved as anti-cancer agent by FDA elevating the status of this chemical compound in
chemistry and medicine and its application on receptors for saccharides since the first
review demonstrating the potential of this application was published in 1996 which has
attracted the attention of several research groups [1,3]. The application of BA in liquid
chromatography started at 70’s for saccharides and nucleosides separation [4,5] and at
80’'s studies for quantifying glycated hemoglobin from blood cells [6] was the first
established process applied still used nowadays as a method for detecting diabetes in
patients [7]. This chromatography has also been applied in several other diols separations
including glycoproteins [8], catechol [9] and RNA [10] making boronate chromatography
(BC) as an important separation tool specially for biopharmaceutical products [11].

Undoubtedly, all the BC purification process performed today bases on the
esterification of cis-diol interaction, however the mechanisms of this interaction is still not
well understood [12]. More recently, the classification of this ligand has been changed due

to its ability to participate in multi interactions besides the cis-diol [13]. Phenylboronic acid
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(PBA), the most used ligand in BC, has a phenyl moiety in its structure what brings a
hydrophobic character to this chromatography as well as T interactions by the aromatic
ring [13]. Furthermore, this acid can be found in two conformations due its ability to
coordinate Lewis base molecules in conditions above its pKa, usually alkaline [1]. Under
this condition, PBA coordinates free hydroxyls from medium becoming with a tetrahedral
conformation and negatively charged [2]. Besides, hydroxyls from boron can also perform
weaker hydrogen bond [13]. All these possibilities make this multimodal ligand not only a
powerful separation tool but also a complex chemical compound and deeper
understanding of how these interactions behave is crucial for developing efficient
separation process, especially when the targets are complex biomolecules like proteins.
Among several applications, BC appears as a potential candidate for antibodies
separation since these proteins are glycosylated. Antibodies are widely studied and
applied in therapeutic treatments which are responsible for a market of billions of dollars
[14]. The increased performance of cell culture processes has led to high titers of
monoclonal antibodies over the last 10 years and the process bottleneck is now on the
purification side. Efficient and selective processes are needed since the established
capture process based on protein A chromatography has reached its capacity limit
regarding the high production titers [15]. Moreover, this biological ligand has low stability
and high cost reaching more than 50% of total cost of the process [8]. Our research group
has made efforts to develop new alternatives for monoclonal antibodies (mAbs) separation
and purification in order to replace protein A chromatography contributing in great extent to
the scale-up of aqueous two phase extraction (ATPE) of mAbs via mixer settlers and
packed-bed differential contactors which culminated in a join patent with Bayer Technology
Services [16,17]. Currently, a microfluidic device was developed for the ATPE mAbs as an
effective tool to accelerate bioprocess design and optimization [18]. In parallel, studies in

liquid chromatography based on PBA were used for monoclonal antibodies purification

4
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[8,19]. This ligand has higher stability and lower cost compared to protein A resins besides
the specific selectivity with mAbs through affinity cis-diol interactions [19]. Different
phenylboronate chromatographic supports have already been applied successfully for
mAbs capture [8,19,20], although improvements on capacity and selectivity of the process

are still necessary.

2. Thesis Scope and Outline

This work has been developed in the framework of MIT Portugal program in
bioengineering systems at Institute for Biotechnology and Bioengineering of Instituto
Superior Técnico in collaboration with Cramer research group at Rensselaer Polytechnic
Institute in USA.

The main goal of this work is to investigate the various chemical interactions
between proteins and PBA chromatographic supports in order to clarify all nonspecific
interactions and understand their mechanisms in order to improve the performance of

phenylboronate chromatography (PBC) for further applications.

The specific objectives comprise:

1. Identification of the dominant interactions between proteins and PBC by
performing adsorption studies at different pHs ranging from 4 to 9 using a
protein library based on their pl values and presence of glycosylation in
their structures;

2. Evaluation of the matrix effect on PBC interaction by comparison of agarose
and controlled-pore glass beads;

3. Evaluation of different elution strategies and modifiers in order to enhance

PBC selectivity towards proteins;
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4. ldentification of the best binding condition for polyclonal IgG adsorption onto
different PBC affinity matrices based on methacrylate and agarose, various
pHs ranging from 7 to 9 and different buffer types (phosphate, HEPES and
borate);

5. Immobilization of PBA by different conditions onto cryogels with functional
epoxy group for further integration of the clarification and capture steps of

downstream process of antibodies.

This thesis is divided in 7 chapters. Chapter Il includes the literature review where
is pointed out the important factors of affinity interaction of BAs and cis-diol compounds as
well as the current applications of these acids. | also referred PBA ability to modulate
different interactions and possible external conditions which could affect the interactions
between this affinity chromatography and complex biomolecules as proteins. Chapter Il
presents the adsorption studies of different proteins to PBC chromatographic supports by
using a protein library including glycosylated and nonglycosylated proteins in a wide range
of pl values. The studies were carried out in a pH range from 4 to 9 covering trigonal
conformation at acidic and neutral conditions and tetrahedral conformation at alkaline
conditions. The comparison of different matrices was also performed using controlled-pore
glass and agarose beads. As our knowledge, this is the first time that this fundamental
work is performed with a protein library what we believe it will clarify and help several
research groups interested in PBC applications. As a continuation of this chapter, chapter
IV describes the use of same protein library for defining different elution strategies. The
influence of several modifiers on PBC selectivity towards proteins was also analyzed. The
elution strategies used are not only responsible for improvements of selectivity but also for
clarifying the knowledge about mechanisms of PBA interactions. Chapter V focused on the

application of PBC for antibodies capture. In this work, polyclonal IgG, HSA and human
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insulin were separately loaded into PBC columns in order to analyze their adsorption
under different binding conditions by varying buffer type and pH. Adsorption studies using
two different commercial matrices based on methacrylate and agarose were also
compared. This chapter also includes PBA immobilization onto cryogels supports in order
to obtain functionalized PBA cryogels for process integration since this support provides
large channels (100 pm) allowing the cells pass through and retaining the IgG. Different
reactions were tried for cryogels functionalization with PBA and further analysis of ligand
density and IgG binding were performed. Chapter VI presents the final remarks of this
thesis summing up and concluding the main achievements of this work and future
challenges. An appendix with extra information about protein library selection, PBC
capacity and supplier information of the commercial supports used in this thesis is referred

at chapter VII.
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Phenylboronate chromatography: from affinity to mul timodal behavior

Abstract

The traditional classification of phenylboronate chromatography as an affinity
technigue has been changing in recent years. The ability of the ligand to engage in several
interactions confers to this chromatography a multimodal behavior with electrostatic,
hydrophobic, aromatic, charge transfer and hydrogen bond interactions playing an
important role in addition to the affinity cis-diol esterification. Herein, the affinity and other
interactions are pointed out by describing their importance. Examples of applications are
also discussed as well as the relevance of multimodal behavior on them. From this work,
an increase of interest on this unique molecule, phenylboronic acid, is expected especially

for its implementation in bioseparation area.

Keywords: boronic acids, phenylboronate chromatography, bioseparation, glycoprotein,

multimodal chromatography

1. Introduction

Boronic acid (BA) are typically alkyl or aryl substituted boric acids that contains a
carbon—boron bond and two hydroxyl groups. BA has been reported as an Lewis acid [1],
due to in the free p orbital of the boron atom which enables it to coordinate Lewis bases by
charge-transfer interactions [2,3]. Although boronic acids are not found in nature, they can
be easily obtained by second oxidation of boranes [1]. They are chemically stable
molecules since oxidation by substitution of the carbon or hydroxyls from the boron atom is

thermodynamically unfavorable [4,5], On the other hand, their physico-chemical properties
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are highly dependent on BAs substituent group which can be responsible for changes in
their acidity values for instance [1].

Although the first synthetic isolation of BA has been reported in 1860, the specific
interactions performed by these acids came up in 1959 from Lorand and Edward studies
[2]. According to their work, the neutral form of BA (trigonal conformation) is in equilibrium
with the anionic form (tetrahedral conformation) due to its ability to ionize water and
perform proton transference when the pH of the medium is at BA's pKa or above it
(Figure 1). These authors also showed that BAs can perform reversible covalent bonds

with cis-diol groups.

Trigonal :EE , Tetrahedral

I Cis-diols | i I Radicals I
I Boronic acid OH I I
I R2 R3 | Ho_OH . [ : I
I1 2 —{ | B H,0 | H* HO—B™——OH | R1-R5 I
1’ | ~ | |
I HO OH I R1 e R1 I !
1 I K -acid 1 I
R2 R4 | | . |
- . D '
:1.3 I |; 'I (Dm : I_K‘-I/H/( ? : « Alkyl |
| trig i ot I
: HO OH : L= 2H.0 ! 2H,0 : « Alkane I
R3 I R i Rt !
: R2 R4 I 5 ~ | : © Ayl :
& | >—< i 0 R2 . 1
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[ R3 RS | Kafester R1 I I

Fig. 1. Conventional map of BA esterification with cis-diol compounds. Molecules
harboring cis-diol groups (1,2-, 1,3- and 1,4-cis-diols) and BA radicals in the dashed
boxes, left and right, respectively. The two conformations are pH dependent with trigonal
BA configuration prevailing at pH values below the pKa and tetrahedral configuration
predominating at pH values above its pKa, usually basic. The equilibrium constants (K) for

each reaction are also presented [6].
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Lorand and Edward showed an increase in the acidity of BA when polyols were
present in aqueous solution due to the formation of a cyclic ester [2]. These studies were
the base of many other studies in this complex formation in the last four decades [3,6,7].
Several works performed on this equilibrium have shown higher association constant value
when BA is at tetrahedral conformation. According to Hall (2005) [1], this might be
associated to a transient state which involves charge-transfer and hydroniums
displacement in the stability of boronate ester which results in a release of angle strain
with tetrahedral hydrated form. However, the higher affinity above pKa value of BA is not
an entirely true rule. Some studies have demonstrated that higher association constants at
pHs lower than the pKa can be obtained and are dependent on the diol compound itself
(Table 1) [6]. This hypothesis was also confirmed two years later by Yan et al. (2004) [8],
who tried to correlate the pKa of both PBA and diol compound in order to predict the
optimal pH for esterification. Accordingly, pKa values are important but not the only variant
in this complexation. Another reason for this fact could be related to the radical of the cis-
diol compound and its physico-chemical characteristics. For example, Alizarin red S
(ARS), a red organic dye containing a 1,2 cis-diol group, has been reported to have a high
affinity towards PBA. The equilibrium constant of ARS and phenylboronic acid (PBA)
increases with the pH until an optimum is reached around neutral pH (Table 1). The
decrease in affinity is probably related to electrostatic repulsion since both PBA (pKa 8.8)
and ARS (pKa 6.94) are negatively charged in alkaline environments. Many efforts in order
to disclose any relation of binding constants to pKa and pH of the medium has been
recently performed. Martinez-Aguirre and his group [9] have recently proposed an
equation for stability constants of boronate ester complexation based on acid-base
properties using the Hammett- and Bronsted-type correlation. According to these authors,

a comparison between calculated and experimental results could contribute to clarify the
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external effects caused by steric conditions and additional bond formation. These effects
have already been mentioned by Springsteen and Wang studies [6].

Furthermore, not only the external conditions can affect the affinity binding of
boronate ester formation but also the substitute radical of both cis-diol and boronic acid.
According to the literature, 1,2-, 1,3- and 1,4-cis-diols are able to complex with BA to form
boronate esters [3]. The 1,2 cis-diols, which are able to perform five-members boronate
esters, have been reported to have higher stability due to faster rate constants compared
to six and seven-members boronate esters formed by 1,3- and 1,4-cis-diols complexation,
respectively [1]. In addition, complex by tridentate interaction, when the reaction involves a
chelating agent with three reacting groups, can likely occur.
Tris(hydroxymethyl)aminomethane (tris) has been reported as the best shielding reagent
for liquid chromatography among several others reagents able to perform tridentate
interaction with PBA [10]. Although this interaction is not the strongest compared to 1-2
cis-diol compounds, it has high efficiency in order to avoid secondary interactions. This
also might be the reason for the widely use of PBA in several applications for separation of
diols compounds [11-14], protection of diols or diamines [15,16] and sensors for
saccharides detection [3,17]. The structure effect on binding constant is currently being
used as strategy in order to enhance the binding and stability of this affinity interaction by

using substituents in arylboronic acids [9,18].
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Table 1: Association constants (Keq) of esterification of different diol compounds with PBA

at different pHs. Values obtained from Springsteen and Wang (2002) [6].

Keq (M™) association constant of esterification PBA and diol

PH Fructose Glucose  Galactose Sorbitol Catechol ~ ARS

6.5 29 0.84 2.1 a7 150 1200

7.0 92 2.0 8.4 160 500 1500

7.4 160 4.6 17* 370 830 1300

8.0 310 7.2 38 840 2900 670

8.5 560 11 80 1000 3300 450
*pH 7.5

In 1994, a study from Shinkai and his group [19,20] has firstly showed the great
potential of BAs as receptors in the development of sensing platforms for sugars and
related saccharides using colorimetric arrays, which was in fact confirmed some years
later by the increase of interest of several groups around the world [3,17,21]. Not only
boronic acid based sensors, but other applications came out or were enhanced along with
better understanding of BA reactions. Promoter of reactions such as i) catalyst reagent
[22,23], ii) support for bioconjugation [24], iii) labeling of proteins and cell surface [25,26]
and iv) enzyme inhibitor [27] are some examples of these applications. The fourth example
was the first application of this class of acid, it has been applied for more than 70 years
[28] and it is still used nowadays [27]. More recently, applications in the medical and
pharmaceutical area have been also responsible for the growing interest in BA. Drug
delivering by exploring the amphiphilic property of BAs in order to facilitate the transport of
diol molecules into the cells is one of current researches as well as agent therapy for
cancer [29]. In the early 2000, a drug for proteasome inhibitor has been approved by FDA
and according to researches, the presence of PBA in substitution of an aldehyde from its

structure was responsible for a substantial increase in potency of this drug [30]. This
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successful example has inspired several scientists, and many studies on enzyme inhibitors
BA-based came out. Currently, we can find drugs in combination with other therapies, for
instance, using PBA in nanopatrticles for drug delivery as therapy for liver cancer [31].

Due to the specificity of BAs affinity interaction with cis-diol groups, this acid
became also a successful affinity ligand for capture of cis-diol content molecules including
saccharides [32], nucleosides [12], ribonucleic acid (RNA) [33] and glycoproteins [11,14].
Although liquid boronate chromatography is widely studied nowadays, one of the first
applications in this area was performed by gas chromatography [34]. Within the possible
applications of boronate chromatography, glycosylated compounds separation is the most
studied, for instance this separation method has already been largely applied for
hemoglobin level measurement in red blood cells, an indicator of diabetes in patients
[35,36]. Despite the establishment of this boronate chromatography separation process,
there are still questions about the mechanisms of BAs complexation. Based on that, this
literature review chapter addresses the fundamental studies of this affinity ligand for liquid
chromatography with the main goal of clarifying the important questions about interactions
and how to improve purification factors, mainly selectivity, when this chromatography is

applied.

2. Boronate chromatography

Boronic acids have been applied in bioseparations for more than 50 years,
however it was only in the 80’s that their use was most widespread [1] and since then a
wide variety of separation techniques using PBA have been described. Examples such as
gas chromatography, the pioneer method as discussed before [34], extraction [13],
incorporation in polyacrylamide gel SDS-PAGE [21] and capillary chromatography [37] can

be found in the literature. Even with this large scenario of applications, liquid
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chromatography is the most exploited separation method for analysis or process
separation and has been classified as specific affinity ligands for cis-diol molecules,
especially glycosylated proteins [1,38,39].

This affinity chromatography has been evolved regarding to the knowledge of BA
interactions, but due some remains doubts about its mechanisms, several current studies
using PBA support have discussed how the different conditions interfere on diol
biomolecules retention in order to improve the performance of this chromatography
[11,14,40]. Since this acid can change its conformation according to pH in the medium, the
interactions also become pH dependent. Due to PBA ability to interact by different ways, it
can be classified it as mixed-mode ligand [38,41]. The interactions of PBA can be
predicted by its chemical structure and conformations (Figure 2), however the interactions
do not act alone what makes unpredictable the way these interactions work together.
Current studies in mixed-mode ligands have shown their high dependency on protein
surface properties. Studies performed with hydroxyapatite liquid chromatography, a classic
example of mixed-mode chromatography, have showed after analysis by quantitative
structure property relationship (QSPR) models a synergistic binding with both interactions:
metal chelation and cation exchange, which play a vital role for the binding of proteins [42].
Although multimodal chromatography can be a complex system, it can provide important
advantages such as improvement of selectivity. Becker et al. (2009) [43], using proteins
with small variance in hydrophobic amino acids substitution, characterized the ability of a
multimodal hydrophobic interaction chromatography HIC-pH media. This multimodal
chromatography possess three functional groups which combine hydrophobicity with pH-
responsiveness and according to these authors, HIC-pH was able to selectively separate
proteins with small variance in their structure proving a superior selectivity than
conventional HIC media. In case of phenylboronate chromatography (PBC), alkaline

conditions are required in order to obtain high retention of glycosylated proteins. At this
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condition, negative charge of the tetrahedral BA conformation was found to affect the
binding of glycoproteins. Azevedo et al. (2010) [11], obtained high retention of polyclonal
IgG when studying their adsorption at pH 5.5 to 8.5, showing that even in the trigonal
conformation, PBC was able to retain IgG thus highlighting the importance of mixed-mode
interactions. These authors have found pH 8.5 as the best condition for IgG capture.
Although this condition is still alkaline compared to other antibodies separation process,
this condition was the most selective. In an opposite scenario, Zhang et al. (2009) [40] had
lower retention at alkaline pH when studies with recombinant humanized IgG were
performed due electrostatic repulsion between PBA and IgG which required NaCl at
binding condition in order to mitigate the repulsion and obtain higher adsorption of this

protein.

| > Affinity cis-diol

Lewis acid-base interaction x Hydrogen bond interaction
\ OH/ \OH
Bl\ H K E{’—OH
. .
OH Pripiha I‘\OH
—_
pH<pKa Electrostatic interaction

0 0

Aromatic/hydrophobic interactions

Fig. 2: Representation of PBA in two different conformations, trigonal at pH lower than its
pKa, and tetrahedral in an opposite condition. From these two conformations, all possible
interactions are described exposing the multimodal behavior of this acid:
Aromatic/hydrophobic, electrostatic, hydrogen bond, Lewis acid-base and affinity cis-diol
interactions. X is a Lewis base compound with an available pair of electrons to share with

Lewis acid boron.

20



Chapter Il — Phenylboronate chromatography: from af  finity to multimodal behavior

The multimodal characteristic of PBA is not only related to the ligand itself but
sometimes to the chromatographic media composition and variations of the ligand, i.e. BA
as ligand.

Different media composition can be found nowadays and depending on the
chemical structure, an extra effect can be obtained. The choice is related to the purification
process to be performed where the extra effect is likely favorable. Agarose, cellulose,
methacrylate and glass beads are some examples of different matrix composition. For
instance, agarose and cellulose can provide higher hydrogen bond interactions due to the
high number of hydroxyls from their composition, on the other hand the hydroxyls from
silica present in the glass beads become unprotonated and negatively charged above their
pKa values [55].

Different variations of BA have been studied as well. These attempts were related
to enhance the affinity interaction by increasing the association constants obtained with
phenylboronic acid. Although an effort has been made in this direction, PBA is still the

most used ligand in boronate chromatography [11,12,33,40,41].

2.1 Multimodal interactions of PBC

As previously described, the multimodal behavior of PBA can be easily predicted if
the interactions are separately analyzed. They can be described by the two possible
configurations which are pH dependent, however in both configurations the phenyl moiety
can have some influence by aromatic interactions (hydrophobic, m-m and cation-1r) or
hydroxyls of boron by hydrogen bonding formation (Figure 2). At tetrahedral conformation
the affinity by cis-diol is the primary interaction however the PBA becomes negatively
charged and can act as cation-exchanger. On the other hand, the trigonal form is neutral
and due free p orbital of boron, Lewis bases compounds can interact by charge-transfer
[38].
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2.1.1 Tetrahedral configuration behavior

Tetrahedral configuration is the target when PBC is applied [12,33,44]. As
discussed in the first section the binding constant of this affinity interaction with cis-diol
compounds is usually higher for the tetrahedral configuration than for the trigonal one, in
agueous medium. Alkaline condition is required in order to hydroxylate a trigonal
conformation to tetrahedral since a pH equal or above PBA pKa is necessary. PBA, the
most common BA applied in boronate chromatography, has a pKa 8.8 and the binding
conditions for this ligand are usually applied above 8 [1]. Several studies have been
performed regarding the esterification of PBA mostly with 1,2 cis-diol compounds [3].
Springsteen and Wang (2002) [6] reported several association constants of diol
compounds with PBA at neutral pH, however these values increase about 4-fold when the
pH was raised to 8.5 confirming the higher affinity as soon as the pH approximates to pKa
value of PBA, except for ARS (Table 1). These values have been reported to be relatively
weak compared to other affinity ligands, specially the biological ones such as lectin [45] or
protein A [46]. On the other hand, PBA provides important advantages over protein A or
other biological ligands as higher chemical stability and lower cost [44]. In addition, the
affinity interaction of PBA can be very selective under certain conditions being compared
with other affinity ligands [47].

Although the affinity cis-diol has been reported as primary interaction, the ability of
the tetrahedral conformation to act as cation-exchanger can play an important role in the
PBC, as already mentioned. For instance, the negatively charged PBC can strengthen the
affinity interaction with positive patches of the biomolecule but also repel negatively
charged biomolecules as well [40]. Nevertheless, this extra effect could be used as
strategy for increasing selectivity of PBC. The phenyl moiety (further discussed at section

2.1.3) and the hydroxyl groups can also provide hydrophobic/aromatic and hydrogen bond
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interactions, respectively. Hydrogen bond is a weak interaction and the probability of
playing a dominant interaction can be low since two hydroxyls are esterifying and the

possible hydrogen bond can only be performed by the third hydroxyl.

2.1.2 Trigonal configuration behavior

At neutral or acidic conditions, i.e. at pH values below BAs pKa, the trigonal
configuration is obtained and there is a vacant p orbital capable to coordinate with other
Lewis bases creating other interaction based on charge transfer where an electron pair
from Lewis base can be coordinated by BA, a Lewis acid [1]. This interaction has not been
much explored for separation purposes, however some authors have pointed charge
transfer interaction as a reason for the binding of nonglycosylated proteins during
purification [13]. Studies with human monoclonal antibodies (mAbs) from Chinese hamster
ovary (CHO) cell culture supernatants using different supports with PBA immobilized
provided high yields of mAbs, however insulin and human serum albumin, the main
impurities in this culture, were also adsorbed by PBC specially when a neutral pH was
applied in binding conditions [11,44]. According to these authors, available non protonated
primary nitrogen from amino acids could be responsible for secondary charge transfer
interactions since the trigonal conformation is dominant under this condition. In addition,
carboxylic acids also present in acidic amino acid are negatively charged under this
condition what classify them as hard Lewis bases [48]. These authors also described the
hard Lewis bases as high electronegative compounds what would easily share their extra
electrons.

The effect of some Lewis bases compounds, usually used as buffers, on
association constants of BAs esterification with saccharides (fructose, mannitol, sorbitol
and glucose) has been a studied in a wide pH range from 2 to 12 [7]. According to these

authors a ternary complex (PBA/diol/Lewis bases) can be formed in a significant way and
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be a dominant complex depending on the solution composition. This work also discusses
the hardness of different Lewis bases compounds such as imidazole, phosphate and
citrate. Citrate was found to be the hardest between these Lewis bases since this
compound was able to better coordinate with PBA in a wider pH range. According to these
authors, this behavior is probably related to the two possible ways of interaction, one by
the usual charge transfer since citrate has three carboxylic acids in its structure, and a
second by a chelate cyclic interaction with binary complex (PBA/Lewis bases) since citrate
is also a hydroxyacid. However, the chelate interaction does not happen with ternary
complex (PBA/diol/Lewis bases) [7]. In some situations, the Lewis base can even be
responsible for cleaving the B-O interaction, depending on the strength of the Lewis base
towards BA. Fluoride is an example of this compound and this strong interaction has been
explored in order to use organoboron compounds as Lewis acid receptors for fluoride
anions in acidic conditions [49]. The Lewis acid-base interaction is probably the dominant
interaction when PBA is in the trigonal conformation, and thus the binding of biomolecules
can likely be driven by charge transfer under certain conditions.

This conformation also allows for mixed-mode behavior through aromatic
interactions by phenyl moiety (further discussed) and hydrogen bond by hydroxyls of PBA.
Hydrogen bond is usually a weak interaction, and thus may only help stabilizing the main
interaction rather than being the main precursor [50], especially for bigger biomolecules as

proteins and RNA.

2.1.3 Phenyl moiety effect

PBA is the most used ligand for boronate chromatography [38]. The phenyl moiety
of this ligand could also be responsible for strengthening the primary interaction providing
hydrophobicity or aromatic interactions. In order to induce hydrophobicity, high

concentration of salts are usually used in order to promote the “salting out” of biomolecules
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[51]. However, PBC is usually performed in a low salt and buffer concentration in order to
obtain low ionic strength and avoid hydrophobic interactions [52]. Nevertheless, aromatic
cation-mr and -1 interaction can still occur between the phenyl moiety of PBC and
biomolecules. The presence of -1 interactions in PBC has been discussed for more than
20 years by several authors especially when it is applied in protein purification [40,44,52].
Brena et al. (1992) [52] showed in their study the Mg*? effect on adsorption of
immunoglobulin and suggested that it could be related with the 1T system since this cation
was able to redistribute the 1 electrons what nowadays could be called cation-Tr
interaction [53]. More recently, Zhang et al. (2009) [40] realized that non-specific
interaction have occurred between the nonglycosylated heavy chain of recombinant
human antibody and PBC and according to these authors T interaction could be
responsible for the binding, although the interaction was not disrupted in the presence of
phenylalanine. Nevertheless, these interactions are still only hypothesis and much more
has to be elucidated.

Although the phenyl moiety does not suffer any structural changing between the
two PBA conformations, some differences in chemical properties can be obtained. For
instance, the additional polarity of tetrahedral form with 3 hydroxyl and negative charge
around boronate could probably diminish hydrophobic interactions [38]. At the trigonal
conformation the effect of the phenyl moiety could be more relevant although low ionic
strength is still applied for PBC when this condition is used [13]. Even though, this
conformation provides lower polarity increasing the probability of interactions with the
phenyl moiety. This additional effect by phenyl moiety could bring nonspecific interaction
but also higher selectivity to this chromatography, for instance, playing with salt
concentration could be a strategy for enhance the selectivity of PBC for separating
biomolecules by cis-diol affinity or Lewis acid-base interactions since these interactions

are probably not salt dependent because of the covalent bond [1, 49].
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2.2 Media, supports and ligands for boronate chroma  tography

The large popularity of PBC nowadays is responsible for the wide range of different
media and supports options commercially available (Table 2). Additional interactions can
be provided and somehow modify the multimodal behavior of this ligand depending on the
media used for immobilizing PBA. ProSep®-PB, a controlled-pore glass (CPG®) beads with
aminophenylboronic acid (APBA) functionalized has been applied in separation studies
[11,54]. This media is a silica based material and when it is in pH above 6, hydroxyls can
lose protons and become negatively charged acting as cation exchanger [55]. This feature
can enhance the cation exchange behavior of PBA at the tetrahedral conformation, which
is usually obtained only at alkaline conditions. Furthermore, CPG® is a hydrophilic media
commonly used as a stationary phase in hydrophilic interaction liquid chromatography
(HILIC), which increases the polarity and could diminish even more the phenyl effect of
PBC. Besides the media, each support has also particular feature which characterize it for
specific separations. For instance, several studies have been done in order to obtain
monoliths PBA functionalized [47,56]. Srivastava et al. (2012) [56] has developed a
monolith cryogel with vinylphenylboronic acid and according to these authors, the
macroporosity of this support can be properly applied for larger biomolecules separations
like cells, RNA and proteins. Monolithic supports have been widely applied on PBC in the
last few years. Fine tuning monoliths [14], hybrid boronate monolith [57] and capillary
chromatography [58] are examples of this application among several other attempts in

production of monoliths by different monomers reactions and PBA derivatives [59].
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Table 2: Examples of different media and supports used in PBC, commercially available or

production described in the literature.

) Supplier or o
Material base Support Applications
reference
ProMetic Beads
Agarose _ _ [52,60]
Sigma-Aldrich Beads
) Bio-rad Gel [61]
Polyacrylamide _
[56,59] Monolith cryogel [56]
Tosoh Gel (HPLC column) [40]
Polymethacrylate _ _
Sigma-Aldrich Gel [62,63]
Controlled-pore glass Millipore Beads [11,54]
Magnetic particles (silica )
Chemicell Beads [41]

base)

New ligands for boronate chromatography have been explored as well. In the early
90’s, studies with different variations of aliphatic boronate ligands using cellulose or
agarose as matrices were performed [64,65]. Among these variations, some ligands had a
hetero atom coordinated with boron (Figure 3) in order to create a tetrahedral conformation
of ligand. This strategy favored the esterification with cis-diol compounds and it could also
lower the pKa to 7.0 that would allow their use in this chromatography at neutral pH.
However, none of these ligands were stable or efficient providing low ligand density or low
association constants of cis-diol esterification. Some aliphatic ligands were not even able
to interact with cathecol, an organic diol compound which has one of highest equilibrium
constant with BAs (Table 1) [38]. Despite these different attempts, none of them provided
better performance than PBA. Most of the current commercial available supports (Table 2)
and studies with new supports for boronate chromatography use PBA as ligand. Current

strategies are aiming not to the design of new ligands but of different functional groups for
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immobilization in order to obtain higher immobilization yields and consequently higher

ligand densities [59].

R1

Fig. 3: Boronate ligand with internal coordination bond. X= O, N, S, etc. Y= -CH,Br, -NH,, -

NCS, etc. R1= 'N(C2H5)2, 'N[CH(CHg)z], -OCHj3, etc [65]

2.3 Biomolecule surface properties effect on PBC

Besides the effect of geometrical structure of cis-diols in the esterification, the
multimodal behavior can also be responsible for retention of biomolecules which includes
many other possible interactions which are related to the exposed chemical surface of the
biomolecules towards PBA.

Glycosylated proteins became one of the main targets of PBC. This class of
proteins has been widely investigated in the last 20 years due their importance in
transports of biomolecules during biological production in the cell machinery [66]. The
glycoprotein has a carbohydrate chain (pentose and hexoses saccharides, uronic acid and
sialic acid) linked covalently to N or O of specific residues of the proteins and they are not
part of primary structure of the protein [66,67]. This covalent link can be performed
enzymatically (glycosylation) or not (glycation), the latter is usually obtained by longer

exposure of proteins in environments rich in glycans [40]. Although both are covalently
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linked to the protein, studies have shown a preference binding of PBC to glycated
recombinant humanized monoclonal antibodies (rhmAbs) [40]. According to these studies,
vicinal cis-diol from glycosylation sites would need to overcome high energy barriers (up to
12 kcal/mol) to obtain the co-planar geometry necessary to bind to PAB since these diol
compounds cannot overcome barriers energies > 7 kcal/mol. However, other works have
already demonstrated glycosylated proteins binding using PBC [68]. An actual discussion
is more related to ability of PBC separate glycoforms. Lu et al. (2013) [14] in an attempt to
separate sialyted from nonsialyted glycosylated proteins played with pH dependency of
PBA in order to obtain higher selectivity toward this sub-class of glycoproteins.

Concerning the multimodal behavior of PBC, other surface properties of
biomolecules can likely affect their binding during this chromatography. Hydrophobic
patches and charges on the surface of the biomolecules could be responsible for different
behavior in the interactions occurring. Studies have demonstrated the surface properties
dependence in multimodal interaction. Holstein et al. (2012) [69] has showed by NMR
spectra different binding sites for the same protein ubiquitin when applied to a weak (CM
sepharose FF), a strong (SP sepharose FF) and a multimodal (Capto MMC) cation
exchange ligand. In PBC, different sites of the target biomolecule could be responsible for
its binding depending on the surface properties of biomolecules. As discussed before, due
to the negative charge of PBC at the tetrahedral conformation, the charge of the target
molecule can influence its retention. Despite lacking of studies in this matter, the same rule
could work for hydrophobic patches on biomolecule surface, the higher number of these
patches could increase the probability of interactions with phenyl moiety of PBC. Studies
on extraction of diols using PBA showed some effect of hydrophobicity of diol radical on
separation [13]. According to these studies, the higher the alkyl chain, the higher the

extractability obtained.
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The presence of Lewis bases in the target biomolecules structure has also
demonstrated being responsible for interfering on PBC interactions. Studies performed
with different nucleosides in different conditions revealed that protic conditions
(acetonitrile/H,O) was not favorable for nucleosides retention, however when 100%
acetonitrile was used, the retention obtained was effected by the nucleobase rather than
by the presence of cis-diol moiety [12]. It is a fact that using an organic solvent, the
deprotonated nitrogen of nuclease can easily compete by charge transfer due to the low
presence of hydroxonium, what does not occur in an aqueous medium. In a different
scenario, carboxylic acids from proteins could easily act as Lewis bases in trigonal
conformation of PBA and be retained by charge transfer. For instance, acidic and neutral
proteins (pl of protein < pKa of PBA) could likely perform this interaction since they

theoretically have a higher number of acidic residues.

3. Conclusions and future trends

In the last 5 years, applications on PBC have focused on monoclonal antibodies
[11,44], studies with glycated hemoglobin [70,71], plasmid DNA purification [54], and
several glycosylated proteins purification used in proteomics [14,68,72] for pharmaceutical
and biomedical purposes. The liquid chromatography technique is used in these cases
aiming separation, characterization, analysis and quantification and all of them are
exploring the esterification of PBA with cis-diol as a main interaction. Several examples
were described throughout the development of this chapter, and accordingly, PBC is a
powerful technique due to the unique interaction provided by PBA ligand able to bind
selectively cis-diol compounds. In addition, this affinity chromatography has shown also a

multimodal behavior which increases its selective ability when right strategies are applied.
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The recent applications reported in the literature are based not only in the selective
feature of PBC but also in the higher stability, lower toxicity and lower cost compared to
other affinity chromatography. As mentioned before, the replacement of the established
protein A chromatography for monoclonal antibodies purification is largely discussed
nowadays. Several developments in upstream conditions have improved the production
titers and the capture step of mAbs purification became the bottleneck of the process
requiring more efficient and stable ligands. PBC is a potential candidate in mAbs
separation, the first application dates from 1992 [52] but only few years ago several efforts
have been made in order to improve this process [11,40,44]. From the same reasons,
studies on replacement of lectin chromatography by PBC for proteomic analysis have
been performed [14]. Other successful PBC application is described by Gomes et al.
(2011) [54], who used a negative chromatography to obtain the target product, plasmid
DNA from E. coli lysate, at flow through step. High yield of 96% was obtained from this as
well as significant removal of impurities, including host proteins (61.3%), RNA (61.5%) and
genomic DNA (44.7%). Furthermore, the significance of a such good purification factors
persisted even after scaling-up of the process [33]. In a different perspective, PBC has
been used for analysis and separation of hemoglobin for more than 20 years [35].
Recently, studies using this chromatography have demonstrated the important clinical
issues as the best conditions for storage of blood samples with hemoglobin Alc from
patients in order to obtain stability of these cells for later analysis [70].

Several other successful applications of PBC could be mentioned, however it is
important to note that some mechanisms of this affinity interaction are still not completely
understood. Most of the reasons are related to the multimodal behavior of the PBA ligand
and how all the possible interactions can affect each other. Lacking on comprehension of
phenyl moiety and hydrogen bond from hydroxyls contribution to this chromatography

could be a key for some explanations of non-specific interactions obtained in some
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studies. Moreover, exploitation of the Lewis acid-base interaction at trigonal conformation

targeting other classes of proteins could increase the range of selectivity and applications

of this chromatography (further discussed in the chapter Ill). Finally, PBC proved to be a

powerful separation technigue and a better understanding of its mechanisms of

interactions is the key for the improvement of its efficiency.

[1]

[2]

(3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

32

References

D.G. Hall, in Boronic Acids: Preparation and Applications in Organic Synthesis and
Medicine, 2005, p. 1.

J.P. Lorand, J.O. Edwards, Journal of Organic Chemistry 24 (1959) 769.

S.D. Bull, M.G. Davidson, J.M. van den Elsen, J.S. Fossey, A.T. Jenkins, Y.B.
Jiang, Y. Kubo, F. Marken, K. Sakurai, J. Zhao, T.D. James, Accounts of Chemical
Research 46 (2013) 312.

W.A. Marinaro, L.J. Schieber, E.J. Munson, V.W. Day, V.J. Stella, Journal of
Pharmaceutical Sciences 101 (2012) 3190.

M. Murata, T. Oyama, S. Watanabe, Y. Masuda, Journal of Organic Chemistry 65
(2000) 164.

G. Springsteen, B.H. Wang, Tetrahedron 58 (2002) 5291.

L.l. Bosch, T.M. Fyles, T.D. James, Tetrahedron 60 (2004) 11175.

J. Yan, G. Springsteen, S. Deeter, B.H. Wang, Tetrahedron 60 (2004) 11205.

M.A. Martinez-Aguirre, R. Villamil-Ramos, J.A. Guerrero-Alvarez, A.K. Yatsimirsky,
The Journal of Organic Chemistry 78 (2013) 4674.

Y.C. Li, E.L. Larsson, H. Jungvid, LY. Galaev, B. Mattiasson, Journal of

Chromatography A 909 (2001) 137.



Chapter Il — Phenylboronate chromatography: from af  finity to multimodal behavior

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

A.M. Azevedo, A.G. Gomes, L. Borlido, I.F. Santos, D.M. Prazeres, M.R. Aires-
Barros, Journal of Molecular Recognition 23 (2010) 569.

R. Tuytten, F. Lemiere, E.L. Esmans, W.A. Herrebout, B.J. van der Veken, B.U.
Maes, E. Witters, R.P. Newton, E. Dudley, Analytical Chemistry 79 (2007) 6662.

M. Matsumoto, A. Kado, T. Shiraki, K. Kondo, K. Yoshizuka, Journal of Chemical
Technology and Biotechnology 84 (2009) 1712.

Y. Lu, Z.J. Bie, Y.C. Liu, Z. Liu, Analyst 138 (2013) 290.

K. Oshima, E. Kitazono, Y. Aoyama, Tetrahedron Letters 38 (1997) 5001.

Y.S. Rho, S.Y. Kim, I. Cho, H.S. Kang, D.J. Yoo, C.J. Cheong, Bulletin of the
Korean Chemical Society 19 (1998) 1059.

C.J. Musto, K.S. Suslick, Current Opinion in Chemical Biology 14 (2010) 758.

T. Ptak, P. Mlynarz, A. Dobosz, A. Rydzewska, M. Prokopowicz, Journal of
Molecular Structure 1040 (2013) 59.

T.D. James, K. Sandanayake, S. Shinkai, Journal of the Chemical Society-
Chemical Communications (1994) 477.

M. Takeuchi, S. Shinkai, Tanpakushitsu Kakusan Koso 41 (1996) 2584.

J.S. Fossey, F. D'Hooge, J.M. van den Elsen, M.P. Pereira Morais, S.l. Pascu, S.D.
Bull, F. Marken, A.T. Jenkins, Y.B. Jiang, T.D. James, The Chemical Record 12
(2012) 464.

J. Rohovec, J. Kotek, J.A. Peters, T. Maschmeyer, European Journal of Organic
Chemistry (2001) 3899.

E. Dimitrijevic, M.S. Taylor, Acs Catalysis 3 (2013) 945.

M.L. Stolowitz, C. Ahlem, K.A. Hughes, R.J. Kaiser, E.A. Kesicki, G.S. Li, K.P.
Lund, S.M. Torkelson, J.P. Wiley, Bioconjugate Chemistry 12 (2001) 229.

S. Saito, T.L. Massie, T. Maeda, H. Nakazumi, C.L. Colyer, Analytical Chemistry 84

(2012) 2452.
33



Phenylboronic acid as ligand for multimodal chromat ography

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

34

G. DeSantis, C. Paech, J.B. Jones, Bioorganic & Medicinal Chemistry 8 (2000)
563.

O. Eidam, C. Romagnoli, E. Caselli, K. Babaoglu, D.T. Pohlhaus, J. Karpiak, R.
Bonnet, B.K. Shoichet, F. Prati, Journal of Medicinal Chemistry 53 (2010) 7852.
F.R. Bean, J.R. Johnson, Journal of the American Chemical Society 54 (1932)
4415.

C.J. Kirk, Seminars in Hematology 49 (2012) 207.

W. Yang, X. Gao, B. Wang, in D.G. Hall (Editor), Boronic Acids: Preparation,
Aplications in Organic Synthesis and Medicine, WILEY-VCH Verlag GmbH & Co.
KGaA, 2005, p. 481.

J. Wang, Z.H. Zhang, X. Wang, W. Wu, X.Q. Jiang, Journal of Controlled Release
168 (2013) 1.

S.A. Barker, B.W. Hatt, P.J. Somers, R.R. Woodbury, Carbohydrate Research 26
(1973) 55.

A.G. Gomes, A.M. Azevedo, M.R. Aires-Barros, D.M.F. Prazeres, Journal of
Separation Science 35 (2012) 3190.

C.J.W. Brooks, J. Watson, Chemical Communications (1967) 952.

F.A. Middle, A. Bannister, A.J. Bellingham, P.D.G. Dean, Biochemical Journal 209
(1983) 771.

Y.C. Li, J.O. Jeppsson, M. Jornten-Karlsson, E.L. Larsson, H. Jungvid, L.Y. Galaev,
B. Mattiasson, Journal of Chromatography B-Analytical Technologies in the
Biomedical and Life Sciences 776 (2002) 149.

Z. Lin, H. Huang, S. Li, J. Wang, X. Tan, L. Zhang, G. Chen, Journal
Chromatography A 1271 (2013) 115.

X.C. Liu, Se Pu 24 (2006) 73.



Chapter Il — Phenylboronate chromatography: from af  finity to multimodal behavior

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

D.S. Hage, J.A. Anguizola, C. Bi, R. Li, R. Matsuda, E. Papastavros, E.
Pfaunmiller, J. Vargas, X. Zheng, Journal of Pharmaceutical and Biomedical
Analysis 69 (2012) 93.

B. Zhang, S. Mathewson, H. Chen, Journal Chromatography A 1216 (2009) 5676.
L. Borlido, A.M. Azevedo, A.C. Roque, M.R. Aires-Barros, Journal Chromatography
A 1218 (2011) 7821.

Y. Hou, C.J. Morrison, S.M. Cramer, Analytical Chemistry 83 (2011) 3709.

K. Becker, E. Hallgren, E. Carredano, R. Palmgren, L. Bulow, Journal of Molecular
Recognition 22 (2009) 104.

L. Borlido, A.M. Azevedo, A.G. Sousa, P.H. Oliveira, A.C. Roque, M.R. Aires-
Barros, Jounal of Chromatography B Analytical Technologies in Biomedical and
Life Sciences 903 (2012) 163.

Y. Takeda, A. Seko, M. Sakono, M. Hachisu, A. Koizumi, K. Fujikawa, Y. lIto,
Carbohydrate Research 375 (2013) 112.

V. Natarajan, A.L. Zydney, Biotechnology and Bioengineering 110 (2013) 2445.
Z.A. Lin, J.L. Pang, Y. Lin, H. Huang, Z.W. Cai, L. Zhang, G.N. Chen, Analyst 136
(2011) 3281.

M.B. Smith, J. March, March's Advanced Organic Chemistry - Reactions,
Mechanisms, and Structure (6th Edition), John Wiley & Sons, 2007.

M. Janczyk, A. Adamczyk-Wozniak, A. Sporzynski, W. Wroblewski, Analytica
Chimica Acta 733 (2012) 71.

L. Zhu, S.H. Shabbir, M. Gray, V.M. Lynch, S. Sorey, E.V. Anslyn, Journal of the
American Chemical Society 128 (2006) 1222.

K.O. Eriksson, M. Belew, Methods Biochemical Analysis 54 (2011) 165.

B.M. Brena, F. Batistaviera, L. Ryden, J. Porath, Journal of Chromatography 604

(1992) 109.
35



Phenylboronic acid as ligand for multimodal chromat ography

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

36

D.A. Dougherty, Accounts on Chemical Research (2012).

A.G. Gomes, A.M. Azevedo, M.R. Aires-Barros, D.M.F. Prazeres, Journal of
Chromatography A 1218 (2011) 8629.

E.M. Borges, C.H. Collins, Journal of Chromatography A 1218 (2011) 4378.

A. Srivastava, A.K. Shakya, A. Kumar, Enzyme and Microbial Technology 51
(2012) 373.

Q. Li, C. Lu, H. Li, Y. Liu, H. Wang, X. Wang, Z. Liu, Journal of Chromatography A
1256 (2012) 114.

Y.C. Liu, L.B. Ren, Z. Liu, Chemical Communications 47 (2011) 5067.

H. Li, Z. Liu, TrAC Trends in Analytical Chemistry 37 (2012) 148.

D. Zanette, A. Soffientini, C. Sottani, E. Sarubbi, Journal of Biotechnology 101
(2003) 275.

B.M. Laing, P.X. Guo, D.E. Bergstrom, Methods 54 (2011) 260.

L. Cochrane, B.J. Bench, R. Johnson, C. Hamilton, J. Gooch, J.R. Wright,
Polymers for Advanced Technologies 16 (2005) 123.

V. Larsimont, M. Bogaards, P. Mulleneers, G. Hochhaus, Journal of
Pharmaceutical and Biomedical Analysis 19 (1999) 855.

V. Adamek, X.C. Liu, Y.A. Zhang, K. Adamkova, W.H. Scouten, Journal of
Chromatography 625 (1992) 91.

X.C. Liu, W.H. Scouten, Journal of Chromatography A 687 (1994) 61.

A. Varki, N. Sharon, in A. Varki, R.D. Cummings, J. Esko (Editors), Essentials of
Glycobiology, Cold Spring Harbor, NY, 2009.

R. Jefferis, in A. Beck (Editor), Review of Glycosylation Engineering of
Biopharmaceuticals: Methods and Protocols, mAbs, 2013.

Y. Tian, H. Zhang, Proteomics 13 (2013) 504.



Chapter Il — Phenylboronate chromatography: from af  finity to multimodal behavior

[69]

[70]

[71]

[72]

M.A. Holstein, S. Parimal, S.A. McCallum, S.M. Cramer, Biotechnology and
Bioengineering 109 (2012) 176.

C.L. Ronhlfing, S. Hanson, A.L. Tennill, R.R. Little, Diabetes Technology &
Therapeutics 14 (2012) 271.

P. Sthaneshwar, H. Shanmugam, V.G. Swan, N. Nasurdin, K. Tanggaiah,
Pathology 45 (2013) 417.

M. Ramirez-Boo, F. Priego-Capote, A. Hainard, F. Gluck, P. Burkhard, J.C.

Sanchez, Journal of Proteomics 75 (2012) 4766.

37



Phenylboronic acid as ligand for multimodal chromat ography

38



CHAPTER Il

PROBING LIGAND-PROTEIN INTERACTION
IN PHENYLBORONATE CHROMATOGRAPHY

Rimenys Jr. Carvalho, James Woo, Siddharth Parimal, M. Raquel Aires-Barros, Steven M.
Cramer, Ana M. Azevedo

Submitted: Journal of Chromatography A

Results presented in the following conferences:

Carvalho, R.J., Woo, J., Azevedo, A.M., Cramer, S.M:, Aires-Barros, M.R. Phenylboronic
acid as ligand for a multimodal chromatography — 32" International Symposium on the

separation of Proteins, Peptides and Polynucleotides (ISPPP), Istanbul/Turkey, 2012.

Carvalho, R.J., Woo, J., Azevedo, A.M., Cramer, S.M:, Aires-Barros, M.R. Phenylboronic
acid as ligand for a multimodal chromatography: characterization using protein library —

Affinity, Vienna/Austria, 2013.






Chapter IIl — Probing ligand-protein interaction in phenylboronate chromatography

Probing ligand-protein interaction in phenylboronat e chromatography

Abstract

In this work, a protein library containing both glycosylated and nonglycosylated
proteins with a wide range of molecular weights and pl values was employed to investigate
the various chemical interactions between proteins and phenylboronic acid (PBA)
chromatographic supports. Adsorption experiments were carried out over a pH range from
4 to 9 and differences in the adsorption of these proteins were generally related with two
main properties, charge (pl value) and presence of glycans. For proteins with an acidic or
neutral pl, it was necessary to add 200 mM of NaCl above pH 8, when tetrahedral
conformation is already obtained, in order to adsorb glycosylated proteins onto the resin.
The salt ions likely shielded the electrostatic repulsion between the negative charged
tetrahedral PBA and the protein surface. In this pH range, PBA also acted as a cation
exchanger, adsorbing basic proteins via electrostatic interactions, which could then be
disrupted with the addition of 200 mM NacCl. Below pH 8, PBA is in an uncharged trigonal
form, unable to make the electrostatic and cis-diol interactions found at high pH. Proteins
exhibited higher adsorption around their pl, suggesting that hydrophobic or -
interactions from the phenyl moiety of PBA contributed significantly to the retention of the
target molecule. Adsorption studies performed in the presence of a Lewis base buffer
(citrate) showed that at pH 4 and 6, the adsorption decreased for both neutral and acidic
proteins, indicating that Lewis acid-base charge-transfer interactions between PBA and the
carboxylic groups of proteins could also be a significant factor in protein adsorption at
lower pH. This study has demonstrated that PBA interacts with proteins via several modes
of interaction, including group specific affinity cis-diol, electrostatic, charge transfer and

hydrophobic interactions.
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1. Introduction

Many studies on boronic acids (BA) have focused on their ability to interact
specifically with cis-diol containing biomolecules through the formation of a reversible pair
of covalent ester bonds [1-3]. This rather unique feature has been widely explored during
the last 30 years in the development of carbohydrate sensors [4,5], extraction of cis-diol
containing molecules [6], labeling of proteins and cell surfaces [7,8] and in the affinity
chromatographic separation of biomolecules such as glycoproteins, glycopeptides,
nucleosides and nucleic acids [9-13].

BA ligands can be found in two different stable conformations depending on the pH
of the medium. Typically at neutral or acidic environments, i.e., below the BA’s pl, the
boronic acid adopts a trigonal conformation while at alkaline environments the ligand
becomes hydroxylated and the resulting boronate anion adopts a tetrahedral conformation
(Figure 1)[3]. This hydroxylation is possible since trigonal BAs exhibit a Lewis acid
behavior due to the deficient valence of the boron atom which has a free p orbital that
enables it to coordinate with basic molecules [14], as hydroxyls, resulting in a highly stable
tetrahedral conformation which is negatively charged at high pH. This simple change in BA
conformation changes its affinity for cis-diol compounds, resulting from slower dissociation

from tetrahedral complexes than from trigonal complexes [2,15].
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OH
JoH |
R~ +2HO0 == RI—B8—OH + ™0
oH |
OH

1 2
Fig. 1: Chemical equation of boronic acid ionization in aqueous environment according to
Hall [14]. 1 — Trigonal conformation of BA. 2 — Tetrahedral conformation after ionization at

high pH.

Phenylboronate (PB) chromatography has been broadly applied for glycoprotein
separation and identification since it can specifically retain these proteins through binding
the glycans present in their structures, especially at pH values higher than the pKa (8.8) of
the PB ligand. Although the mechanisms of interactions are still not fully understood [16],
current clinical applications such as glycated hemoglobin measurement are already being
used [17,18] and other possible and potential applications have been suggested in the
literature including the determination of glycan patterns [16,19] and the separation of
complex biological mixtures [9,20,21]. This type of chromatography has important
advantages such as low cost, high chemical stability and the specificity to replace
established processes such as Protein A chromatography for monoclonal antibodies
purification [9,21] and lectin affinity chromatography for isolation of glycoproteins for
glycoproteomics [20]. Protein A and lectin affinity chromatography, although very effective
due to their specific interactions, can have some drawbacks such as high cost and ligand
instability [22,23].

In addition to the affinity interaction between BA and cis-diol molecules which is
unique to PB chromatography, the Lewis acid character of the ligand also allows it to
interact with hard Lewis bases whenever the pH is below the ligand pKa [24]. This
secondary interaction could be exploited to increase the selectivity of cis-diol interactions
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or as an orthogonal driving force for protein separations. Lewis acid-base interactions have
already been explored in chromatography using zirconia as stationary phase. This support
is also a Lewis acid which can interact with strong Lewis bases buffers and generate a
negatively charged surface [25]. In PB chromatography, Lewis bases groups are present
in proteins, in the form of negatively charged carboxylates (aspartate and glutamate) or
unprotonated amino groups (asparagine and glutamine), and could easily interact with
boron at lower pH [26]. Hydrophobic and aromatic 1-1r or cation-Tr interactions via the
phenyl moiety are also likely playing a role, though these interactions are minimal at low
ionic strength [27]. In addition, the hydroxyl groups can also establish hydrogen bonds with
electronegative atoms on the protein surface [28]. Lastly, when the ligand is in the
negatively-charged tetrahedral conformation, the hydroxyboronate anion can act as a
weak cation-exchanger.

All the aforementioned secondary interactions are often disregarded by many
authors that focus on separating molecules based on their cis-diol content [9,16].
Nevertheless, these secondary interactions should be taken into consideration as they can
modulate cis-diol binding and even enhance both the selectivity and capacity of the
chromatographic media as demonstrated in multimodal chromatography studies [29,30].

All of these proposed secondary interactions have a strong dependence on the
solution pH. In this paper we characterize the adsorption behavior of a library of proteins
containing glycosylated and nonglycosylated species with isoelectric points ranging from
2.5-9.5. Adsorption experiments were performed over a pH range of 4 to 9 in 96-well
plates and in packed columns, in order to understand and categorize the possible
interactions between PB and different classes of proteins (acidic, neutral, basic,
glycosylated and nonglycosylated) and determine which interactions are dominant at

different pH ranges.
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2. Materials and Methods
2.1 Materials

The protein library was composed by the following proteins obtained from Sigma-
Aldrich® (St. Louis, MO, USA). amyloglucosidase from Aspergillus niger, carbonic
anhydrase from bovine erythrocyte, cellulase from Trichoderma reesei, invertase
glycoprotein standard from Saccharomyces cerevisiae, pepsin from porcine stomach,
ribonuclease A (RNase A) from bovine pancreas and ribonuclease B (RNase B) from
bovine pancreas.

8-Anilino-1-naphthalenesulfonic acid (ANS), 2-(Cyclohexylamino)ethanesulfonic
acid (CHES), sodium phosphate mono and dibasic anhydrous, sodium citrate anhydrous,
sodium acetate anhydrous, sodium fluoride, tris(hydroxymethyl)aminomethane (Tris),
sodium chloride and glycine were also purchased from Sigma-Aldrich. Ethanol was
purchased from Panreac (Panreac, Barcelona, Spain) and glacial acetic acid from VWR
(VWR, Ecuador). The chromatographic media used in this study were controlled porous
glass (CPG®) and aminophenylboronic acid functionalized CPG® (ProSep®-PB, EMD
Millipore, UK), Agarose P6XL (ProMetic Biosciences, UK) and pre-packed HiTrap™
Phenyl HP (GE Healthcare, Sweden). All reagents used had a purity = 98%, were PA or of
HPLC grade. All the water used in the experiments was deionized water.

Akta Explorer and Purifier systems (GE Healthcare, Uppsala, Sweden) were used
to perform all column experiments, both systems were operated online by the software
Unicorn 5.11. Tricorn™ empty glass columns (i.d. 5 mm; max. bed height 109 mm) were
used for packing ProSep®-PB and Agarose P6XL to a column volume of 2 mL (CV). Batch
experiments were performed with MultiScreen™-HV 0.45 um Durapore 96-well membrane

plates (EMD Millipore, USA).
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2.2 Adsorption experiments

2.2.1 Column experiments

Proteins were loaded in the column in amounts between 135 to 216 g, lower
loadings were performed in order to avoid saturation of the column. The pH range used in
these studies was from 4 to 9 and the adsorption buffers used were i) 50 mM sodium
acetate from pH 4 to 6, ii) 10 mM sodium phosphate from pH 7 and 8 and iii) 20 mM CHES
for pH 9, with the addition of either 0 or 200 mM NacCl. Elution of adsorbed proteins was
triggered by changing the eluent to 300 mM Tris-HCI, pH 8.5 under a 10 CV gradient
elution. The column was cleaned with 30 mM acetic acid, pH 3. 2 mL columns of either
CPG®, ProSep®-PB and P6XL were employed in the column experiments.

The percent adsorption of protein was determined based on area of the Tris-HCI
elution peak divided by the total peak area in the chromatogram. Randomly selected

conditions were duplicated and showed a standard deviation of 3% or less.

2.2.2 Batch experiments

In order to investigate the dominant interactions at the acidic/neutral pH range,
batch experiments were performed in which the adsorption buffer was supplemented with
different Lewis bases buffers or ethanol, with the intention to disrupt either charge transfer
interactions using Lewis bases buffers and/or hydrophobic interactions and thus identify
the dominant interactions for protein adsorption to PB. Pepsin, carbonic anhydrase and

cellulase were used in these studies. The experimental conditions are listed in Table 1.
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Table 1: Binding conditions of batch experiments and the expected effect of adsorption.

Buffers Binding conditions Lewis base Mitigation

and strength Effect

S riifiare Concentrations (mM) pH [26] Interaction expected
Acetate 10 50 100 | 200 200 4 Hard Charge transfer Low
Fluoride - 50 - - - 4 Medium Charge transfer Low
Phosphate 10 50 100 | 200 200 6 Medium Charge transfer High
Citrate 10 50 100 | 200 200 |4and6 Hard Charge transfer High
Ethanol* 20% - - - 20% | 4and 6 - Hydrophobicity High

Glycine* | 20 and 100 - - - - 4 and 6 Hard Charge transfer | Medium

*Ethanol and Glycine were prepared with Acetate at pH 4 and Phosphate at pH 6.

The adsorptions were performed in 96-well microplates with membranes, 200 uL of
protein solution was added in 20 uL of ProSep®-PB and agitated for 5 h using shaker-
incubator Stat Fax™ 2200 (Bio-Rad, USA) at maximum velocity and then the supernatant
was vacuum into UV 96-well microplate and the values of samples at UV 280 nm was
obtained with SPECTRAmax Plus 384 microplate reader (Molecular Devices, USA). The

percentage of adsorption was calculated based on Eq. (1):

_Ci—Cf

P -
Ci

x 100 1)

where P is the percentage of protein adsorption, Ci the initial concentration of protein
(mg/mL), Cf the concentration of supernatant obtained after adsorption (mg/mL). The

experiments were performed in triplicate.

2.3 Ligand density measurement

The ligand density was determined using Alizarin Red S (ARS) adsorption to
phenylboronic acid [31]. The assay was performed at pH 7 using ProSep®-PB and P6XL

in 96-well membrane plates 0.45 pm using MultiScreen™ Vacuum Manifold 96-well
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system for filtering dye solutions, as well as wash and elution steps. The concentration of
dye used was 4.5 mM ARS in 100 mM of phosphate buffer pH 7 and three different
resin:ARS ratios were tested: 1:4, 1:10 and 1:20. The resins were in contact with dye for 4
hours with the solution exchanged after 30, 60 and 150 minutes. After dye adsorption, the
resins were washed several times with 100 mM of phosphate buffer, pH 7 until the solution
was uncolored. Dye was eluted with 500 mM sorbitol in the same phosphate buffer until no
remaining dye could be detected. The measurement was monitored by SPECTRAmax

Plus 384 spectrophotometer microplate reader (Molecular Devices, USA) at A = 500 nm.

2.4 Hydrophobic studies

2.4.1 Phenylsepharose chromatography

80 pg of Amyloglucosidase, Pepsin, Carbonic Anhydrase, Cellulase and RNase A
and B were separately loaded in the HiTrap™ Phenyl HP 1 mL column. The runs were
performed in isocratic mode over 10 column volumes (CV) using 50 mM acetate (pH 4 and
6) and 20 mM CHES (pH 9). After each run, columns were cleaned using 3 CV of
deionized water followed by 3 CV of 20% ethanol. Additional experiments were also

performed using 10 and 20 mM citrate buffer at pH 4 as binding conditions.

2.4.2 8-Anilino-1-naphthalenesulfonic acid (ANS) bi  nding

Protein solutions (0.3 g/L) prepared in several buffers containing 7.5 uM ANS were
incubated in a plate shaker for 30 min. The fluorescence of each protein solution was
measured in a Varian Cary Eclipse Fluorescence spectrophotometer equipped with a
microwell plate reader (Varian, Palo Alto, USA). Measurements were performed at room
temperature and the emission spectra were recorded from 450 to 560 nm with excitation at

440 nm. The maximum values were obtained at 485 nm.
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2.5 Protein surface properties analysis

The 3D structure files for each protein were obtained from Protein Data Bank
(PDB) of Research Collaboratory Structural Bioinformatics (RCSB). All proteins were
pretreated to remove solvents and glycans from the structure file and later protonated at
the desired pH using the Molecular Operating Environment (MOE) 2010.10 software
(Chemical Computing Group, Montreal, Canada) using the Amber99 force-field. After
creating a structure file for each pH in the study, the protein surface properties
(electrostatic potential (EP), spatial aggregation propensity (SAP) and charged amino
acids maps) were visualized using PyMol 1.5 software (Schrodinger Inc., NY, USA). For
SAP maps, the hydrogen atoms were deleted from the protein structure file before
calculations were performed as described elsewhere [32] and the output was visualized

using PyMol.

2.6 Analysis of Phenylsepharose chromatography frac tions by size exclusion

chromatography (SEC)

Analyses of fractions from Phenylsepharose chromatography were performed by
SEC in HPLC system in order to analyze possible aggregation of them. Samples were run
in isocratic mode in a TSK-Gel Super SW3000 column equipped with a TSK-GEL Super
SW guard column, both from Tosoh Bioscience (Stuttgart, Germany) at 0.35 mL/min for 30
min in phosphate buffer saline (PBS) at pH 7.4. HPLC purity was quantified by the ratio of
the 1gG peak area and the total area of the chromatogram subtracted by the total area of
the corresponding buffer chromatogram. The aggregation was analyzed by molecular
weight of the samples measured from a calibration curve built with Bio-Rad protein gel

filtration standards (Hercules, CA, USA).
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3. Results and Discussion

3.1 Adsorption studies on packed columns

Seven proteins were selected as standards for the protein library among several
proteins (Appendix Al). According to their pl, proteins were categorized as acidic, neutral

or basic and each group contained both a glycosylated and non-glycosylated protein

(Table 2 and Appendix A2).

Table 2: Isoelectric point (pl), Molecular Mass (MM), Protein Data Bank Identity (PBD ID)

and classification within the protein library used in this work.

Protein pl PDB ID Classification
Pepsin 2.6 3PEP Acidic, NGly*
Amyloglucosidase 3.6 3GLY Acidic, Gly**
Invertase 3.5 3KF5 Acidic, Gly
Carbonic Anhydrase 66 1VOE ~ Neutral, NGly
Cellulase 7.7 30R3 Neutral, Gly
"RNaseA 96  1RBX | Basic, NGly
RNase B 9.7 1RBB Basic, Gly

*NGly=Nonglycosylated **Gly=Glysosylated

These proteins were selected in order to understand the general behavior of
proteins on phenylboronate (PB) chromatography in the pH range from 4 to 9. As
described in the experimental section, two chromatographic resins with the same
aminophenylboronic acid functionalization were used in this study; ProSep®-PB with a
controlled pore glass (CPG) matrix (Appendix B1) and Agarose P6XL (Appendix B2) with

an agarose matrix. Adsorption of nonglycosylated proteins on bare controlled pore glass,

CPG®, was also studied as a control.
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3.1.1 Basic proteins

The adsorption behavior of the basic proteins RNase A (nonglycosylated) and
RNase B (glycosylated) were examined as shown in Figure 2. As can be observed in the
figure, the adsorption of these proteins increased with higher pH, independent of the
presence of glycans. Curiously, the onset of adsorption occurred at a lower pH value for
the ProSep®-PB matrix (pH 5-6) than for the Agarose P6XL matrix. These results suggest
the existence of non-specific binding to the base matrix. As mentioned in the introduction,
the PBA ligand can participate in several secondary interactions with target proteins.
Without secondary interactions, the non-glycosylated protein (RNase A) should not interact
with the PBA resin and the glycosylated RNase B should bind solely through the
esterification of the cis-diol groups present in its carbohydrate chain. The esterification
reaction equilibrium is considerably higher at alkaline pH (pH >8) explaining the onset of
adsorption observed in Figure 2 for the Agarose P6XL. The earlier onset observed for the
ProSep®-PB media is probably due to electrostatic interactions with surface silanol groups
on the silica support which have pKa values ranging from 4.9 to 8.5, depending on their
microenvironment [33]. In addition, it is known that BA is in equilibrium with the
hydroxyboronate anion and that the anion is also favored at alkaline pH values. Thus, PBA
can also act as a weak cation exchange ligand at high pH, which may explain why the
positively charged RNase A binds despite lacking a carbohydrate chain. In fact, the onset
of RNase A adsorption is consistent with the pKas of the charged moieties on the resin,
namely the matrix for ProSep®-PB and the ligand on the Agarose P6XL resin. To confirm
these hypotheses, adsorption experiments were performed in the presence of 200 mM
NaCl in order to mitigate the proposed electrostatic interactions (the affinity cis-diol
interaction has been shown to be NaCl independent [9,16]). This strategy has been

applied previously to prevent non-specific interactions in the purification of recombinant
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antibodies [16]. As observed in Figure 2, only 10% of the non-glycosylated RNase A was
observed to bind to the resin, while the adsorption of RNase B was minimally affected by
the presence of NaCl. Further, adsorption of the non-glycosylated protein (RNase A) to
bare CPG shows that the protein can adsorb to charged silanol groups on the CPG matrix.
Together, this shows that electrostatic interactions can play a significant role in the

adsorption of these positively charged proteins to the phenylboronate resin.
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Fig. 2: Percentage of adsorption of basic proteins: (A) nonglycosylated RNase A and (B)
glycosylated RNase B obtained in an Akta Explorer system using different packed-bed
columns: ProSep®-PB (straight lines, black circles ®), ProSep®-PB with 200 mM NaCl in
adsorption buffer (straight lines, grey circles ®), Agarose P6XL (dash lines, black squares

W), and bare CPG® (full area, white circles O).

3.1.2 Acidic proteins

For acidic proteins, adsorption decreased with an increase in the pH value
(Figure 3). Furthermore, adsorption of the non-glycosylated pepsin (Figure 3A) persisted
over a wider pH range (above 80% between pH 4 to 7), whereas adsorption of the

glycosylated amyloglucosidase (Figure 3B) began to decrease around pH 6. The onset of
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decreased adsorption on Agarose P6XL was earlier than on ProSep®-PB, analogous to
the effect seen with basic proteins. Because adsorption occurs predominantly outside the
pH range of cis-diol affinity interactions, protein adsorption must occur via non-specific
interactions.

Adsorption of nonglycosylated pepsin to bare CPG was also measured but no
interaction was observed. This was expected since negatively charged acidic proteins
would be repelled from the negatively charged silanols (pKa 4.9-8.5) on the CPG matrix.
This electrostatic repulsion can also explain the low binding of the glycosylated
amyloglucosidase at high pH, which would be repelled by both the negatively charged
silanols and the hydroxyboronate anion. To mitigate this repulsion, 200 mM NaCl was
added to the adsorption buffers, resulting in the enhanced adsorption of both proteins. The
adsorption of pepsin remained high up to pH 8, while the adsorption of amyloglucosidase
decreased at neutral pH (pH 7) but increased abruptly for alkaline pH values. The behavior
of amyloglucosidase was particularly interesting as it indicated that electrostatic repulsion
was impeding the esterification of the glycan cis-diol groups at low ionic strength.

The stronger binding of pepsin under higher salt concentrations revealed that non-
electrostatic secondary interactions are likely present at acidic and neutral pH values
(which will be investigated in section 3.2).

A possible explanation for this observation arises from the fact that at these pH
values, the BA ligand is a weak Lewis acid [14] with an incomplete valence that can
interact with Lewis bases, such as carboxylic groups from aspartic and glutamic acid
residues. In the hydroxylated tetrahedral form (boronate), it is no longer a Lewis acid and
cannot participate in charge transfer interactions. Hence, binding of both proteins at acidic
pH values is probably a consequence of these charge transfer effects which are absent at
alkaline pH values, while binding of amyloglucosidase at alkaline pH values is triggered by
esterification reactions but only if electrostatic repulsions are mitigated. The considerable
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low adsorption of amyloglucosidase at pH 6 and 7 in the presence of NaCl suggests that
binding of amyloglucosidase is salt dependent. According to Smith et al. [26], Lewis acids
interact with Lewis bases via covalent or ionic bonds depending on the “hardness” of the
interacting groups. This would explain why adsorption of amyloglucosidase was NaCl
dependent but pepsin was not since hard Lewis bases tend to form ionic interactions
meanwhile soft Lewis bases tend to form covalent bond [26]. In order to observe whether
this was a general behavior for acidic glycosylated proteins, invertase was included as
another acidic glycosylated protein in this study. It was observed that invertase did not
bind at any pH value, except when NaCl was present in the binding buffer (to shield the
electrostatic repulsion) and only for pH values above 7, where cis-diol interaction are more
favorable. The high number of glycosylation sites of invertase (13 potential glycosylation
sites according to supplier information) likely restricted access to the protein surface,
hindering the formation of secondary interactions (charge transfer and also hydrophobic

interactions) at lower pH values.
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Fig. 3: Percentage of adsorption of acidic proteins: (A) nonglycosylated pepsin and (B)
glycosylated amyloglycosidase obtained in an Akta Explorer system using different
packed-bed columns: ProSep®-PB (straight lines, black circles ®), ProSep®-PB with
200 mM NaCl in adsorption buffer (straight lines, grey circles ®), Agarose P6XL (dash

lines, black squares W), and bare CPG® (full area, white circles O).
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3.1.3 Neutral Proteins

As shown in Figure 4, neutral proteins (carbonic anhydrase, cellulase) were
adsorbed over most of the pH range (pH < 9). Adsorption of the non-glycosylated carbonic
anhydrase to ProSep®-PB was very strong (above 90%) between pH 5 and 8, even in the
presence of 200 mM NacCl. Protein adsorption to bare CPG at lower pH (below the silanol
pKas of 4.9 and 8.5) suggests that binding at low pH is not governed by electrostatic
interactions. The predominant interaction is most likely charge transfer interactions as
observed for the acidic proteins (e.g. pepsin). For the glycosylated cellulase, high
adsorption to ProSep®-PB was persistent up to pH 8 and extended to pH 9 in the
presence of 200 mM NacCl, which mitigated the electrostatic repulsion between the protein
(pl 7.7) and boronate anion and allowed esterification to occur. The lower pH range of
adsorption observed for the agarose matrix is probably due to steric hindrance as
discussed in the next section 3.1.4. Hydrophobic interactions may also play a role in the
adsorption of these proteins, however carbonic anhydrase has showed stronger evidence
for this since adsorption to hydrophobic surfaces tends to increase near the protein pl

(6.6), which is in the center of the pH range of this study.
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Fig. 4: Percentage of adsorption of neutral proteins: (A) nonglycosylated carbonic
anhydrase and (B) glycosylated cellulase obtained in an Akta Explorer system using
different packed-bed columns: ProSep®-PB (straight lines, black circles ®), ProSep®-PB
with 200 mM NacCl in adsorption buffer (straight lines, grey circles ®), Agarose P6XL

(dash lines, black squares ®), and bare CPG® (full area, white circlesO).

3.1.4 CPG versus agarose media

This library study showed that proteins adsorbed over a wider range of pH values
on the ProSep®-PB than on the agarose P6XL matrix (Figures 2-4). In addition to the
contributions of electrostatic interactions referred to previously, lowered steric hindrance
and contribution of electrostatic interactions from negatively charged silanol groups could
be responsible for extending the pH adsorption range on the CPG matrix. This matrix
consists of larger and more controlled pore size (1000 A) than P6XL and although studies
using ARS dye, (section 2.3) showed that Agarose P6XL has a higher ligand density
(14.26 £ 0.47 pmol/mL) than ProSep®-PB (8.76 + 1.83 pmol/mL), the larger porosity of
CPG matrices could increase the number of available ligands accessible to larger solutes

such as proteins.

56



Chapter IIl — Probing ligand-protein interaction in phenylboronate chromatography

3.2 Batch adsorption studies: exploiting interactio ns at lower pH

In order to understand the importance of particular secondary interactions on
protein adsorption in the lower pH rang (neutral trigonal conformation of PBA), the
behavior of three proteins were investigated at pH 4 and 6 using batch adsorption
experiments. The three proteins selected were the acidic nonglycosylated pepsin, the
neutral nonglycosylated carbonic anhydrase and the neutral glycosylated cellulase since
they exhibited a similar adsorption profile in the column studies. By selectively mitigating
charge transfer interactions by the addition of Lewis base buffers (acetate, phosphate,
fluoride and glycine) and/or hydrophobic interactions by adding ethanol, the importance of
each interaction to protein adsorption could be evaluated. Table 1 (section 2.2.2) shows
the expected effects of these mobile phase modifiers on protein-PB interactions.

The first modifiers studied were acetate (pH 4) and phosphate (pH 6) with
concentrations ranging from 10 to 200 mM. Based on the peak adsorption of these
proteins, pH 4 was selected for pepsin and pH 6 was chosen for the neutral proteins
carbonic anhydrase and cellulase. As observed in Figure 5, neither acetate nor phosphate

affected the adsorption of the selected proteins.
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Fig. 5: Effect of (A) acetate and (B) phosphate in the percentage of adsorption of (M)
pepsin, acidic nonglycosylated protein, at pH 4; (M) carbonic anhydrase, neutral
nonglycosylated protein, at pH 6; and (M) cellulase, neutral glycosylated protein, at pH 6;
obtained in batch adsorption experiments. Figure C represents the percentage of
adsorption of pepsin, acidic nonglycosylated protein, at pH 4; carbonic anhydrase, neutral
nonglycosylated protein, at pH 6; and cellulase, neutral glycosylated protein, at pH 4 and
6; obtained in batch adsorption experiments in the presence of different concentration of
citrate: () 10 mM, (®) 50 mM, (®) 100 mM, (®) 200 mM and (®) 200 mM plus 20%

ethanol.
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Other Lewis bases selected were fluoride at 50 mM and glycine at 20 and 100 mM,
neither of which had any effect on pepsin at pH 4. Adsorption of carbonic anhydrase at
pH 6 was decreased by 15% using glycine at both concentrations. Cellulase at pH 6 was
most sensitive to these Lewis bases, with a 35% decrease in adsorption using fluoride and
15% decrease by either 20 or 100 mM glycine. Due the toxicity of fluoride at higher
concentrations, this investigation was stopped at an upper limit of 50 mM.

The next modifier studied was citrate, which in addition to being a Lewis base is
also an a-hydroxyacid, containing three carboxylic acid groups in its structure. The effect is
expected to be proportional to both the “hardness” and concentration of the Lewis base
reagents [25,26]. Charged carboxylic acids are stronger Lewis bases than uncharged
groups [26], thus citrate (containing three carboxylic acids) was tested at both pH 4 and 6
and is expected to be a “harder” Lewis base at pH 6. Citrate strongly influenced the
binding of selected proteins (Figure 5C). Pepsin was strongly affected by citrate, retaining
only 40% of the protein at concentrations of citrate as low as 10 mM. Cellulase adsorption
decreased gradually with an increase in citrate concentration. At 200 mM citrate, only 40%
of the protein was adsorbed to the resin. The adsorption of carbonic anhydrase was less

sensitive to citrate, dropping only at 200 mM still retaining 55% of the loaded protein.
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Fig. 6: Chemical equation of reaction between PBA (1) and citrate (2), an intermediate

product formation (3) and their final cyclic complex formation as final product (4) [24].
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According to Bosh et al. [24], the stepwise equilibria constant for the addition of
different Lewis bases to phenylboronic acid increases in the order dihydrogenphosphate <
hydrogenphosphate < citrate < hydrogencitrate < dihydrogencitrate, implying that the
stability of phosphate complexes increases with deprotonation (and increasing negative
charge) while the opposite is observed with the citrate complexes which are more stable
with less charge. This idiosyncratic behavior is probably due to the fact that citrate can
form a stable cyclic complex (Figure 6) with the boronic acid. Moreover, as citrate is a a-
hydroxycarboxylate, it can interact with the boronic acid through an esterification reaction
as it was a polyhydroxyl (diol) compound. These two effects can explain the higher
efficiency of this carboxylate to mitigate protein binding to the ProSep®-PB resin but not
the others (acetate and glycine).

Phosphate has thus exhibited a low effect on protein binding as it was studied at
pH 6, and considering the different pKas, the most abundant form present at pH 6 is
dihydrogenphosphate, which according to the previous series is the weakest Lewis base.
Citrate on the other hand is expected to have more impact at lower pH when the
dihydrogencitrate form prevails, i.e. at pH 4, which can explain why pepsin binding, at
pH 4, was mitigated even at citrate concentrations as low as 10mM and why higher
concentrations were required to diminish the binding of carbonic anhydrase at pH 6.
Nevertheless, the binding of cellulase that was studied under both pH conditions shows no
conclusive trend.

Another possible explanation for the differing effect of citrate lies with the
composition of each protein surface, namely the location of charged groups and
hydrophobic patches. As discussed before, charged carboxylic acids (aspartate and
glutamate residues) could form charge transfer interactions with the boron atom from PBA

under these conditions [26]. According to Figure 7A, pepsin has the highest number of
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accessible, negatively-charged residues (red surfaces), which would increase the number
of charge transfer interactions formed, but also make it susceptible to strong Lewis bases
(e.g. citrate). On the other hand, the majority of negatively-charged residues on the
surface of carbonic anhydrase (Figure 7B) are surrounded by positively charged residues,
which could impede interactions with the PB ligand. However, some negatively charged
residues are found near hydrophobic patches, as indicated by arrows in the Figure 7B.
Here, charge transfer interactions with the boron atom may be stabilized by additional
hydrophobic interactions with the phenyl group. Cellulase behaved similarly to pepsin,
where citrate was effective at concentrations >50 mM (Figure 5C). As with pepsin, the
negative charge patches on cellulase (Figure 7C — arrows at EP maps) are near
hydrophilic patches, thus the charge transfer interactions are more susceptible to

disruption from the hydrophilic citrate molecule.
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Fig. 7: Surface properties of pepsin (A), carbonic anhydrase (B) and cellulase (C)
represented by charged amino acids (aa), spatial aggregation propensity (SAP) and
electrostatic potential (EP) maps. Both front (1) and back (2) surfaces are represented by
a 180° rotation. Arrows on B1 and B2 indicate the overlap between negatively charged aa
and hydrophobic patches on charged aa and SAP maps, respectively. Arrows on C1 and

C2 indicate the negative regions of cellulase represented in its EP map.

3.3 Evaluation of hydrophobic interactions

According to batch experiments results, a slight decrease of 25 % in adsorption
was observed when 20% of ethanol was present in the adsorption buffer (data not shown)
but when added in the presence of Lewis bases, namely acetate, phosphate and citrate at
200 mM, ethanol showed no additional effect (Figures 5A, 5B and 5C, respectively).

Although the above experiments were performed under low ionic strength
conditions which are not favorable for inducing hydrophobic interactions, hydrophobic
patches on the protein could be associating with the phenyl moiety of PBA in the
background of stronger interactions (i.e. charge transfer). Within this context, two studies
were performed to measure the hydrophobic potential of these proteins at low pH, using
Phenyl HP Sepharose chromatography and the ANS fluorescence assay.

62



Chapter IIl — Probing ligand-protein interaction in phenylboronate chromatography

3.3.1 Phenyl HP Sepharose chromatography

The phenyl moiety of PBA could interact by hydrophobic or aromatic specific
interactions (TT-1T or cation-1T interactions) with protein surface groups. In order to measure
the potential of the phenyl group to interact with the proteins in our library, we measured
the isocratic retention of these proteins on a Phenyl HP Sepharose column. The retention

times for each protein are summarized in Table 3.

Table 3: Retention time of Hi Trap™ Phenyl HP chromatography (1 mL of bed volume)
under the same conditions as phenylboronate chromatography at pH 4, 6 and 9 with same
buffers and pH 4 with 10 or 200 mM citrate. Flow rate was set at 1 ml/min. The column

was washed with 20% ethanol between runs.

Proteins Retention Time (min)
pH 4 6 9 4 4
Buffer 50 mM 50 mM 20 mM 10 mM 200 mM
Acetate Acetate CHES Citrate Citrate
1.1(23.2)
Pepsin 1.3" 1.0 0.8 1.3" 7.7(23.6)
12.3(53.2)°
Amyloglucosidase 0.9 0.9 0.8 - -
Carbonic Anhydrase 1.5 1.1 0.9 1.1 1.1
Cellulase 1.6 1.6 0.8 1.5 2.6
RNase A 2.5 1.1 3.3 1.9 1.0
RNase B 1.9 11 2.4 15 11

T=Long tail after peak; 3=number of peaks that was obtained in the chromatogram and the retention time
corresponding to each peak. The values inside parenthesis are the percentage of peak area from respective
retention time (mean values from duplicated experiments).

Initial experiments were performed under the same conditions used in the column
experiments. It was observed that the pH had some influence in the retention of all

proteins, with the exception of amyloglucosidase. Most proteins were eluted between 0.8
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to 1.1 minutes, and tended to be retained longer at pH 4. Considering that the column
volume is 1 mL, proteins with retentions time below 1.1 min probably were not retained
and eluted right after the column dead volume. The basic proteins, RNase A and RNase B,
had moderate interactions with phenyl sepharose at pH 4 and also at pH 9. The higher
retention for these proteins could be explained by the relatively lower molecular weight
compared to the other proteins (around 14 KDa according to supplier), in addition, no
retention was obtained with these proteins on PB chromatography (Figure 2) under this
condition. On the other hand, the retention was not observed at pH 6 for both RNase A
and B, and at pH 9, the nearness of these proteins to their pl (Table 2) could be a reason
for enhancement of their hydrophobicity. At pH 4, pepsin and cellulase had mild
interactions, eluting early, but with a long tailing peak. Cellulase likely interacted because it
is net positively charged at this pH, suggesting that cation-r aromatic interactions could be
significant. Pepsin is net negatively charged under this condition, but the mild interaction
could be attributed to hydrophobic surface patches, as observed at Figures 7A1 and 7A2.
The hydrophobic association in the presence of either 10 or 200 mM citrate, pH 4
was also measured in order to investigate whether citrate’s effect is related to the phenyl
moiety of PBA. According to results presented in the Table 3, citrate at low concentrations
(10 mM) caused a slight decrease in the retention time of carbonic anhydrase, RNase A
and RNase B, and did not affect retention of cellulase and pepsin, proteins which had
higher sensitivity to citrate. On the other hand, 200 mM citrate enhanced the hydrophobic
interactions for pepsin and cellulase that eluted in the form of three split peaks, in which
the last only came out in the regeneration step performed with 30 mM acetate, pH 3. The
higher concentration of this buffer probably increased salting out effects due to the higher
concentration of ions present in the solution which induced hydrophobic interactions. In

addition, the ability of this kosmotropic salt to promote hydrophobic associations also can
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promote the aggregation of pepsin which might be responsible for the 3 peaks observed
when 200 mM citrate was used.

Indeed, results from SEC showed that the second and third peaks were the ones
where presence of aggregation occurred with a molecular weight (MW) 7.5-fold higher
than the MW of pepsin although they were present in low amount (1.7% in the second
peak and 14% in the third peak). Due presence of short secondary peaks at RNase A and
B chromatogram of Phenylsepharose chromatography at pH 9 and cellulase at 200 mM
citrate pH 4, they were also investigated by SEC and results showed that the MWs of
these peaks did not correspond to RNase A, RNase B and cellulase MWs and they are

probably impurities present in the commercial proteins used (Appendix A2).

3.3.2 ANS fluorescence

In order to characterize the protein surface in terms of hydrophobicity, ANS
fluorescence was used since this technique has been reported as a probe for non-polar
sites on proteins [34,35]. Studies were performed under the following binding conditions:

pH 4, 6 and 9, with and without 200 mM NaCl and the results are presented in Figure 8.
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Fig. 8: ANS fluorescence of protein library at 485 nm (emission). Full bars: black - 50 mM
Acetate, pH 4, dark grey - 50 mM Acetate pH6, light grey - 20 mM CHES pH 9. Open bars
with respective colors represent same conditions (pH and buffer) supplemented with 200

mM NacCl.

Comparing results from Figure 7 and Figure 8, carbonic anhydrase, RNase A and
RNase B at pH 4 are the only proteins for which the number of hydrophobic patches on the
protein surface could be high enough in order to strengthen hydrophobic interactions.
Cardomone et al. [35] have studied RNase A and B at alkaline pH using the same ANS
method and found out that these proteins have a very hydrophilic surface which is
consistent with results obtained at pH 9 for which a very low fluorescence was measured
(Figure 8). In addition, it has been suggested that electrostatic interaction can increase
ANS fluorescence at low pH. In fact, the anion ANS has been reported to bind to proteins
via both hydrophobic and electrostatic interactions, especially at low pH when positively

charged molecules are more abundant [36,37] . This effect seems to be observed in the
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results of Figure 8; since all positively charged proteins at pH 4 and 6 (except cellulase)
exhibited a high fluorescence emission when at a pH below their pl; the presence of
200 mM NacCl caused a decrease in this value and also an increase in the fluorescence of
negatively charged proteins at pH 9, probably shielding the electrostatic repulsion with the
now largely negative protein surface. Analyzing only the results at pH 9 (light grey bars),
where electrostatic interaction is not present. cellulase, amyloglucosidase, carbonic
anhydrase and pepsin had a relative high fluorescence emission which is in agreement

with proteins that had higher adsorption on PB chromatography at lower pH conditions.

4. Conclusions

This work has shown that the adsorption of proteins to PB is highly dependent on
several modes of interaction that are modulated by the pH and ionic strength of the
medium, justifying its classification as a mixed-mode ligand (Figure 9). The adsorption
trends were similar for Agarose P6XL and ProSep®-PB matrices for proteins within the
same class (either acidic, neutral, basic, nonglycosylated or glycosylated), although an
extended adsorption pH range was observed for ProSep®-PB. The narrower range of
adsorption observed with Agarose P6XL could heighten the selectivity of PB

chromatography through the elimination of protein interactions with the CPG base matrix.
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Fig. 9: Map of protein adsorption on phenylboronate chromatography based on studies
with protein library of this work. The y-axis represents the interaction responsible for
adsorption in the specific pH range (x-axis). The pH range is divided in two groups, lower
pH range with phenylboronic acid in a trigonal conformation and higher pH range when the
ligand assumes a tetrahedral conformation. Light grey arrows are the ranges of acidic
proteins, darker grey from neutral proteins and black from basic proteins. The black
straight lines are the range of glycosylated proteins from the classes with respective colors
and the one with dashed arrows are the glycosylated basic proteins. The white arrow
corresponds to phenyl interactions which are dependent on protein surface properties as

presence of hydrophobic patches.

The operating ranges of these different interactions have been determined from the

various adsorption experiments performed in this study. 200 mM NaCl shielded all the
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electrostatic interactions (attractive and repulsive) between proteins and PBA, mitigating
non-specific adsorption of basic proteins and allowing negatively-charged glycosylated
proteins to approach the surface and bind to PBA via cis-diol interactions. Cis-diol affinity
interactions were found predominantly at higher pH values and were shown to be NaCl
independent. The presence of charge transfer interactions had been demonstrated by the
competition effect of citrate, a strong Lewis base, on the adsorption of selected proteins at
low pH (pH 4 and 6). This Lewis base buffer was more effective at competing with proteins
that interacted primarily via charge transfer interactions and was reduced in the presence
of secondary hydrophobic interactions.

Since adsorption still occurs without cis-diol affinity, electrostatic, charge transfer
interactions, and hydrophobic or aromatic interactions with the phenyl moiety are likely
present during protein adsorption. Hydrophobic/aromatic interactions can occur at all pH
conditions (Figure 9) although the conditions studied are not favorable for inducing them.

This work has provided further insight into the mixed mode interactions of proteins
with PB resin systems. The work has identified two distinct pH ranges in which
phenylboronate have very different interactions with proteins. In addition to the highly
exploited cis-diol affinity interaction that is dominant at alkaline pH, charge transfer
interactions can be exploited for the separation of biomolecules at lower pH. By rationally
exploiting these interactions, highly selective windows of separation could potentially be
achieved for the fractionation of complex biological mixtures, opening up new uses of this

ligand in the manufacturing of biopharmaceuticals.
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Exploring selectivity of phenylboronate chromatogra phy: proof of concept

Abstract

Phenylboronate chromatography (PBC) can be a complex system due to its
multimodal behavior but also provide higher selectivity and capacity. Herein, elution
strategies were carried out in order to improve PBC selectivity. Gradients of reverse salt,
pH and displacers were investigated. The best results of selectivity were obtained when
the modifiers tris at pH 9 and citrate at pH5 were applied in gradient elution. Tris
selectively separated glycosylated proteins retained at alkaline pH by affinity cis-diol
interaction. When an artificial mixture of the proteins was loaded, a gradient rate of
0.57% tris/min provided selectivity separation. Gradient elution was also performed for
acidic and neutral proteins separation. These proteins were selectively eluted when citrate
gradient was applied at acidic pH and the same rate of 0.57% citrate/min provided the best
peak separations. Gradients strategies by reverse salt and pH were not able to elute
completely the proteins during the process. The repulsion by negative charges which avoid
negatively charged proteins to bind at PBC at pH 9 is not strong enough to elute these
proteins once they were retained suggesting the hypothesis that desorption mechanism of
PBA behaves differently from adsorption. The pH gradient results can reinforce this
hypothesis since the proteins were not totally recovered during the gradient what was not
expected for most of proteins applied. This work provided not only improvements on PBC
selectivity but also important insights of this chromatography which can help understand its

mechanisms of adsorption and desorption.

Keywords: Phenylboronate chromatography, selectivity, elution studies, proteins

purification, glycosylation

75



Phenylboronic acid as ligand for multimodal chromat ography

1. Introduction

Phenylboronate chromatography is known by a unique interaction able to
reversible esterify with cis-diol content molecules classifying it as affinity chromatography
[1]. For more than 40 years this chromatography has been studied and applied in
separation of cis-diol biomolecules including carbohydrates [2], nucleosides [3], ribonucleic
acid (RNA) [4,5] and glycoproteins [6-8]. This wide range of possible applications make
this affinity chromatography a powerful separation technique of cis-diol biomolecules.
However, mechanisms of phenylboronate interaction with these specific molecules are not
completely understood since several external variables can affect it [9]. It is already known
that under alkaline conditions PBA changes from trigonal to tetrahedral conformation due
to free p orbital of boron able to coordinate Lewis bases molecules as hydroxyls [10].
According to the literature, tetrahedral conformation enhances the cis-diol affinity
interaction providing higher association constants [11]. In addition, 1,2-, 1,3- or 1,4 cis-diol
can esterify with boronic acids in order to form 5, 6 or 7 boronate ester, respectively and
the geometry of 1,2 cis-diol has been reported as the most favorable for esterification [12].
Moreover, radical substitute of diol compounds can also influence in this interaction [13].
For instance, glucose and sorbitol, saccharides with similar structures obtain different
values for association constants at same conditions, 11 and 1000 M* (both at pH 8.5),
respectively, and catechol, an aromatic ring with 1,2 cis-diol in the ring surface reaches
3300 M* at same pH [11]. These variables come up with pH dependency of phenylboronic
acid due to the conformation changing but also with a very specific interaction [9].

The miscomprehension of some results obtained by PBC has being currently
directed to the multimodal behavior of this chromatography, i.e., the ability to perform
different interactions (Figure 2 — chapter Il) [6]. Boronic acids are negatively charged at

tetrahedral conformation due to the hydroxylation at conditions with pH equal or above
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PBA pKa (8.8), allowing this ligand to act also as cation exchanger [9]. Studies has been
used NaCl in order to shield electrostatic interactions of impurities and increase selectivity
of PBC [14], but also for avoiding electrostatic repulsion of the target biomolecule [15]. The
phenyl moiety of PBA can also provide hydrophobicity or aromatic interactions as -1 or
cation-1r interaction [9]. Since low ionic strength is usually used in order to avoid induction
of hydrophobicity, aromatic interactions may have higher probability to promote binding [7].
In addition, hydroxyls can also have some effect on interaction by hydrogen bond although
is not strong enough to capture large biomolecules, even though this interaction has been
explored in this chromatography for capture of serine proteinases [16]. According to the
literature, the multimodal chromatography (MMC) brings several advantages over single
mode chromatography like better selectivity and higher capacities [17]. Capto adhere, the
N-benzyl-N-methyl ethanol amine ligand, is an example of multimodal interaction
performance. This anion-exchange chromatography with hydrophobic moiety has
selectively separated single from double-stranded DNA by simple linear salt gradient [18]
demonstrating the high selectivity of MMC. Facing these important features, this type of
chromatography became a current strategy for obtaining more efficient purification process
than the traditional single mode chromatography [17]. However, MMC is also a complex
system and deeper studies on mechanisms of these interactions are needed. PBC is a
clear example of this complexity since several studies have demonstrated nonspecific
interaction as the drive interaction between protein and PBA [15].

PBC is usually performed for capturing of diol containing molecules, especially
glycosylated proteins [8,9,15]. The usual binding condition for the separation process of
this class of protein is operated at alkaline condition in order to retain specifically
glycosylated by tetrahedral conformation of PBA [9,14]. Efforts in obtain lower binding pH
closer to neutral has been made by replacing the substitute radical of PBA, however none

of them were stable or efficient as PBA [19]. Studies also have been shown a possible
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retention of glycosylated proteins at neutral and acidic conditions using PBA as ligand [14].
These results have also been observed at adsorption studies at chapter Il where
secondary interactions played an important role for retention of proteins, especially at
conditions when PBA is mostly in trigonal conformation as neutral pHSs.

The most common elution strategies used for eluting diol compounds from PBC are
either displacer gradient using cis-diol compounds or pH dropping [14,20]. Saccharides as
sorbitol, fructose and mannose can be often found as displacers although a further step for
eluting these saccharides is necessary in order to regenerate the column [10].
Tris(hydroxymethyl)aminomethane (tris) has also been applied as eluent in PBC, although
it has been reported as shielding agent, tris has efficiently recovered polyclonal human IgG
from PBC [14]. Dropping the pH to acidic conditions (pH 2-3) is another strategy for
recovering diol compounds from PBC. According to the literature, the lower the pH, the
lower is the association constant between cis-diol and PBA [11,13]. Although this strategy
is usually used, the elution conditions can be aggressive to the protein structure. In
addition, low recovery efficiency was observed for proteins [14] but high efficiency has
been obtained for molecules as nucleosides.

Elution strategies are performed not only for developing a process but also for
fundamental studies on protein-ligand interactions in order to obtain a better
comprehension of such mechanisms [21]. Strategies vary according to the
chromatography used [22]. Affinity chromatography usually requires the presence of
displacer with same interaction as the target molecule in the elution buffer [1]. Same
elution strategies for MMC can enhance its performance as applying a multimodal elution
using different modifiers and conditions. Holstein et al. [17], using a protein library, applied
several modifiers used in single mode chromatography in order to obtain higher selectivity
of a multimodal cation exchange chromatography (Capto MMC). Among them, arginine

and guanidine were found to improve the selectivity of Capto MMC by their ability to
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stabilize proteins structures [23,24]. In this study, pH gradient was investigated due the pH
dependency of this chromatography. The concept of multimodal elution was also studied
by applying the following modifiers in the gradients performed: tris, citrate, boric acid and
urea. The selection of modifiers for this work is related to their effect on boronic acids
reported in the literature. For instance, tris has showed ability to interact with PBA by
tridentate interaction at high pH when applied as shielding reagent [25] and elution buffer
[14,26]. Borate has been also reported of being able to interact with boronic acids by their
removal from contaminated water [27]. Although pH = 11 was necessary in order to obtain
good performance of removal, a study using borate in the washing buffer for capturing and
washing glycosylated proteins from anion exchange chromatography successfully
removed host glycosylated protein from Pichia pastoris at pH 8 [28]. Citrate is a strong
Lewis base compound with three carboxylic acid moieties and also an a-hydroxyacid
which enables this acid to perform either charge-transfer or a chelate interaction with
trigonal conformation of PBA [13,29]. The use of urea in chromatographic systems is
widely discussed since it can behave as denaturing agent in at high concentration. Even
though, studies have been used this agent for eluting biomolecules from PBC bound by
nonspecific interaction [15] and hydrogen bond [30].

In this work, we set different elution strategies for enhancement of PBC selectivity.
A protein library based on presence of glycation and pl values were used in order to
evaluate the influence of each elution. The following elution strategies were carried out:
reverse gradient at alkaline pH in an attempt to separate acidic and neutral glycosylated
proteins by charge repulsion; pH gradient in a crescent and descent gradient values from a
pH range 4 to 9 for separating acidic/neutral proteins and glycosylated proteins,
respectively; and finally, displacer gradient using the modifiers aforementioned. This study
not only provides selective ways for PBC elution but also important insights on its

multimodal behavior.
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2. Materials and Methods

2.1 Materials

The protein library was composed by the following proteins obtained from Sigma-
Aldrich® (St. Louis, MO, USA). amyloglucosidase from Aspergillus niger, carbonic
anhydrase from bovine erythrocyte, cellulase from Trichoderma reesei, conalbumin from
chicken egg white, invertase glycoprotein standard from Saccharomyces cerevisiae,
pepsin from porcine stomach, ribonuclease A (RNase A) from bovine pancreas and
ribonuclease B (RNase B) from bovine pancreas.

2-(Cyclohexylamino)ethanesulfonic acid (CHES), 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES), 4-(2-Hydroxyethyl)-1-piperazinepropanesulfonic
acid (EPPS), 3-Morpholino-2-hydroxypropanesulfonic  acid (MOPSO), 2-(4-
morpholino)ethanesulfonic acid (MES), [(2-Hydroxy-1,1-bis(hydroxymethyl)ethyl)amino]-1-
propanesulfonic acid (TAPS), sodium phosphate mono and dibasic anhydrous, tri-sodium
citrate anhydrous, sodium acetate anhydrous, tris(hydroxymethyl)aminomethane (Tris) and
sodium chloride were also purchased from Sigma-Aldrich. Ethanol was purchased from
Panreac (Panreac, Barcelona, Spain) and glacial acetic acid from VWR (VWR, Ecuador).
The chromatographic media used in this study were aminophenylboronic acid
functionalized CPG® (ProSep®-PB, EMD Millipore, UK), Agarose P6XL (ProMetic
Biosciences, UK). All reagents used had a purity = 98%, were PA or of HPLC grade. All
the water used in the experiments was obtained from MilliQ purification system (EMD
Millipore, USA).

Akta Explorer and Purifier systems (GE Healthcare, Uppsala, Sweden) were used
to perform all column experiments, both systems were operated online by the software
Unicorn 5.11. Tricorn™ empty glass columns (i.d. 5 mm; max. bed height 109 mm) were

used for packing ProSep®-PB and Agarose P6XL to a column volume of 1 mL (CV). Batch
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experiments were performed with MultiScreen™-HV 0.45 um Durapore 96-well membrane

plates (EMD Millipore, USA).

2.2 Elution experiments in column

As a continuation of the adsorption studies, the proteins used as samples were
basically the same used in the work of chapter Ill, they were divided in two main groups,
glycosylated and nonglycosylated, and both groups, acidic, neutral and basic proteins
were used (Table 2 — chapter Ill). They were dissolved in the respective binding buffer and
separated loaded in the column in amount of 100 ug, except invertase with 17.5 pg. Low
loadings were performed in order to avoid saturation of the column.

Different elution strategies were performed for selectivity studies of PBA
chromatography. Different modifiers were used for eluting depending on the protein class
used based on results obtained in the adsorption studies (chapter Il) as well as the binding
conditions for each class. The studies performed with glycosylated proteins were
performed at alkaline binding condition (pH 9) for glycosylated proteins and acidic binding
condition for acidic and neutral proteins (pH 5). The elution strategies are further

described.

2.2.1 Reverse salt gradient

This study was performed at pH 9 using 50 mM CHES buffer supplemented with
300 mM NaCl and acidic (invertase, amyloglucosidase) and neutral (cellulase)
glycosylated protein as samples and 1 mL/min of flow rate. ProSep®-PB packed in 1 mL
glass column was used as stationary phase. The process used is a linear reverse gradient
(from 300 mM to 0 mM of NaCl) with same buffer without any supplementation in the end.
Cleaning step was performed with 1.5 M tris-HCI at pH 9, condition reported as able to

completely elute proteins from PBC [14]. The Figure 1 shows schematically the process
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performed. The percentage of protein was determined based on peak areas obtained in
the chromatogram divided by the total peak area. The experiments were duplicated

performed.

Condugctivity equivalent to 0.3 M NaCl
(modifiers added here)

pH 9

1.5 M tris

|

Fig. 1: Scheme of reverse gradient performed at pH 9 in liquid chromatography using

Conductivity equivalent
to 50 mM CHES buffer

«<—0cv—>"

1 mL ProSep®-PB column.

The modifiers used were also based on adsorption studies (chapter 1) or works in

the literature [15,25,28]. Table 1 shows the buffers, salts and modifiers used in this study.

Table 1. Composition of binding and elution buffers at pH 9 used in the reverse gradient

study.

Binding Elution

Buffer Salt Modifier Buffer
50 mM CHES 0.3 M NacCl - 50 mM CHES
50 mM CHES 0.3 M NaCl 50 mM Citrate 50 mM CHES
50 mM CHES 0.3 M NacCl 50 mM Boric acid 50 mM CHES
50 mM CHES 0.3 M NaCl 2 M Urea 50 mM CHES
50 mM CHES 0.3 M NacCl 15 mM Tris-HCI 50 mM CHES
50 mM CHES 0.18 M (NH,),SO, - 50 mM CHES
20 mM CHES 0.2 M CacCl, - 20 mM CHES
20 mM CHES 0.2 M MgCl, - 20 mM CHES

50 mM HEPES* 0.3 M NaCl - 50 mM HEPES*

*pH 8.5 was used for HEPES buffer.
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2.2.2 pH gradient

According to the chapter Ill, PBA is a pH dependent ligand. This dependency can
be explored by using pH gradient. The studies of pH gradient using in this PBC work were
based on Kroner and Hubbuch studies [31]. This work provided a systematic generation of
buffers composition based on their pKa with linear titration curves in order to control the
pH gradient of ion exchange chromatography. The buffer composition in this work is
described in Table 2 and all the components are acidic buffers. Three buffer compositions
were prepared, one for glycosylated protein with supplementation of 300 mM NaCl binding
at pH 9 (BGly) and other two for acidic and neutral proteins with binding between pH 4 and

pH 5 with and without one modification in their compositions (BAN1 and 2).

Table 2: Buffer compositions of pH gradient studies. Compositions of buffer for

glycosylated protein (BGly), buffer for acidic and neutral proteins (BAN) 1 and 2.

Buffer Buffer composition: Buffer composition: Buffer composition:
components BGly BAN1 BAN2

9.4 mM CHES
4.6 mM TAPS
4.6 mM HEPES
9.9 mM EPPS
8.7 mM MOPSO
11 mM MES
13 mM Acetate
300 mM NaCl

The buffers were weighted and dissolved in MilliQ water in a known volume. This
volume was divided in two equal parts, one parte had the pH adjusted to 9 with 1 M NaOH
and other to pH 4 or pH 5 using concentrated HCI. After pH titration, the volume of each

buffer was completed with MilliQ water.
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The process was performed as linear gradient of buffer B (buffer with final pH of
the gradient) with 15 CV of gradient length starting with buffer A as binding condition, after
5 CV at 100 % of buffer B, a cleaning step was performed with 1.5 M tris-HCI. For
glycosylated proteins binding buffer A was the BGly at pH 9 and buffer B BGly at pH 4 and
for acidic/neutral binding proteins buffer A was BAN (1 or 2) at pH 4 or 5 and buffer B BAN
(1 or 2) at pH 9. This range of pH was selected based on adsorption studies of previous
chapter.

Samples from both groups of the protein library were used in the pH gradient
studies separately loaded. The following glycosylated proteins were used: RNase B,
cellulase, amyloglucosidase and invertase and as acidic/neutral proteins:
amyloglucosidase, pepsin, cellulase, conalbumin and carbonic anhydrase.

Two stationary phases were used ProSep®-PB (controlled-pore glass) and P6XL
(agarose) matrices packed in 1 mL columns in order to compare the effect of different
matrix composition in this strategy. Runs were performed at 1 mL/min of flow rate. The
percentage of protein was determined based on peak areas obtained in the chromatogram

divided by the total peak area from duplicated experiments.

2.2.3 Displacer gradient

A similar process to pH gradient was performed: a linear gradient of 20 CV with
5 CV of plateau when the gradient reached 100% of buffer B. Cleaning step with 1.5 M
tris-HCI was also carried out in these studies. As pH gradient processes, runs were
performed at 1 mL/min of flow rate. The calculation of percentage of protein was also
determined based on peak areas from duplicated experiments. 1 mL of ProSep®-PB
packed was used as stationary phase.

The same samples from section 2.2.2 were used and divided in the same groups

as glycosylated and acidic/neutral proteins. The binding conditions applied for glycosylated
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proteins were 20 mM CHES pH 9 supplemented with 300 mM NaCl and the same buffer
was used for preparing the elution buffers. Different chemical compounds able to interact
competitively with PBA were applied as elution buffers: 0.5 M tris-HCI, 0.5 M D-sorbitol,
0.5 M Fructose, 0.5 M citrate, 0.5 M boric acid and 0.1 M lactic acid. For the second group
of proteins 50 mM acetate pH 5 was used in the binding condition and used for preparing

the following elution buffers: 0.5 M tris-HCl and 0.5 M citrate.

2.3 Adsorption batch experiments

The effect of citrate was investigated by batch experiments. The binding conditions
were performed with the following buffers: 10, 50, 100 and 200 mM citrate at pH 4 and
50 mM acetate pH 4 and 20 mM CHES pH 9 were used as negative and positive control,
respectively. Commercial RNase A was used as sample at 1 mg/mL dissolved in the
respective binding buffer.

The adsorptions were performed in 96-well microplates with membranes, 200 uL of
protein solution was added in 20 puL of ProSep®-PB and agitated for 5 h using shaker-
incubator Stat Fax™ 2200 (Bio-Rad, USA) at maximum velocity and then the supernatant
was vacuum into UV 96-well microplate and the values of samples at UV 280 nm was
obtained with SPECTRAmax Plus 384 microplate reader (Molecular Devices, USA). The

percentage of adsorption was calculated based on Eq. (1):

P =2 x100 1)

where P is the percentage of protein adsorption, Ci the initial concentration of protein
(mg/mL), Cf the concentration of supernatant obtained after adsorption (mg/mL). The

experiments were performed in triplicate.
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2.4 Sodium dodecyl sulfate-polyacrylamide gel elect  rophoresis (SDS-PAGE)

SDS-PAGE was performed for qualitative analysis of commercial protein samples
and fractions obtained from liquid chromatographic separations using an artificial mixture
of different commercial proteins. Proteins were obtained from a known concentration and
diluted with loading buffer in order to obtain 5 ug of protein loaded in the gel. Samples from
chromatographic fractions were previously concentrated around 13-fold by Amicon ultra
with Ultracel® - 3K cellulosic membrane (Millipore, Ireland). The loadings were prepared
with 4x Lemmli sample buffer (Bio-Rad laboratories, USA) in denaturing conditions with
dithiothreitol and they were pre-heated at 100°C for 5 min prior loading in the gel. They
were applied in a 12% acrylamide gel, prepared from a 40% acrylamide/bis stock solution
(29:1) from Bio-Rad (Hercules, CA, USA), and ran at 150 mV using a running buffer that
contained 192 mM glycine, 2.5 mM Tris, and 0.1% SDS, pH 8.3. Gels were stained with

Coomassie Brilliant Blue.

3. Results and Discussion

3.1 Reverse gradient

In the adsorption studies of chapter Il the results of interaction by esterification of
cis-diol from glycosylated proteins to PBA demonstrated to not be NaCl dependent until
200 mM NacCl since RNase B (basic glycosylated protein) kept binding at pH 9 in the
presence of NaCl at binding condition. However acidic and neutral glycosylated proteins
were retained only in the presence of NaCl by shielding electrostatic repulsion between
negatively charged proteins and PBA. Thus, this strategy was carried out as an attempt to

separate selectively negatively charged proteins by repulsion, recovering more
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electronegative proteins first by decreasing salt concentration in a reverse gradient since
basic proteins would not elute under this condition.

Invertase, amyloglucosidase (acidic glycosylated proteins) and cellulase (neutral
glycosylated proteins) were separately loaded in the column with 300 mM of NaCl at
binding condition and a decreasing of this salt to 0 mM was performed. The first results
showed that all proteins were recovered around the same conductivity (1.5 mS/cm)
obtained in the end of the gradient. According to the Figure 2 (binding condition 1), we can
observe that all invertase retained was eluted in the gradient step whereas
amyloglucosidase and cellulase were only fully recovered at cleaning step. In order to
obtain higher selectivity, different binding conditions were applied by supplementation of
binding buffer with different modifiers: citrate, boric acid, urea and tris. As discussed in the
chapters Il and lll, citrate is able to interact by two forms, from Lewis acid base carboxylate
moiety or chelating cyclic interaction (Figure 6 of chapter Ill) [13]. In addition, citrate is
known as a kosmotrope salt [32] able to perform salting out and induce hydrophobic
interactions, however 50 mM is not high enough to promote significantly these interactions.
Only invertase showed stronger retention compared to the condition without this acid being
partially recovered at cleaning. When 50 mM of boric acid was used, even lower effect was
obtained, the profiles were similar compared to the condition without this acid although
boric acid has been already described in the literature as able to wash out glycosylated
protein bound at cation exchange chromatography in the same concentration [28]. Another
attempt has been performed with 2 M urea since it is known as denaturing agent and it has
been reported as capable to elute recombinant erythropoietin from boronate
chromatography [33]. On the other hand, studies of nonspecific interactions between
heavy chain of recombinant human antibody (nonglycosylated chain) required 6 M of this
agent to obtain 100% recovering, but 2 M was enough to start affecting the nonspecific

interaction by a small peak eluted [15]. In the same work, the authors did not recovery the
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glycosylated light chain interacted with PBA by esterification in any concentration of urea
ranging from 2 to 6 M. In this study, 2 M provided stronger binding of invertase compared
to the first condition without modifier, but no effect on amyloglucosidase and invertase was
obtained. Invertase was highly retained even after elution and 70% was recovered in the
cleaning step. These results showed that the nonspecific interaction obtained by
nonglycosylated IgG heavy chain is probably not the same for any of these three proteins.
Tris at low concentration (15 mM) was applied with same intention of shielding
effect as Li et al. [25]. This condition had a strong effect on cellulase binding, more than
60% was obtained at flow through. Apparently, secondary interactions of cellulase could
be shielded, but these interactions were not affected by urea or the other modifiers used in
this study. On the other hand, 15 mM tris affected other proteins since higher recovering
by electrostatic repulsion was obtained when the conductivity decreased. Comparing these
modifiers, tris seems to provide a higher selectivity when this process is used, although

any of these modifiers have not changed significantly the conductivity in the recovering.
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Fig. 2: Percentage of peak area of glycosylated proteins invertase (A), amyloglucosidase
(B) and cellulase (C) at flowthrough (black fraction of the bars), reverse gradient (gray
fraction of the bars) and cleaning step (white fraction of the bars) and conductivity of
elution (x points) of PBC using reverse salt gradient process with different binding
conditions. The binding conditions used were: 1 — CHES pH 9 + 0.3 M NacCl; 2 — Condition
1 supplemented with 50 mM citrate; 3 — Condition 1 supplemented with 50 mM boric acid;
4 — Condition 1 supplemented with 2 M Urea; 5 — Condition 1 supplemented with 15 mM

tris; 6 — CHES pH 9 + 180 mM (NH,).S0,4; 7 — HEPES pH 8.5 + 0.3 mM NacCl.
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The salt effect was also studied by switching NaCl by (NH,),SO,, CaCl, or MgCl..
As citrate, (NH,;),S0O, is a kosmotrope salt usually used in hydrophobic chromatography,
the concentration of 180 mM was used in order to obtain the same initial conductivity as
300 mM NaCl around 30 mS/cm. Although a small inducing of hydrophobicity was
expected, the profile of proteins retention were similar, all three proteins were partially
recovered in the end of the gradient. Regarding CaCl, and MgCl,, chaotrope salts, the
proteins were recovered only at cleaning step (data not shown) showing that these salts
provided strengthen of cis-diol interactions compared to NaCl. Mg has already been
reported as enhancer the glycosylated proteins binding by previous studies [5,7,14], which
could be related to cation-1r interactions with phenyl moiety [7].

Different buffers have also been reported to affect interactions of PBA [11,13].
HEPES, as Mg™, is referred in the literature to enhance cis-diol affinity binding to PBA
[13,14]. In fact, when this buffer was used at pH 8.5 all proteins had higher retention.
Cellulase was all recovered at cleaning step whereas amyloglucosidase and invertase
were partially eluted in the end of gradient (70% and 10%, respectively).

Although any condition has not effectively separated the proteins, both conditions:
HEPES supplemented with NaCl and CHES supplemented with NaCl and tris provided the
most favorable scenario between the conditions studied. It is also important to note the
difference between the mechanisms of binding and elution. The electrostatic repulsion is
strong enough to avoid binding of negatively charged proteins, on the other hand it is not

strong enough to elute all proteins retained by cis-diol affinity interaction.
3.2 pH gradient

The pH dependency of PBC has been shown in the chapter lll where interactions
of different classes of proteins were obtained in the two conformations of PBA. Based on

that, the pH gradient could be a useful strategy for proteins separation based on proteins
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properties as presence of glycosylation or pl. Herein we studied two pH gradients based
on Kroner et al. [31] studies: first at alkaline binding condition (pH 9 and 300 mM NacCl) for
separation of glycoproteins (proteins retained by cis-diol interaction) and a second using
acidic binding condition (between pHs 4 and 5) under low ionic strength for separation of
acidic and neutral proteins retained by secondary interactions. The acidic binding condition
was also performed using TAPS (tris varied) in order to enhance the selectivity and
recovering. This compound is present in the original buffer composition of Kréner et al. [31]
studies and although it avoids retention of glycosylated proteins at alkaline pHs TAPS
does not decrease the proteins retention at acidic contions. On the other hand it can
increase selectivity as soon as the pH increases. ProSep®-PB and Agarose P6XL were
applied as chromatographic supports in order to compare their selectivity. All gradient
provided a good linearity with high correlation coefficient (R?): for the BGly buffer 0.9984
and 0.9951 for ProSep®-PB and Agarose P6XL, respectively. For BAN 0.9986 and 0.9995
(same for buffers 1 and 2) were obtained for the same supports, respectively with
deviations lower than 0.0020 for all results. These values are comparable with the ones

obtained by Kréner et al. [31] using MonoQ and MonoS columns (R*>0.99).
3.2.1 pH gradient study for proteins retained by cis -diol interaction

The glycosylated proteins used in the pH gradient studies were also applied in this
strategy plus RNase B as samples. According to the Figure 3 A, most of proteins were
eluted at neutral condition when ProSep®-PB was used as matrix and cellulase came out
only at cleaning step what was expected since this protein was adsorbed in this
chromatography in all pH range from 4 to 9 in the adsorption studied of previous chapter.
Comparing the supports, agarose matrix provided higher selectivity than ProSep®-PB
eluting the proteins in different pH values as expected since agarose provided short pH

range in the adsorption studies (Chapter ).
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Fig. 3: pH gradient curves for capture of glycosylated proteins performed with BGly buffer
based on Kroner et al. [31] work using ProSep®-PB (A) and Agarose P6XL (B) as
matrices. 1 mg/mL of following glycosylated proteins were separately loaded in the
column: invertase (black circle), amyloglucosidase (red circle), cellulase (green circle) and

RNase B (blue circle). The elution point corresponds to the maximum value of the peak.
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A problem related to pH gradient concerns to elute partially all proteins during the
gradient, only invertase was completely recovered at gradient step when Agarose P6XL
matrix was applied (Table 3). This behavior may be related to secondary interactions
obtained when PBA changes the conformation from tetrahedral to trigonal. Interesting,
RNase B and invertase did not bind under this conformation even though 9 % and 18 %,
respectively, were still retained after gradient when ProSep®-PB was used. The effect of
matrix effect could be responsible since this behavior was not observed with agarose
matrix. Amyloglucosidase and cellulase had a similar behavior regarding the percentage of
areas at agarose matrix, what was also expected since these proteins were adsorbed in
almost all pH range of adsorption studies (chapter Ill) when NaCl was present. A drop of
adsorption of amyloglucosidase around neutral pH (Figure 4 — chapter IIl) could be the

reason for a small desorption in the pH gradient when ProSep®-PB was used.

Table 3: Percentage of peak areas of gradient and cleaning step from samples of pH

gradient with BGly buffer for glycosylated proteins.

Peak areas (%)

Matrix ProSep® -PB Agarose P6XL

Step Gradie nt Cleaning Gradient Cleaning
Invertase 67.9+24.2 17.9 +£25.2 80.3+1.7 -
Amyloglucosidase 5.6 +0.2 93.2+0.8 63.4 £14.8 26.3+15.6
Cellulase - 95.8+0.4 46.4 +10.6 44.0+£11.0
RNase B 91.0£2.2 9.0£2.2 - -

*Percentage of flow through peak areas is included in the calculations.

3.2.2 pH gradient study for proteins retained by se  condary interactions (Lewis acid-

base, hydrophobic or aromatic)

An inverse pH gradient was also performed for proteins which had high adsorption

at acidic binding condition. Amyloglucosidase, pepsin, cellulase, carbonic anhydrase and
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conalbumin were the proteins selected from protein library for these studies. Different from
previous pH gradient, cis-diol interaction can poorly occur under the binding condition used
herein (between pHs 4 and 5). Lewis acid-base interaction is probably dominant but
phenyl moiety probably plays a role performing hydrophobic and/or aromatic interactions
depending on the surface properties of the protein.

Different from previous pH gradient studies (section 3.2.1), some proteins were
split in two peaks during the gradient when BAN1 buffer was applied (Figure 4). Pepsin
resulted in double peak in both matrices whereas carbonic anhydrase was split at
ProSep®-PB matrix and conalbumin at Agarose P6XL matrix. As in the first pH gradient,
cellulase was eluted only at cleaning step as well as conalbumin when ProSep®-PB was
used. One possible reason for the doubled peaks is the impurities present since proteins
are not 100% pure (Appendix A2). Although both matrices had split peaks, the elution of
proteins were very different, all of them were earlier eluted in Agarose P6XL than in
ProSep®-PB, both peaks. Besides, Agarose P6XL presented higher selectivity as
expected. However, partial elution was also obtained by this pH gradient with most of
proteins (Table 4) but agarose matrix provided higher percentage of recovery in the
gradient than ProSep®-PB except when pepsin was loaded. These results could be
related to the secondary effect of silica from ProSep®-PB which is not provided by
agarose. Even when TAPS (tris derived) was used in the buffer composition (BAN2),
partial elution was obtained for cellulase and carbonic anhydrase. This buffer component
was responsible for not obtaining any retention of glycosylated proteins in the previous pH
gradient (data not shown) due its tridentate interaction performed with PBA [25]. Under this
condition, TAPS did not mitigate proteins interactions and an earlier elution and higher
recovery during the gradient step was expected. Indeed, pepsin and cellulase eluted
earlier than BAN1 buffer and higher recoveries were obtained during the gradient

(Table 4).
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Fig. 4: pH gradient curves for capture of proteins interacted by secondary interactions
named Lewis acid-base, hydrophobic and aromatic at pHs between 4 and 5. Process
performed with BAN1 and 2 buffers based on Kréner et al. [31] work using ProSep®-PB
(A) and Agarose P6XL (B) as matrices. 1 mg/mL of following glycosylated and
nonglycosylated proteins were separately loaded in the column: amyloglucosidase (red),
pepsin (blue), cellulase (green), carbonic anhydrase (purple) and conalbumin (black).
Results from circles (first peak) and squares (second peak) are from BAN1 and diamonds
from BAN2. Protein names with “*” correspond to the secondary peaks of these proteins.

The elution point corresponds to the maximum value of the peak.
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According to results obtained in the adsorption studies at chapter lll, cellulase was
adsorbed in all pH range studied in presence of NaCl but not at alkaline conditions without
salt probably due to electrostatic repulsion. However, this repulsion is not strong enough in
order to disrupt interaction between cellulase and PBA after binding, which was also
already confirmed in the reverse gradient study. On the other hand, this protein was
partially eluted when BAN2 was used. This probably occurred due to the presence of

TAPS in the buffer composition.

Table 4. Percentage of peak areas of gradient and cleaning step from samples of pH
gradient with BAN buffer for the acidic and neutral proteins: pepsin (PEP),

amyloglucosidase (AMY), cellulase (CEL), carbonic anhydrase (CA) and conalbumin

(CON).

Peak areas (%)

Matrix ProSep® -PB ProSep® -PB Agarose P6XL

Buffer BAN1 BAN2 BAN1

Gradient Cleaning Gradient Cleaning Gradient Cleaning

“PEP  821#25/2.4102° 5010  783#%157 - 60.7#8.2/41:0.9°  27.8%81
AMY 37.7+7.8 60.6 £ 8.1 NA* NA 77.5+0.1 19.2+0.8
CEL - 98.5+0.1 84.0 £ 3.4 78+21 40.3+5.4 57.6+ 4.5
CA 10.3+2.5/1.0¢0.2°  30.3%15.1 14.7£0.4 11.8+6.1 235+0.1 27.4+1.1
CON - 98.0 1.3 NA NA 28.5+1.1/18.110.1°  52.2+3.3

*Percentage of flow through peak areas is included in the calculations. *Not analyzed. *Percentage of first and

second peak, respectively.

3.3 Displacer gradient

A gradient of several modifiers were used to displace proteins retained by PBC:
citrate, boric acid, tris-HCI, sorbitol, fructose, lactic acid and urea, all performed in a 20 CV
of gradient from 0 to 500 mM of modifier, except urea with a gradient from 0 to 6 M. These
processes were carried out for glycosylated (cis-diol interaction) at pH 9 with
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supplementation of 300 mM NacCl in the binding buffer and for acidic and neutral proteins
at pH 5 (mostly Lewis acid-base interactions). Only citrate and tris gradients were used for

elution of processes with acidic binding condition.
3.3.1 Displacer gradient study for proteins retaine  d by cis -diol interaction

All modifiers used have been described in the literature as able to disrupt protein
retained on PBC [14,15,20,28]. Besides the ones discussed in the reverse gradient
(section 3.1), sorbitol and fructose are cis-diol saccharides able to esterify with PBA.
These both saccharides provide high association constants for this esterification (1000 M™
and 560 M™ at pH 8.5, respectively) [13]. Lactic acid, as citrate, is also an a-hydroxyacid
able to perform charge transfer by Lewis acid-base interaction or chelate by cyclic
interaction with PBA [34]. According to these authors, this interaction can occur in a large
pH range from 2 to 12. The acidic (invertase and amyloglucosidase), neutral (cellulase)
and basic (RNase B) glycosylated proteins were used as samples by separated loadings.

Among the modifiers applied, citrate, boric acid and urea were not able to elute any
glycosylated proteins used in these studies. All of them were fully recovered at cleaning
step with 1.5 M tris. The inefficiency of citrate must be related to its low interaction with
PBA at tetrahedral conformation by charge transfer since this acid has to be harder on
electronegativity than hydroniums of aqueous phase to interact [10]. According to Smith
and March [29], both carboxylic acid and hydroniums are hard Lewis bases but the latter is
more electronegative than the acid. However, lactic acid was able to elute the proteins
proving to be a harder Lewis bases than citrate, but a problem associated with the
application of this acid was obtained. Lactic acid somehow over packed the column
blocking the porous of beads which became inappropriate for further utilization, one
hypothesis is a possible polymerization of this acid under alkaline pHs since lactic acid can

also be used as a monomer in lactide form (cyclic di-ester of lactic acid) [35]. Although
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some selectivity could be reached by lactic acid, it may not be appropriate for using at
ProSep®-PB under this condition. On the other hand, tris, sorbitol and fructose eluted all
proteins recovering 100%. According to the results presented at Figure 5, sorbitol and
fructose did not provide any selectivity since all proteins eluted at the same concentration
during the gradient. On the other hand tris eluted selectively the proteins applied. As a
shielding reagent, tris can disrupt not only cis-diol interactions but also secondary
interactions which may play a role in the retention of these proteins. Although sorbitol has
been reported as able to elute nonspecific interaction as well [15], it was not selective in

this study.

140 -
120 -

100 -

Concentration of buffer at protein
elution (miv)
H

Tris Sorbitol Fructose

Fig. 5: Concentration of elution buffer at maximum value of protein elution peak area of
acidics glycosylated proteins invertase @), amyloglucosidase (@), neutral cellulase () and
basic RNase B (O) using tris, sorbitol and fructose as displacers in a gradient ranging from
0 to 500 mM of concentration at pH 9 with 20 mM CHES supplemented with 300 mM NacCl
as binding condition. The displacers were prepared in the binding buffer. These values

correspond to complete elution.
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Based on these results, 100 pyL of an artificial mixture of 0.25 mg/mL from the
glycosylated proteins of amyloglucosidase, cellulase, RNase B and 17.5 yg/mL invertase
were prepared for loading in the column in order to obtain the separation profile. The same
gradient, 20 CV to 100% of elution buffer, was initially performed. Three peaks at elution
were obtained but not completely separated (Figure 6 A — chromatogram 1). In order to
enhance the selectivity different gradient slopes were carried out using the same buffer
0.5 M tris. The processes were performed by lowering the gradient rate until the peaks
obtained were completely separated. It is already known by the literature the enhancement
of chromatography efficiency when lower gradient rates are applied [21,36,37], salt
gradient slopes are usually performed for ion exchange chromatography although the use
of modifiers can also improve the selectivity [36]. From 4.72% of tris/min (first process) 4
more experiments were carried out and the best selectivity was obtained at gradient rate of
0.57% tris/min. After confirming the fifth gradient slope with a replicate, a process with 2.5-
fold higher loading was carried out and the same profile was obtained. Fractions from this
process were analyzed by SDS-PAGE (Figure 6 C) and comparing with electrophoresis
gel of pure commercial samples (Figure 6 B). It can be observed that proteins were eluted
in the same sequence as when separated loadings were performed. RNase B was almost
completely eluted in the first peak followed by cellulase in the second peak with low
contamination of RNase B and amyloglucosidase at peak 4. Although invertase was also
added, it did not appear in the gel. This protein was probably too diluted in the long tall
after fourth peak and fractions obtained at this point did not reveal the presence of any
protein (data not shown). Although the peaks were separated, they were highly diluted as
can be observed in the Figure 6. One solution for increasing the peak resolution and
consequently decreasing the dilution of separated proteins could be a performance of
stepwise elution based on tris concentration obtained in the maximum values of the peaks
[23].
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Fig. 6: Different slopes of 0.5 M tris gradient using an artificial mixture of 0.25 mg/mL of

following glycosylated proteins amyloglucosidase, neutral cellulase and basic RNase B

and 17.5 yg/mL of invertase. A) Chromatograms of different tris gradient rates at pH 9 with

20 mM CHES supplemented with 300 mM NaCl as binding condition. Chromatogram 1

were obtained from the 4.72 % tris/min (1'), 2 from 2.36 % tris/min (2'), 3 from 1.18 %

tris/min (3), 4 from 0.71 % tris/min (4’) and 5 from 0.57 % tris/min (5), 4 peaks were

obtained from the fifth process, one from flowthrough (FT) and 3 from elution (P1 to P3).

B) SDS-PAGE of commercial protein samples separated loaded, invertase (INV),

amyloglucosidase (AMY), cellulase (CELL) and RNase B. C) SDS-PAGE of peak fractions

FT, P1, P2 and P3 plus initial sample loaded in the column and marker (M) from the 5"

gradient performed with 250 uL of volume loaded in the column.
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3.3.2 Displacer gradient study for acidic and neutr  al proteins retained by secondary

interactions (Lewis acid-base, hydrophobic/aromatic ) at lower pH

A similar study was carried out with acidic and neutral proteins using 50 mM
acetate at pH 5 as binding condition. The same process was performed with citrate or tris
as modifiers. Pepsin, amyloglucosidase, cellulase, CA and conalbumin were selected for
these studies since they provided adsorption under this condition in the previous
chapter lll. According to the results, cis-diol is not the dominant interaction under this
condition but Lewis acid-base seems to play the main role based on mitigation of proteins
adsorption by citrate in different concentrations, a hard Lewis base. Indeed, when this acid
was used in the gradient most of proteins were eluted but not CA and conalbumin
(Figure 7). Although CA required higher concentration (200 mM) than pepsin (10 mM) or
cellulase (50 mM) of this acid for obtaining a decrease on adsorption (Figure 5C —
chapter Ill), the elution up to 0.5 M citrate was not high enough to desorb CA and
conalbumin. The sequence of elution matches with results from adsorption studies, since

pepsin had higher effect on adsorption compared to cellulase and CA.
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Fig. 7: Concentration of elution buffer at maximum value of protein elution peak area of
pepsin, amyloglucosidase, cellulase, carbonic anhydrase (CA) and conalbumin using
citrate as displacer in a gradient ranging from 0 to 500 mM of concentration at pH 5 with
50 mM acetate buffer as binding condition. The displacers were prepared in the binding

buffer. These values correspond to complete elution.

Citrate is an a-hydroxyacid with three carboxylic acids and a cis-diol group in its
structure. Besides the ability of performing Lewis acid-base interaction, the negatively
charged carboxylates of its structure (Figure 6 — Chapter Ill) could provide electrostatic
interactions or repulsion of negatively charged proteins after complexation with PBA. This
fact could be responsible for the selectivity obtained with citrate. A study with RNase A
(basic nonglycosylated protein) was performed in order to confirm this hypothesis. This
basic protein does not interact with PBA at pH 4 when acetate buffer is used (Chapter IIl).
Based on that, adsorption studies with RNase A under different binding conditions using
citrate from 10 to 200 mM of concentration at pH 4 was carried out. According to results of
Figure 8, RNase A was retained at pH 4 in all concentrations of citrate used in a similar

binding capacity as positive control (pH 9). 300 mM NaCl was not able to shield this
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interaction (grey bars of Figure 8). Only a small effect can be observed when 10 mM
citrate was used, although the salt does not mitigate completely the interaction. This effect
can explain why CA and conalbumin did not elute with 500 mM citrate since they are
neutral proteins (pl 6.6 and 6.1, respectively) and positively charged at pH 5. However,
cellulase with pl 7.7 is also positively charged and it was eluted by the same process.
According to adsorption studies at chapter Ill, lower concentration of citrate was necessary
to mitigate cellulase adsorption compared to CA. Also studies of CA protein surface
properties reveled that hydrophobic patches near negative amino acids could probably be
responsible for strengthening the interaction, what was not observed for cellulase, a highly

hydrophilic protein.
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Fig. 8: Binding capacity (q) at equilibrium of RNase A in Prosep®-PB matrix in different
concentrations of citrate at pH 4 in the presence of 0 mM @) and 300 mM (@) NaCl. 50 mM

acetate pH 4 was used as negative control and 20 mM CHES pH 9 as positive control.

Exploring the citrate selectivity, an artificial mixture of 0.25 mg/mL of the proteins,
except conalbumin, was also loaded in order to set the best gradient rate of citrate for
proteins separation. As in the previous gradient study, 100 pL of this mixture was loaded
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and with a gradient rate of 4.76% citrate/min a selective separation of the proteins during
elution was not achieved. As tris gradient studied, here the best selectivity was achieved
with 0.57% citrate/min of gradient rate (Figure 9). A higher loading with 250 pL of the same

sample was performed and the process provided a similar profile.
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Cleaning with 1.5 M tris

A) as0 - - - - 100
400 - 1 - 90
350 ki
2300 - - 10
E 50 3 - 60 2
£ - - 50 £
c 200 - o
=3 4 - 40 =
8 150 - _ a9
100 - NG
50 - - 10
4
50 60
Time (min)
B) SDS-PAGE of commercial proteins C) SDS-PAGE of fractions from gradient 4
M AMY PEP CELL CA M Initial FT P1 P2 P3
: 250 e e e
%g‘é — = _—
75 — - - e
s 50-wm- ki
37. 37--;_ - _—
25 pe— 25-a—
20- 20—
15 15-uam.
10
10- : AT

Fig. 9: Different slopes of 0.5 M citrate gradient using an artificial mixture of 0.25 mg/mL of
following proteins amyloglucosidase, pepsin, cellulase and CA. A) Chromatograms of
different citrate gradient rates at pH 5 with 50 mM acetate buffer as binding condition.
Chromatogram 1 were obtained from the 4.72% citrate/min (1'), 2 from 2.36% citrate/min
(2", 3 from 1.18% citrate/min (3’), 4 from 0.57% citrate/min (4’), 4 peaks were obtained
from the fourth process (FT and P1 to P3). B) SDS-PAGE of commercial protein samples
separated loaded, amyloglucosidase (AMY), pepsin (PEP), cellulase (CELL) and CA. C)
SDS-PAGE of peak fractions flowthrough (FT), P1, P2 (two fractions, first from maximum
peak value and second from the tail formation in the end of the peak and P3 plus initial
sample loaded in the column and marker (M) from the 4™ gradient performed with 250 pL
of volume loaded in the column.
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According to the gel electrophoresis of peak fraction from the gradient slope 4
(Figure 9 C), the initial protein sample shows more than 4 bands which are probably
impurities present in these commercial proteins, although the majority are the target
proteins (darker bands), except for a band around 15 KDa. It can be observed that at flow
through step (P1) cellulase was the protein mostly present. The first peak of elution (P2) is
mostly composed by amyloglucosidase, however CA seems to be eluted in this fraction by
the presence of a band with same molecular weight as the band of CA commercial (Figure
9 B). The presence of CA was not expected here since this protein was not eluted by
citrate gradient when it was separately loaded. Protein-protein interaction could be
probably the reason for this behavior since amyloglucosidase is mostly negatively charged
and CA positively charged under this condition. The third peak was presented in two
fractions, one obtained in the maximum peak value and second from the tail in the end of
the peak. Pepsin is present in both fractions as expected, however a band with higher
concentration of a higher molecular weight (75 kDa) is obtained in the second peak,
probably cellulase. Cellulase has two major bands when pure load was performed at SDS-
PAGE, and both seems to be present in all peak fractions, although in the second fraction
of P3 seems to have at higher amount compared to the other bands. A band presents at
considerable amount around 15 KDa in the initial sample does not match with any band
from commercial proteins used. This protein was partially eluted in P3 (second fraction)
but it is mostly present in the P4, eluted along with cellulase.

Tris was the second modifier used in the gradient process for protein capturing at
lower pH. In the first process carried out, 0.5 M tris was prepared at pH 5 with 50 mM
acetate. Under this condition the amine moiety of tris is protonated and probably interacts
with deprotonated carboxylic acid of acetate. This salt formation somehow affects the
trident interaction with PBA under this condition since the proteins, same as used with

citrate concentration, were not eluted by tris gradient under this condition. In the
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adsorption studied, tris was used at pH 8.5 when amine is deprotonated and the disruption
occurred for all proteins. Based on that, this condition was adopted here, using 0.5 M tris
pH 8.5 in a 20 CV gradient. The elution was successfully obtained. The proteins were
100% recovered although this gradient did not provide any selectivity, all proteins were
recovered in a short concentration range from 86 to 95 mM of tris. The range of
concentration of elution is related to the abrupt increasing of pH from 5 to 8.5 as well as

the conductivity due the salt formation until tris reaches its pKa (around pH 8).

4. Conclusions

This work has clarified some insights focusing on multimodal and pH-dependent
behavior of phenylboronate chromatography. Generally we can conclude that this
chromatography can specifically retain certain classes of proteins in both configurations,
glycosylated proteins at tetrahedral configuration usually performed at alkaline conditions
and proteins with considerable negatively charge (mainly provided by carboxylic acids) in
conditions where PBA is at trigonal conformation, usually acidic and neutral proteins.
Based on these conclusions we tried to prove this concept using three strategies of elution
in order to enhance the selectivity of this chromatography: reverse gradient, pH gradient
and displacer gradient.

Separation of acidic from neutral glycosylated proteins by reverse salt gradient
strategy was not entirely achieved, although the presence of 15 mM tris or the presence of
HEPES buffer, increased selectivity. Also, it was not possible to obtain 100% proteins
recovery probably due to electronegative charges repulsion, although, charge repulsion
avoids proteins binding. Thus, cis-diol esterification is strong enough to hold the proteins

upon this condition. Secondary interactions named hydrophobic and hydrogen bond could
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also play a role in interaction strength, even though, the results indicated the mechanisms
of adsorption are probably distinct from desorption.

The use of pH gradient was not a properly separation tool as expected. The
multimodal interaction of PBA is the main reason for not obtaining 100% of proteins
recovering during the gradient. The proteins were mostly eluted at neutral pH, between pH
7 and 8 when the conformation changing of PBA can happen. This range of elution is more
common when ProSep®-PB matrix is applied since Agarose P6XL provided a larger range
of protein elution, even though agarose did not provide 100% of protein recovering in the
gradient elution. These results can also indicate that the pH dropping is not the best
elution option for PBC chromatography. This fact has already been reported in the
literature for IgG purification with only 7% recovering when pH drop to 2 was performed
[14]. Although recoveries about 90% were obtained when this strategy was applied for
elution of nucleosides by extraction with PBA immobilized in gel [38].

Displacer gradient was the most selective method applied not only for glycosylated
proteins at usual alkaline conditions but also for proteins binding at lower pH range where
Lewis acid-base is mostly the dominant interaction. Testing the usual displacers for PBC,
sorbitol and fructose, efficient recovering of 100% were obtained but were not selective for
all the different glycosylated proteins. On the other hand, tris provided not only total
recovery but also the best selectivity for glycosylated proteins. For proteins adsorbed at
acidic condition, tris also eluted with full recovering when applied at pH 8.5. However this
condition has found to not be appropriated for obtaining selectivity due to the difficulty on
controlling process conditions as pH and conductivity. Under this binding condition, citrate
provided a good selectivity as well as efficiency on recovering 100% some of the proteins.
This ability is probably related to the interaction with PBA by Lewis acid-base interaction
and chelating interaction by a-hydroxylate moiety, as well as providing electrostatic

repulsion by negative charge of carboxylates present in its structure.
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This work has proved not only the concept of multimodal interaction but also the

wide options of implement selectivity of this chromatography by playing with different

modifiers. At lower pH more carboxylates could be used depending on the application

used as well as tris derived at alkaline conditions could improve the selectivity depending

on the separation. Insight on the mechanisms of interaction has also been demonstrated.

These unique features make PBC a useful tool not only for separation but also for

analytical purposes and can be highly explored for deeper separations as proteins

isoforms or proteomic studies.

[1]

(2]

[3]

[4]

[5]
[6]

References

D.S. Hage, J.A. Anguizola, C. Bi, R. Li, R. Matsuda, E. Papastavros, E.
Pfaunmiller, J. Vargas, X. Zheng, Journal of Pharmaceutical and Biomedical
Analysis 69 (2012) 93.

S.A. Barker, B.W. Hatt, P.J. Somers, R.R. Woodbury, Carbohydrate Research 26
(1973) 55.

R. Tuytten, F. Lemiere, W. Van Dongen, E. Witters, E.L. Esmans, R.P. Newton, E.
Dudley, Analytical Chemistry 80 (2008) 1263.

A.G. Gomes, A.M. Azevedo, M.R. Aires-Barros, D.M.F. Prazeres, Journal of
Separation Science 35 (2012) 3190.

N. Singh, R.C. Willson, Journal of Chromatography A 840 (1999) 205.

L. Borlido, AM. Azevedo, A.C. Roque, M.R. Aires-Barros, Journal of

Chromatography A 1218 (2011) 7821.

109



Phenylboronic acid as ligand for multimodal chromat ography

[7]

(8]

[9]
[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

110

B.M. Brena, F. Batistaviera, L. Ryden, J. Porath, Journal of Chromatography 604
(1992) 1009.

C.L. Ronhlfing, S. Hanson, A.L. Tennill, R.R. Little, Diabetes Technology &
Therapeutics 14 (2012) 271.

X.C. Liu, Se Pu 24 (2006) 73.

D.G. Hall, in Boronic Acids: Preparation and Applications in Organic Synthesis and
Medicine, 2005, p. 1.

G. Springsteen, B.H. Wang, Tetrahedron 58 (2002) 5291.

S.D. Bull, M.G. Davidson, J.M. van den Elsen, J.S. Fossey, A.T. Jenkins, Y.B.
Jiang, Y. Kubo, F. Marken, K. Sakurai, J. Zhao, T.D. James, Accounts on Chemical
Research 46 (2013) 312.

L.I. Bosch, T.M. Fyles, T.D. James, Tetrahedron 60 (2004) 11175.

A.M. Azevedo, A.G. Gomes, L. Borlido, I.F. Santos, D.M. Prazeres, M.R. Aires-
Barros, Journal of Molecular Recognition 23 (2010) 569.

B. Zhang, S. Mathewson, H. Chen, Journal of Chromatography A 1216 (2009)
5676.

V.K. Akparov, V.M. Stepanov, Journal of Chromatography 155 (1978) 329.

M.A. Holstein, S. Parimal, S.A. McCallum, S.M. Cramer, Biotechnology and
Bioengineering 109 (2012) 176.

T. Matos, J.A. Queiroz, L. Bulow, Journal of Chromatography A 1302 (2013) 40.

V. Adamek, X.C. Liu, Y.A. Zhang, K. Adamkova, W.H. Scouten, Journal of
Chromatography 625 (1992) 91.

L. Borlido, A.M. Azevedo, A.G. Sousa, P.H. Oliveira, A.C. Roque, M.R. Aires-
Barros, Journal of Chromatography B-Analytical Technologies in Biomedical Life

Sciences 903 (2012) 163.



Chapter IV — Exploring the selectivity of phenylbor onate chromatography: proof of concept

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

G. Carta, A. Jungbauer, in Protein chromatography: process development and
scale-up, Wiley-VCH Verlag Gmb & Co KGaA, Germany, 2010, p. 277.

G. Carta, A. Jungbauer, Protein Chromatography: Process Development and
Scale-up, WILEY-VCH, Germany, 2010.

T. Arakawa, D. Ejima, K. Tsumoto, N. Obeyama, Y. Tanaka, Y. Kita, S.N.
Timasheff, Biophysical Chemistry 127 (2007) 1.

A.K. Bhuyan, Biochemistry 41 (2002) 13386.

Y.C. Li, E.L. Larsson, H. Jungvid, l.Y. Galaev, B. Mattiasson, Journal of
Chromatography A 909 (2001) 137.

A.G. Gomes, A.M. Azevedo, M.R. Aires-Barros, D.M.F. Prazeres, Journal of
Chromatography A 1218 (2011) 8629.

K. QOishi, Y. Maehata, Chemosphere 91 (2013) 302.

J.H. Woo, D.M. Neuville, Jr., Biotechniques 35 (2003) 392.

M.B. Smith, J. March, March's Advanced Organic Chemistry - Reactions,
Mechanisms, and Structure (6th Edition), John Wiley & Sons, 2007.

L. Ren, Z. Liu, M. Dong, M. Ye, H. Zou, Journal of Chromatography A 1216 (2009)
4768.

F. Kroner, J. Hubbuch, Journal of Chromatography A 1285 (2013) 78.

M.T. Zafarani-Moattar, S. Hamzehzadeh, Fluid Phase Equilibria 304 (2011) 110.

D. Zanette, A. Soffientini, C. Sottani, E. Sarubbi, Journal of Biotechnology 101
(2003) 275.

C. Bromba, P. Carrie, J.K.W. Chui, T.M. Fyles, Supramolecular Chemistry 21
(2009) 81.

F. Wu, X.R. Lan, D.Y. Ji, Z.Y. Liu, W. Yang, M.B. Yang, Journal of Applied Polymer
Science 129 (2013) 3019.

A. Seidel-Morgenstern, Chemical Engineering & Technology 28 (2005) 1265.

111



Phenylboronic acid as ligand for multimodal chromat ography

[37] C.R. Smith, R.B. DePrince, J. Dackor, D. Weigl, J. Griffith, M. Persmark, Journal of

Chromatography B-Analytical Technologies in Biomedical Life Sciences 854 (2007)

121.

[38] B.D. Gill, H.E. Indyk, M. Manley-Harris, International Dairy Journal 21 (2011) 34.

112



CHAPTER V

PHENYLBORONATE CHROMATOGRAPHY
FOR ANTIBODIES SEPARATION:
ADSORPTION STUDIES AND CRYOGEL
FUNCTIONALIZATION FOR PROCESS
INTEGRATION

Results presented in the following conference:

Carvalho, R.J., Azevedo, A.M., Cramer, S.M., Aires-Barros, M.R. Purification of antibodies
using continuous bed chromatography with cryogels monolith support — Affinity,

Tavira/Portugal, 2011.






Chapter V — Phenylboronate chromatography for antib odies separation

Phenylboronate chromatography for antibodies separa tion: adsorption studies and

cryogel functionalization for process integration

Abstract

In this work commercial phenylboronate matrices based on methacrylate or
agarose were used to specifically bind a polyclonal antibody regarding a mixture of
contaminants proteins and to determine the best binding conditions in order to obtain high
recovery and selectivity. Furthermore, immobilizing phenylboronic acid onto cryogels
monolithic supports with functional epoxy group were tested in order to further purify
monoclonal antibodies by integrating clarification and capture steps. HEPES buffer at
pH 8.5 was selected as the best binding conditions for agarose matrix. The best results in
terms of performance and selectivity were also obtained with this matrix. Different
functionalized cryogels with several derivatives of phenylboronic acid were analyzed by
adsorption of polyclonal IgG at 20 mM HEPES pH 8.5 and by colorimetric analysis using
alizarin red S dye in order to obtain the ligand density. The immobilization of 3carboxyl and
formyl derivatives performed at pH 8 presented better efficiency on IgG binding, but no
relation was found between IgG adsorption and ligand density. Among all reactions,
mercapto and 3carboxyl derivate provided the best IgG adsorption (around
1.5 mg of IgG/mL of cryogel) when hexamethylenediamine and ammonia were used as

space-arms, respectively.

Keywords: phenylboronate chromatography, monoclonal antibodies separation, cryogels,

monolith supports, phenylboronic acid, immobilization
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1. Introduction

The use of antibodies for therapeutic purposes has grown exponentially in the last
decade and in the last year has become a market of 60 billion dollars with an expectation
growth of 15% until 2018 [1]. The potential of antibodies as therapeutic agents explains the
fast market growth in only two decades and the interests of public and private investors in
mAbs research which resulted in the development or several drugs against immune
diseases, transplant rejections and several types of cancer [2]. We can currently find 34
approved drugs from Food and Drug Administration American agency and several others
in clinical trials [2]. According to the literature, high doses of mAbs as therapeutic agents
are necessary in order to obtain an immune response to fight several diseases, especially
chronic ones [3]. Many efforts have been made in order to improve mAbs production
processes and nowadays high titers reaching more than 25 g/L by production using
Chinese hamster ovary (CHO) cells has been referred [4]. Although CHO cells are the
most popular for mAbs production, studies with other mammalian cells (NSO, Sp2/0,
PER.C6) have been also referred in the literature [5].

Due to cell culture developments over the last 10 years the process bottleneck is
now on the purification side. Therefore, there is a need of new technologies and more
efficient, robust and high capacity processes. Several studies on antibodies purifications
are described in the literature using different types of chromatography such as multimodal
[6], anion exchange [7], hydrophobic [8] and affinity with protein A [9]. The established
downstream process includes 3 main steps, protein A as capturing step and two remain
steps for viruses removal [10]. Protein A from Staphylococcus aureus cell wall interacts
mostly with the Fc region of the antibody and a high selectivity and purities higher than
95% are obtained in one step [11]. Protein A chromatography is easy to implement, robust

and flexible regarding conductivity and pH facilitating the purification process as no special
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sample preparation is needed as in anion exchange and hydrophobic chromatography
processes [9,11], however an industrial level protein A chromatography accounts for more
than 50% of total costs of the entire mAbs downstream process [3,12]. Besides, protein A
ligand can be very unstable limiting its applicability and thus more stable and cost effective
ligands are needed. Synthetic ligands have been used namely peptides [13] and de novo
designing artificial ligands trying to mimetic protein A affinity [14]. Moreover, multimodal
ligands are currently being widely applied on mAbs downstream process due to its ability
to interact through more than one via conducting to higher selectivity and capacities [6].
Hydroxyapatite [15], hydrophobic charge induction (HCIC) [16] and phenylboronate
chromatography (PBC) [3,17] are examples of multimodal chromatography applied on
mAbs separation and purification. This type of chromatography can thus create a unique
selectivity under certain conditions. For instance, phenylboronic acid (PBA) can be found
in two different conformations, trigonal and tetrahedral at alkaline conditions due to its
ability to coordinate Lewis bases as free hydroxyls [18]. According to the literature, higher
associate constants of esterification with cis-diol compounds present in saccharides, RNA,
nucleosides, a-hydroxydes and glycoproteins as mAbs [19] are obtained at tetrahedral
configuration. PBA is thus a potential candidate to replace Protein A due to the higher
chemical stability and lower cost, specifically binding and the multimodal behavior.

Several alternatives strategies and methodologies to the traditional process for
mAbs purification have been proposed and developed , among them we can highlight the
agueous two phase systems [20] expanded bed chromatography [10] membrane
chromatography [21], magnetic particles [12] and monolith chromatography [22]. Compare
to packed bed chromatography these alternative strategies allow process integration thus
reducing the costs of mAbs downstream process. Monoliths, called the fourth
chromatography generation, are single blocks bed chromatography with large porosity

which allows separation of large molecules as proteins, proteins aggregates, DNA, viruses
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and even cells [23]. Monoliths can operate at higher flow rates than packed bed without
changes in the dynamic binding capacity due to the convective transport along the bed
[23]. Cryogel is an example of a monolith support with large porous up to 100 ym of size.
The name cryogel is due to the way it is produced: the polymerization occurs at very low
temperatures, around -12°C, and the frozen water crystals formed are the responsible for
the porous channel formation [24]. The easy and low cost production of cryogel has caught
the attention of several research groups for its application on the separation of large
molecules like cells [25]. The flexibility of cryogel when hydrated (sponge aspect), which
allows its compression during elution, can be used to improve the efficiency of desorption
of large molecules as cells [24]. This support has been widely applied on PBC in the last
years [26]. Attempts to obtain different cryogels functionalized with PBA have been carried
out via direct reactions by copolymerization using vinylphenylboronic acid (VPBA) or
aminephenylboronic acid (APBA) or via indirect reactions by several PBA derivatives using
cryogel with several functional groups (epoxide, carboxyl or aldehyde) [26]. Studies with
copolymerized cryogels have demonstrated higher ligand density in the case of direct
reactions, although, the ligands are not freely available for large molecules as cells which
difficult their recognition but smaller molecules as RNA are able to recognize and bind [27].
Cryogel supports functionalized with PBC have been also applied in capillary
chromatography with better efficiencies [28].

In this work, adsorption studies of polyclonal antibodies have been performed.
Human serum albumin and recombinant human insulin were also applied in these studies
since they have been reported as the main impurities of cell culture supernatant of
antibodies production [3]. The adsorption studies were carried out using phenylboronate
commercial matrices based on polymethacrylate (boric acid gel) and agarose (Agarose
P6XL), under different binding conditions, in order to increase process selectivity. In the

second part of the work, immobilization of different PBA derivatives onto cryogel with
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functional epoxy groups using space-arms and cross-linkers were carried out in order to
obtain high ligand density for IgG and simultaneously to allow integration of clarification

and capture steps of mAbs downstream process.

2. Materials and Methods

2.1 Materials and chemicals

Human polyclonal 1gG for therapeutic purposes named Gammanorm was
purchased from Octapharma (Lunch, Switzerland). 3-Formylphenylboronic Acid (FPBA); 3-
and 4-Carboxyphenylboronic Acid (3- and 4-CPBA), 3-Aminophenylboronic Acid (APBA),
Mercaptophenylboronic Acid (MPBA), N-(3-Dimethylaminopropyl)-N'-ethylcarbodiimide
hydrochloride (CD), ethylene glycol (EG), glutaraldehyde 50% solution grade | (GD), 1,4
butanediol diglycidyl ether (BDGE), aniline, glycine, 8-Anilino-1-naphthalenesulfonic acid
(ANS), sodium phosphate mono and dibasic anhydrous, sodium citrate anhydrous, sodium
acetate anhydrous, sodium fluoride, tris(hydroxymethyl)aminomethane (Tris), sodium
chloride, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 2-(4-
morpholino)ethanesulfonic acid (MES), hexamethylenediamine, ethylenediamine, boric
acid, borax anhydrous, phosphate saline buffer (PBS) and human serum albumin (HSA)
were purchased from Sigma-Aldrich® (St. Louis, MO, USA). Recombinant human insulin
named ActRapid was obtained from Novo Nordisk (Copenhagen, Denmark) and 4-
mercaptoethyl pyridine (MEP) was purchased from Carbosynth (Berkishire, UK).

The chromatographic medias used in this study were Agarose P6XL (Appendix B2)
from ProMetic Biosciences (British Isles, UK), Boric acid gel methacrylate based with
aminophenylboronic acid functionalized (Appendix B3) from Sigma-Aldrich® (St. Louis,
MO, USA) and Cryogel BasicE (0.5 and 1. 6 mL sizes), a macroporous monolith

methacrylate based with functional epoxy groups (Appendix B4) from Protista (Lund,
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Sweden). All reagents used had a purity 2 95% and they were PA or of HPLC grade. All
the water used in the experiments was obtained from MilliQ purification system (EMD
Millipore, USA).

Akta Purifier systems (GE Healthcare, Uppsala, Sweden) were used to perform all
column experiments, both systems were operated online by the software Unicorn 5.11.
Tricorn™ 5/20 (i.d. 5 mm; max. bed height 29 mm) empty glass columns were used for
packing Boric acid gel and Agarose P6XL to a column volume (CV) of 400 pL and 10/20

(i.d. 10 mm; max. bed height 29 mm) columns for packing the cryogels with 1.6 mL of CV.
2.2 Adsorption Experiments
2.2.1 Column Experiments

Proteins were separately loaded in amounts of 500 ug for IgG and insulin and 1 mg
for HSA into Boric acid gel and Agarose P6XL packed columns. Different binding
conditions were performed using different buffers in order to analyze their effects: PBS
(10 mM phosphate + 150 mM NacCl), 20 mM HEPES + 150 mM NacCl, 50 mM borate +
150 mM NaCl were the buffers used in the binding condition in the following pHs at

Table 1. These experiments were performed for both columns.

Table 1: Binding conditions for adsorption experiments in columns packed with boric acid

or Agarose P6XL.

HEPES Borate
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Elution of adsorbed proteins was carried out by changing the eluent to 1.5 M tris-
HCI pH 8.5 under a 10 CV gradient elution based on previous work performed using
ProSep®-PB, a controlled-pore glass beads functionalized with APBA [3]. According to
these authors, this eluent was able to recover all proteins bound.

The percentage of protein adsorbed was determined based on area of eluted peak
divided per total peak area in the chromatogram. The experiments were carried out in

duplicate.
2.2.2 Dynamic binding capacity (DBC) by frontal ana  lysis

The frontal analysis was performed using 4 mg/mL of polyclonal IgG diluted in the
binding buffer. The supports used were 0.4 mL of Agarose P6XL or Boric Acid gel packed
in glass columns. The binding condition was carried out at pH 8.5 using 20 mM HEPES
buffer supplemented with 150 mM NaCl or 300 mM NacCl. The flow rate of 1 mL/min was
used for loading the sample and elution studies. The experiment was carried out at Akta
system connected with a super loop of 50 mL. The void volume (Vo) was determined by
loading 50 mM phenol red. The DBC (qgi0) was calculated at 10% of breakthrough curve by

the following equation 1:

Co(V10—V(
— 0(V1o—Vo) (l)

d10 Vh

2.3 Immobilization of PBA on cryogels

Several reactions were performed for immobilization of PBA on cryogels as shown
in the Figure 1. Cryogel BasicE contains 30 ymol/mL of functional epoxy groups, according
to the supplier, and activation was performed with ammonia or amine space-arms (ED or
HMD) at alkaline pH. After activation, the crosslinkers were reacted in order to link the
amine to the target ligand. Some direct reactions were also performed without a cross-
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linker depending on the PBA functional group. The reagent concentrations were calculated
based on cryogel functional epoxy groups. The space-arms and cross-linkers reagents
were reacted under 10-fold excess compared to epoxy groups and ligands 50-fold, except
3- and 4-CPBA (10-fold) due its low solubility in aqueous medium. All reactions performed
were carried out under constant circulation of 1 mL/min by ISMATEC tubing pump MS-CA
serie with 4 tube channels from IDEX Health & Science (Wertheim, Germany). The details

of these reactions are described below.

Ligands: Aniline and PBA derivates

/\©/ o4 FPBA
, o APBA
Amines: : Cross-linkers:
NH,* Ammonium /@ Aniline
VT GD ;
Epoxide group Spacer-arms: p
- ED » © o1 To mpBA
" /\/NH
Cryogel : H,N : BDGE

/ / v wep
WA/\/\/\/L\‘ —

|")\©/ o4 3-CPBA
L p/ o 4.CPBA

Fig. 1: Scheme of all reactions performed: amination by ammonium and space-arms,

Reaction by carbodiimide (CD)

cross-linkers reactions and ligands immobilization. The ligands used for immobilizing onto
cryogels supports were PBA derivates and also with aniline or MEP. The reactions steps

were performed according to ligands functional group.

The amination reaction of epoxides by ammonium or spacer-arms (ED and HMD)
was carried out for 24 h at room temperature (RT). The reactions were conducted in

alkaline pH, namely at pH 10.5 for 14% ammonium and at pH 9.5 for the two spacer-arms
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under constant circulation according to Cryogel BasicE supplier information. Samples from
these reactions were maintained without further reactions in order to analyze the effect of
amine and space-arms on IgG adsorption.

After amination, 3-formylphenylboronic acid (FPBA) was directly reacted with
amino groups from space-arms and ammonium at two different pHs, 4.5 and 8.0 for 4 h at
room temperature (RT) [29]. All reactions were performed in aqueous medium.

3- and 4-carboxyphenylboronic acid (3- and 4-CPBA) were used in a direct reaction
using carbodiimide (CD) in order to reacting carboxyl with amino group from spacer-arm or
ammonium. The reactions were performed at the same pHs as FPBA and in two steps: 3-
or 4-CPBA reaction with carbodiimide followed by the reaction of the product obtained with
the amine [29]. CD and CPBA were reacted for at least 4 h at RT and the cryogel was
added to the reaction and maintained for more 15 h at RT.

The immobilizations with aniline, MPBA and APBA were performed in 3 steps of
reaction, first amination with ammonia and space-arms, then the cross-linkers were
reacted, 1,4 butanodiol diglycidil ether (BDGE) for immobilization of MPBA and
glutaraldehyde (GD) for immobilization of APBA and aniline.

The BDGE cross-linker was reacted for 24 h with cryogel aminated and MPBA at
alkaline pH 9.5 for 24 h under circulation and controlled temperature of 28°C. These
conditions were all based in the literature of thiol reactions [30].

APBA, the most common PBA derivate used in functionalization of supports for
boronate chromatography, was also used in these studies. As discussed before, GD was
the cross-linker used after activation of epoxy group with space-arms and ammonia. Each
reaction for GD and later for APBA was performed according to Cryogel BasicE supplier
information at pH 7.2 for 24 h at RT. Other two different reactions for APBA immobilization
were carried out. In the second, glycine was first reacted with epoxy groups at pH 8.0 for

48 h at RT. After that, CD solution was added into cryogel at two different pHs 4.5 and 8.0
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and reacted for 24 h at RT. APBA was later added and let to reacted for 15 h at least. The
third reaction was performed according to Dukler and Freeman conditions [31]. APBA was
dissolved in a solution of 30% ethylene glycol pH 8.0 and this solution was reacted with
the cryogel for 96 h at RT. The same reactions and conditions were used with aniline in
order to understand the influence of aniline moiety of PB in the adsorption with and without

a spacer-arm.

2.4 Functionalized cryogels assays

Two assays were used in order analyze the immobilization efficiency of PBA
derivatives: alizarin red S (ARS), an organic red dye reported as a cis-diol compound with
high affinity with PBA [19] and binding of polyclonal human IgG. For cryogels only
aminated by ammonium or space-arms or aniline and MEP functionalized only the 1gG

binding assay was performed. The details of these assays are described below.

2.4.1 APBA ligand density measurement by ARS

The ligand density was determined using Alizarin Red S (ARS) adsorption to
phenylboronic acid [32]. The assay was performed at pH 7 using all cryogels
functionalized with PBA in tubes with 6 CV of dye solutions. The same volumes of washing
and elution buffer were used. The concentration of dye used was 4.5 mM ARS in 100 mM
of phosphate buffer pH 7. The cryogels were in contact with the dye for 4 hours and the
solution was exchanged after 30, 60 and 150 minutes under agitation (20 rpm) using the
Stuart rotator SB2 from Bibby Scientific Limited (Staffordshire, UK) at RT. After dye
adsorption, the cryogels were washed several times with 100 mM of phosphate buffer,
pH 7 until the solution was uncolored. Dye was eluted with 500 mM sorbitol in the same
phosphate buffer until no remaining dye could be detected. A nonfunctionalized cryogel

was used as negative control. The measurement was monitored by SPECTRAmax Plus
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384 spectrophotometer microplate reader from Molecular Devices (Sunnyvale, CA, USA)
at A = 500 nm. This assays were equally applied for Boric acid gel in 96-well membrane
plates 0.45 pm using MultiScreen™ Vacuum Manifold 96-well system for filtering dye
solutions, as well as wash and elution steps and a ratio of 1:10 Boric Acid gel:dye

solutions was used.

2.4.2 1gG binding assay

After functionalization, the cryogels were also analyzed by IgG adsorption
regarding ligand immobilization efficiency. Initial screening was performed using 0.5 mL
cryogels. The assays were operated manually, by batch adsorption, with a pipette and the
syringe piston was manually pressurized after each step. The sequence of adsorption
experiments after hydration and equilibration steps was as follow: (i) loading 500 uL of
2 g/L polyclonal 1gG, (ii) two steps of washing (2 mL and 1 mL, respectively); (iii) two
elution steps (2 mL and 1 mL) and finally (iv) two steps of reequilibration of 1 mL each.
20 mM HEPES pH 8.5 was used for equilibrating and washing steps and 1.5 M tris (30 mM
acetate pH 3 for MEP) for elution based on chromatographic performances described in
the literature [3,12]. The samples from each step were collected and analyzed by
SPECTRAmax Plus 384 spectrophotometer microplate reader at 280 nm. The
functionalized cryogels with higher adsorptions were selected for further scaling-up until to
1.6 mL cryogels in order to be used into chromatographic columns. The following selected

reactions were performed:

« ED+ 3FBPAatpH 8.0
* NH3+CD + 3CPBA at pH 8.0
» ED+CD + 3CPBA at pH 8.0

« HMD + CD + 3CPBA at pH 8.0
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e HMD + CD + 3CPBA at pH 4.5
« HMD + BDGE + MPBA
These 1.6 mL cryogels functionalized using the conditions developed to 0.5 mL
cryogels were fitted in Tricorn™ 10/20 columns (i.d. 10 mm). The process was operated by
Akta purifier with on line data acquisition under the same conditions as batch adsorptions

using from 0.5 to 3 mL/min of flow rate.

3. Results and discussion

3.1 Adsorption studies on commercial boronate colum ns

Boric acid gel and Agarose P6XL are commercial boronate matrices used for
capturing cis-diol compounds. These two matrices were used in order to investigate the
adsorbed behavior of polyclonal IgG, since antibodies are mostly glycosylated, and the
main impurities encountered in cell culture supernatant from IgG production, HSA and
human insulin. Different binding conditions were studied by varying the pH and buffer type
as shown in Table 1. The first results with phosphate buffer at Figure 2 show that at pHs 7
and 7.5 more than 95% of IgG loaded into the column. IgG adsorption was similar for both
boric acid gel (Figure 2 A) and agarose (Figure 2 B). Regarding the impurities, insulin was
highly retained (more than 70%) in all conditions with PBS. On the other hand HSA was

lower than 40%, with higher retentions (around 25% higher) with boric acid gel matrix.
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Fig. 2: Polyclonal 1gG (black bars), HSA (darker gray bars) and human insulin (lighter

bars) adsoption in Boric Acid gel (A) and Agarose P6XL (B) supports at pHs 7.0 and 7.5
using PBS buffer. Adsorption values were calculated based on peak areas obtained after

elution divided per all peak areas of the chromatogram.

HEPES was the second binding buffer used at a pH range varying from 7.5 to 8.5.
According to the profile obtained at a lower pH, higher IgG adsorption was observed as
well as for the impurities HSA and insulin (Figure 3) leading to a poor selectivity for both
matrices. HEPES buffer has been described to enhancer cis-diol esterification with PBA
[18,33]. Indeed, Azevedo et al. [3] selected 20 mM HEPES pH 8.5 as standard conditions
for the IgG adsorption studies since it provided the best efficiency for ProSep®-PB matrix.
A similar behavior was observed with HEPES buffer and PBS at pH 7.5 for both matrices
agarose and methacrylate, but a lower adsorption of IgG at pH 8.5 was observed [3]. On
the other hand a better selectivity was obtained at pH 8.5 since HSA and insulin were less
than 10% adsorbed. This value was much lower compared to the literature, around 70% of
HSA adsorption was obtained under the same binding condition when ProSep®-PB matrix

was applied [3].
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Fig. 3: Polyclonal IgG (black bars), HSA (darker gray bars) and human insulin (lighter
bars) adsoption in Boric Acid gel (A) and Agarose P6XL (B) supports at pHs 7.5, 8.0 and
8.5 using 20 mM HEPES buffer supplemented with 150 mM NacCl. Adsorption values were
calculated based on peak areas obtained after elution divided per all peak areas of the

chromatogram.

IgG adsorption was lower than 80% under all conditions applied with borate buffer.
With Boric Acid gel was observed a similar profile to that obtained when HEPES buffer
was used: the lower the pH, the higher the adsorption of IgG and insulin. On the other
hand, agarose provided the best IgG adsorption at pH 8.5 (~80%) when borate buffer was
used and high selectivity was obtained since both HSA and insulin were not retained under
this condition. An abrupt drop on adsorption was obtained when pH 9 was applied. The
lower retention obtained with this buffer could be probably due to the washing of proteins
by borate buffer. Studies with this buffer showed its ability to wash glycosylated proteins
from anion exchange chromatography at pH 8 [34]. In addition, borate buffer may also
compete with proteins for binding to the matrix which could explain the lower adsorption

obtained at pH 8.5 and 9 when most of PBA are at tetrahedral conformation.
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Fig. 4. Polyclonal 1gG (black bars), HSA (darker gray bars) and human insulin (lighter
bars) adsoption in Boric Acid gel (A) and Agarose P6XL (B) supports at pHs 7.5, 7.9, 8.5
and 9.0 using 50 mM borate buffer supplemented with 150 mM NaCl. Adsorption values
were calculated based on peak areas obtained after elution divided per all peak areas of

the chromatogram.

In general, at neutral pH higher IgG adsorption was observed but also superior
retention of impurities for all buffers applied. The higher retention of IgG at neutral pH has
already been reported in the literature when magnetic particles functionalized with PBA
were used [12]. At pHs 8.5 and 9 lower IgG adsorption was obtained although PBA is at
tetrahedral conformation. Studies referred in the literature with this polyclonal I1gG [3,12]
evidenced the presence of proteins pl ranging from neutral to 9 and the possible presence
of proteins negatively charged probably shielded the interactions by repulsion with
negatively charged PBA at tetrahedral configuration. The presence of 150 mM NacCl at
binding conditions is probably not enough to shield this electrostatic repulsion. Studies by
Zhang et al. [17] using boronate chromatography at pH 8.7 for capturing recombinant
humanized monoclonal antibody, showed that 200 mM NaCl was the optimal
concentration to shield the electrostatic repulsion observed at lower NaCl concentrations.
This observation was confirmed by the adsorption studies performed in this work at
chapter Il using neutral and acidic glycosylated proteins in the same chromatography at

pH 9.
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A comparison between the two supports used, showed that Agarose P6XL
provided higher selectivity than Boric Acid gel, especially at higher pHs when HEPES and
borate buffers were used. Moreover, agarose has presented slightly higher dynamic
binding capacity (DBC) at 10% of breakthrough (gi0) when IgG was loaded at pH 8.5 using
HEPES buffer as binding condition supplemented either with 150 mM or 300 mM NacCl
(Table 2). This fact could be probably related to PBA density since Agarose P6XL has
around 38% higher ligand density than Boric Acid gel (14.26 + 0.47 ymol/mL and 8.88 +
0.19 umol/mL, respectively) according to the studies performed with ARS (see section
2.4.1). Even though, agarose DBC is relatively low when compare with results referred in
the literature with, ProSep®-PB (10.4 mg/mL) [3] and de novo design ligand mimicking the
protein A (more than 50 mg/mL) [35]. However, the mimetic ligand showed a low
selectivity with almost the same DBC for both IgG and HSA. According to the results
showed in Table 2, higher concentrations of NaCl decreased the bhinding capacity of 1gG
for both matrices, meaning that probably electrostatic repulsions are not the only motive

for the lower IgG binding at higher pH.

Table 2: Dynamic binding capacity at 10% of breakthrough of Boric Acid gel and

Agararose P6XL with polyclonal IgG at pH 8.5.

g10 (Mg IgG/mL matrix)

Buffer 20 mM HEPES pH 8.5
NaCl supplementation 150 mM 300 mM
Boric Acid gel 2.34 £0.45 1.76 £0.11
Agarose P6XL 3.16 £ 0.06 2.58 +0.53

3.2 Cryogels functionalization with PBA

Cryogels functionalized with PBA have been widely studied in the last years

[26,27,36]. These supports present several characteristics such as macroporosity, low cost
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production and easy handling that make them very advantageous for industrial
applications, particularly for large biomolecules as cells, RNA and proteins separations
[26]. Thus, cryogels functionalized with PBA could be a useful tool for glycosylated IgG
purification and to further integrate clarification and capturing steps by retention of IgG into
the PBA cryogel whereas the cells would pass through the column. In order to explore this
concept, several reactions were performed in order to immobilize PBA on the cryogel with
functional epoxy groups. Different PBA derivatives were tested and compared by
determining PBA ligand density by ARS analysis and polyclonal IgG retention (Figure 5).
The ratio of IgG adsorption per PBA immobilized was also analyzed as it can be seen in
Figures 5 A to D. Cryogels without PBA were only analyzed by IgG adsorption (Figures 5
E and F). The IgG binding studies were first performed at batch conditions as described in

section 2.4.2.
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Fig. 5: Concentration of IgG adsorbed (black bars), PBA ligand density by ARS analysis
(grey bars) and ratio 1gG per PBA (white bars) from cryogels immobilized with different
PBA derivatives in several conditions (A — FPBA, B — APBA, C — 3- and 4-CPBA and D —
MPBA), with ammonium or space-arms (E) or with MEP at different conditions (F).
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PBA derivative APBA showed the lowest IgG adsorption values as well as the
lowest ligand density in comparison to the other PBA derivatives tested with maximum
adsorption of 0.5 nmol of IgG (0.15 mg of IgG/mL of cryogel), as it can be seen in Figures
5 A-F. The highest adsorptions (around 5 nmol of IgG, i.e., 1.5 mg of IgG/mL of cryogel)
were obtained with 3-CPBA and MPBA (Figures 5 C and D, respectively). The results
obtained for IgG adsorption onto the functionalized cryogels by different PBA derivatives
and conditions have not showed a particular trend that could serve as a guideline to
choose a PBA derivative, ligand density or a certain condition to get higher IgG
adsorptions. For instance, the highest adsorptions obtained with formyl and 3-carboxyl
derivatives were performed at pH 8, although this was not a rule for all reactions at pH 8.
Besides, the higher adsorptions were not always obtained with the cryogels with higher
ligand densities. MPBA derivative showed the highest IgG adsorptions when ammonium or
HMD were used to activate the epoxy groups of cryogel (Figure 5 D), but no retention was
observed without activation of the epoxy groups by amination. The opposite behavior was
observed with MEP derivative (Figure 5 F) with higher adsorption around 3.2 nmol of IgG
(0.96 mg of IgG/mL of cryogel) when the epoxy groups were not activated. This ligand has
the same functional group as MPBA (mercapto) and was referred in the literature as able
to capture monoclonal antibodies, with 1gG adsorption of 25 mg/mL of support [37,38].
MEP is a hydrophobic charge induction chromatography which employs high heterocyclic
ligand densities avoiding the need of high salt concentration. When pH is below its pKa
(4.8), this ligand becomes positively charged what is explored for proteins elution by
positive charge repulsion [16]. In this work, MEP provided higher adsorption (3.2 nmol of
IgG) than most of immobilizations with PBA except than MPBA immobilized with the
space-arm HMD and 3CPBA at pH 8 with the ammonium. These both immobilizations
(MPBA and 3CPBA) provided the highest adsorptions values reaching around 5 nmol of

IgG (75% of IgG loaded). The best results obtained in this work are still low compared to
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other types of boronate chromatography supports [3,12,17]. Anyway the best
functionalized cryogels giving the highest IgG adsorption were thus selected for the
experiments using a continuous column bed chromatography (see selected reactions at
section 2.4.2) using cryogels with larger volume (1.6 mL).The experiments performed
using a continuous mode lead to no adsorption of IgG onto the selected supports even
when the sample was loading at low flow-rate of 0.5 mL/min. Although similar ligand
densities were obtained for these larger supports, this seems to not be enough for
capturing the IgG using this column system. Direct immobilization of PBA onto cryogels by
copolymerization during support production has been also referred in the literature [26,27].
Srivastava et al. [27] have recently reported the production of copolymerized poly
(hydroxyethylmetacrylate) cryogel with vinylphenylboronic acid. According to these
authors, the copolymerization could not provide freely PBA at the surface which could
hinder recognition of the cells to the ligand although not affecting RNA and glycosylated
proteins recognition. This concept was demonstrated by the successfully isolation of RNA
from crude of E. coli lysate. This approach can be a potential alternative for IgG separation
by integrating clarification and capture steps. Besides with this methodology a higher
ligand density could be obtained increasing column binding capacity although monolith

supports are known for providing lower capacities compared to beads [23].

4. Conclusions

Phenylboronate chromatography is usually performed at alkaline pH in order to
retain cis-diol compounds in its tetrahedral conformation promoting the interactions via this
group with high efficiency, although PBA multimodal behavior allows different types of
interactions with the target molecules also at a tetrahedral conformation [17]. This behavior

can probably explain the higher IgG adsorption observed at neutral conditions (> 95%),
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although the low selectivity (70% or higher of insulin retention) obtained in the
experimental conditions tested with commercial matrices Agarose P6XL and Boric Acid
gel. Relatively to the two tested matrices, Agarose P6XL had a better performance than
Boric Acid gel regarding selectivity and capacity, being more appropriate for IgG capture
by liquid boronate chromatography.

Concerning cryogels studies, no relation was obtained between IgG adsorption and
ligand density. Higher IgG retentions (mostly around 0.6 mg of IgG/mL of cryogel) were
obtained with formyl and carboxy PBA derivatives when immobilized at pH 8. With MPBA
with HMD space-arm good IgG retentions were also observed (around 1.5 mg of IgG/mL
of cryogel). The results obtained in this work have shown the potential of PBA
chromatography for IgG specifically adsorption, although much more work is need in terms
of optimization of the binding conditions in order to obtain high yields without losing
selectivity. Another important aspect is the ligand density and the production of cryogel
copolymerized with PBA could probably be used in order to increase ligand density and

thus column capacity.
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Conclusions and Future Trends

1. Conclusions

1.1 Fundamental studies

Most of the applications of phenylboronate chromatography (PBC) referred in the
literature have explored the esterification of PBA with cis-diol as main interaction although
the mixed-mode behavior has already been discussed for more than 20 years [1]. As
presented in the first part of this work, multimodal chromatography can bring higher
efficiency and selectivity over single modal chromatography with the correct exploitation of
the multimodal behavior. Indeed, several recent applications of PBC on cis-diol
biomolecules separations have pointed out that this multimodal chromatography is a
powerful tool for biomolecules purification. In addition, the ligand chemical stability and its
low cost compared to other affinity ligands, especially the biological ones, makes this
chromatography a potential technique for applications at industrial level.

The multimodal behavior of PBC was evaluated by performing adsorption studies
using a protein library containing both glycosylated and nonglycosylated proteins with a
wide range of molecular weights and pl values. According to the literature, PBA interacts
with proteins via several modes of interaction, including affinity cis-diol, electrostatics,
charge transfer and hydrophobic interactions. The results obtained in this work have
shown that PBC was able to adsorb all the proteins tested but each class of protein
provided a specific adsorption pattern regarding the pH range studied from 4 to 9. Acidic
proteins provided adsorption at lower pHs, mostly below 7; neutral proteins were highly
adsorbed between pH 5 and 8 whereas basic proteins were retained at basic conditions

with higher adsorptions above pH 7. Regarding glycosylation, basic glycosylated protein
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(RNase B) was highly adsorbed at pHs above 7, but acidic and neutral glycosylated
proteins (invertase, amyloglucosidase and cellulase) were retained only in the presence of
200 mM NacCl under these conditions. Electrostatic interactions by negatively charged PBA
at tetrahedral conformation are clearly playing a role at high pHs, binding positively
charged basic nonglycosylated proteins (RNase A) and repelling affinity cis-diol
interactions of negatively charged acidic and neutral glycosylated proteins at alkaline pHs.
In addition, affinity cis-diol interactions were shown to be NaCl independent.

Retention of proteins by the trigonal conformation of PBA was also investigated
and it was observed that pepsin, carbonic anhydrase and cellulase were differently
mitigated by citrate, a hard Lewis bases, emphasizing that probably Lewis acid-base
interactions by charge transfer could play a significant role under these conditions,
although the same behavior was not observed with other buffers known as Lewis bases.
According to some protein surface property analysis, the different effect of citrate on
proteins adsorption could be related to the presence of hydrophobic patches near
negatively charged amino acids of carbonic anhydrase which could strengthen protein
PBA interaction. Further studies performed in this thesis showed that the interaction
between the negatively charged citrate and PBA could also help on mitigating interaction
of proteins. For instance, pepsin is negatively charged under acidic pH but carbonic
anhydrase and cellulase are positively charged which allowed the selective binding.

Hydrophobic interactions were also investigated and the addition of 20% ethanol in
the binding condition led to a decrease of around 25% on proteins adsorption. Further
investigations were carried out using phenylsepharose chromatography by analyzing
proteins hydrophobic patches by fluorescence. For RNase A and B a relation between
proteins hydrophobic patches and retention onto phenylsepharose matrix were observed
at pH 4 but no binding was obtained with PBC under the same conditions,. The boronate

moiety increases the polarity which probably shields such effect. No relation between
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hydrophobic patches and phenylsepharose was observed with cellulase and pepsin.
These proteins provided retention at pHs 4 and 9 whereas nothing was obtained at
fluorescence measurements. Analysis by SAP maps showed that pepsin has higher
number of hydrophobic patches than cellulase, although the higher number of negatively
charged amino acids present on pepsin probably dominated over the hydrophobic surface
which partially can explain the higher mitigation of pepsin adsorption by citrate at PBC.
Carbonic anhydrase had no retention on phenylsepharose chromatography although the
presence of hydrophobic patches was observed by SAP maps and fluorescence analysis.
This fact could reinforce the hypothesis that the hydrophobic patches near negatively
charged residues may stabilize the interaction.

Displacer gradient was the most effective strategy resulting in the highest recovery
yields and best selectivity. Tris and citrate buffers were able to selectively separate
glycoproteins and neutral/acidic proteins, respectively. Regarding glycosylated proteins,
usual modifiers were used in these studies and tris, sorbitol and fructose led to recoveries
about 100% although only with tris a good selectivity was obtained.

Comparison of two PBC matrices was also performed by using ProSep®-PB and
Agarose P6XL, controlled-pore glass and agarose base, respectively. The agarose matrix
provided a shorter pH range regarding the adsorption of the tested proteins. This behavior
could probably account for a higher selectivity of this matrix which was confirmed by
adsorption studies with both matrices at different pHs. The glass matrix provided better
performance although it has lower ligand density compared to agarose beads
(8.76 = 1.83 umol/mL and14.26 + 0.47 umol/mL, respectively). This is probably related to
the matrix characteristics. Controlled-pore glass is a silica based matrix and due to
hydroxyls of silica above pH 6 the matrix is negatively charged [2] which could be

responsible for protein stabilization by electrostatic interactions. In addition, this matrix has
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larger pores what could decrease the steric hindrance and consequently increase ligand
availability. CPG is also a hydrophilic matrix widely applied for glycoproteins separation [3].

PBC proved to be a powerful technique for separation of proteins. By rationally
exploiting phenylboronate interactions, highly selective windows of separation could easily
be achieved for the fractionation of complex biological mixtures. In addition, this work can

give insights in many of the applications already described for the PBA ligand.

1.2 Studies on IgG adsorption

Commercial phenylboronate matrices based on methacrylate and agarose were
used to specifically bind a polyclonal antibody regarding a mixture of contaminants
proteins and to determine the best binding conditions in order to obtain high recovery and
selectivity. This chromatography has proven to be able to capture and purify polyclonal
antibodies. In general, higher protein retentions were observed at neutral pHs although a
lower selectivity was obtained as human insulin and HSA were also retained at this
conditions. The association constants of cis-diol esterification are usually lower under
neutral pH and other type of interactions are thus responsible at this pH for a higher
retention of nonglycosylated protein as insulin.

Immobilization of phenylboronic acid onto cryogels monolithic supports with
functional epoxy group were also carried out in order to further purify monoclonal
antibodies by integrating clarification and capture steps. The highest IgG adsorptions

(1.5 mg of IgG/mL of cryogel) were obtained with MPBA at batch conditions.
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2. Future Challenges

This work identified two distinct pH ranges in which phenylboronate can provide
distinct interactions with proteins. In addition to the highly exploited cis-diol affinity
interaction that is dominant at alkaline pH, charge transfer interactions can be exploited for
the separation of biomolecules at lower pH.

The effect of phenyl moaiety is still not completely understood and different type of
interactions, such as hydrophobic, cation-r or -1 can occur at all pH ranges. Further
studies should be carried on in order to fully understand and identify the type of
interactions involved regarding protein type and binding conditions. Adsorption studies
could be performed with different modifiers. Dougherty, D.A. [4], described the importance
of cation-1T interactions and have suggested that amino moieties of some amino acids as
arginine and lysine can perform this specific interaction, on the other hand glutamine and
asparagine can only make polar-Tr interaction. In addition, Mg*?, Li* and K* are cationic
agents described in the literature with ability to perform cation-1r interactions [1,4].
Regarding 1-11 interaction, another aromatic reagent could be used in the system,
phenylalanine has already been used in order to displace nonspecific interactions between
PBA and heavy chain of recombinant humanized mAb, but no elution was obtained [5].
Even though, a different effect could be obtained using this modifier at binding condition
since the interaction could not be strong enough to disrupt but it could avoid further
interactions.

The hydrogen bond effect can be further investigated by mitigating this interaction
on proteins adsorption as the studies performed in the Chapter Ill. Urea has been reported
as able to disrupt such interaction between thiourea and PBA [6] and it could be used in
adsorption studies under acidic and alkaline pHs in order to study this interaction by

different classes of proteins from the protein library.
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Studies on protein binding sites could also help in understanding the predominance
of interactions in different classes of proteins under different conditions. Saturation transfer
difference nuclear magnetic resonance (STD-NMR) spectroscopy has been reported as an
easy and fast tool for characterization of protein binding sites as well as ligand screening
[7] and could be perfectly applied for the purposes of this work.

Concerning to the elution studies performed in the Chapter 1V, the a-hydroxyacid
citrate provided certain selectivity when applied on acidic and neutral proteins separations
under acidic conditions. Other a-hydroxyacids could be explored in order to enhance the
selectivity of this separation. Malic and salicylic acids are some examples of this class of
acid which could be applied in this study.

Adsorption studies of IgG and impurities (human insulin and HAS) with ProSep®-
PB and Agarose P6XL matrices should be designed to take advantage of the different type
of interactions of these contaminant proteins with PBA at different binding conditions, in
order to obtain a selective adsorption. The results obtained in this work have shown the
potential of PBA chromatography for IgG specifically adsorption, although much more work
is needed in terms of optimization of the binding conditions in order to obtain high yields
without losing selectivity.

Direct immobilization of PBA onto cryogels by copolymerization during support
production could probably be used for obtaining a higher ligand density and better
performance. The production of this support has already been described in the literature
using vinylpheylboronic acid as the derived of PBA for direct reactions with hydroxyethyl
methacrylate monomers [8] but applications for IgG capture have not been described. This
approach can be a potential alternative for IgG recovery facilitating process integration by
combining IgG clarification and capture steps. Besides with this methodology a higher

ligand density could be obtained increasing column binding capacity.
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Other potential applications for phenylboronate chromatography are related to

separation of different classes of proteins for proteomics studies. This unigue interaction of

PBC could also be explored for separation of proteins isoforms based on the double peaks

obtained at results from pH gradient for some proteins which could also indicate the

separation of isoforms.
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Appendix A: Building the protein library

A)  100,0 -
80,0 -
60,0 -
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20,0 -

% of protein adsorbed

0,0 T T T
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B) 100 -
80 -

% of protein adsorbed
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Al: Percentage of adsorption of proteins at Agarose P6XL (A) and ProSep®-PB (B)
matrices (2 mL column bed) in a pH range from 4 to 9. The experiments for building a
protein library was performed according methods presented in the section 2.2.1 of chapter
Il with application of same buffers and conditions. The following proteins were used in
these studies: acidic nonglycosylated pepsin pl 2.6 (black bars), acidic glycosylated
amyloglycosidase pl 3.6 (gray bars), acidic nonglycosylated insulin pl 5.2 (dark blue bars),
acidic nonglycosylated lipoxidase pl 5.7 (light green bars), neutral nonglycosylated
conalbumin pl 6.1 (purple bars), neutral nonglycosylated carbonic anhydrase pl 6.6
(fluorescent green bars), neutral glycosylated myoglobin pl 7.2 (dark green bars), neutral

glycosylated cellulase pl 7.7 (light green bars) and basic cytochrome C pl 10.3 (red bars).
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A)
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A2: SDS-Page (section 2.4 — chapter 1V) of proteins selected for the protein library used in
this work: invertase (lane 1), amyloglucosidase (lane 2), pepsin (lane 3), cellulase (lane 4),
carbonic anhydrase (lane 5), RNase B (lane 6), RNase A (lane 7) and marker (lane M).
The same gel were first stained with glycoprotein detection kit from Sigma-Aldrich (code:
GLYCO-PRO) for reveal the glycoproteins of the library (A) and after it was stained with

comassie brillant blue (B) to reveal all proteins.
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Appendix B: Supplier specifications of commercial s upports used in this

work

B1 ProSep®-PB from EMD Millipore

Data source:

Matrix

Porous glass with particle size in the range > 74
< 125 microns

Working pH Range

pH2.5-8.5

Leachables 0.3ppm Si at pH7, decreasing at lower pH (0.01 ppm
at pH 1.5). ProSep-PB media is stable between pH1
and pH9.

Pressure Incompressible matrix with linear pressure/flow rate
characteristics. Maximum operating pressure
> 3000 psi (200 bar)

Shelf Life 1 year

Life ProSep-PB media is stable over repeated operational

cycles provided that proper cleaning profocols are
observed.

the full supplier information can be found in the following link:

http://www.millipore.com/publications.nsf/a73664f9f981af8c852569b9005b4eee/7388d231c850

€11485256db4004472d7/SFILE/DS1055ENQO. pdf
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B2 Agarose P6XL from ProMetic Biosciences

Aminophenylboronate

Aminophenylboronate

2-14 (intermittent)

Adsorbent ABXL PEXL

. ; 6% cross-linked
Support matrix: 6% cross-linked agarose monodisperse agarose

ool 5 100 microns (95% between

Bead size: 45 - 165 microns 76-141 microns)
Exclusion limit: | 4 x 10° Daltons 4 x 10° Daltons
Temperature : ) .
Range: 2-120°C 2-120°C
pH Range: 3-11 (continuous) 3-11 (continuous)

2-14 (intermittent)

Max. Pressure:

15 psi (1 bar)

15 psi (1 bar

2-30°C in solution of 20%

2-30°C in solution of 20%

7.0

e Ethanol Ethanol
Cleaning/
Pyrogen 20mM acetic acid/1M NaOH | 20mM acetic acid/1M NaOH
Removal
Chemical Connpatibie with riost Biffars | COMPBIRIc willy mast
Compatibility: and common additives. buff_e_r B AN comman
' additives

1M NaOH (2 hours); 1M NaOH (2 hours),

Sterilization: autoclave 30 min., 120°C, pH | autoclave 30 min., 120°C,

pH7.0

Data source:

Aminophenylboronate P6XL 3355. ProMetic Biosciences, pg. 3. Printed catalog obtained

Technical

User Guide:

Aminophenylboronate A6XL 0355 and

with product. Supplier website: www.prometichioscience.com
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B3 Boric Acid gel from Sigma-Aldrich

Description and Characteristics

Boric Acid Gel is a cross-linked polymer insoluble in water
and all organic solvents. It is prepared by the cross-linking
copolymerization of dihydroxyborylanilino-substituted
methacrylic acid with 1,4-butanediol dimethacrylate.

The gel is swollen in distilled water, then activated with 0.5N
HCI. Itis then washed to neutral pH and vacuum-dried. Thus,
the gel is supplied "activated," as a nearly free-flowing granu-

late.
— cH, -
..... CH?'(':_........
0:C-NH . X
A
B(OH),
— — n
Appearance nearly dry, off-white granules
Boron content 1.4% (dry)
Packing volume ca. 0.6g/mL
Degree of swelling ca. 80% (i.e., final increase in
volume ca. 20%)
Bead size 0.1-0.4mm

Ribose-binding capacity approx. 0.01mmol/mL (The Boric
Acid Gel offered by Aldrich has
been shown to possess a binding
capacity four times that reported
in the literature.

Data source: the full supplier information can be found in the following

link:

http://www.sigmaaldrich.com/etc/medialib/docs/Aldrich/Bulletin/al_techbull_al102.Par.0001.File

.tmp/al_techbull_al102.pdf
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B4 Cryogel BasicE from Protista

Data source: Cryogel BasicE product information. Protista, pg. 2-3. Printed information

Description of Cryogel BasicE plugs

Bed volume:............................... l or5Sml
Matrix:. ... polyacrylamide
Poresize:................................. 10-100 pm
Pore volume:.................................. ~ 90%
Functional group:............. epoxy (30 pmol/ml)
Chemical stability: ...all commonly used buffers
Recommended working pH....................3-10
Compressibility of the matrix:........ 4- to 5- fold

Cryogel BasicE: hydrated and compressed with a
plunger plugs (right) inside a plastic column.

sheets obtained with product. Supplier website: www.protista.se
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