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Abstract 

The drive towards process intensification and the increased complexity of new classes of 

biological products has catalyzed significant interest in new bioseparation modalities. Multimodal 

chromatography has been shown to exhibit enhanced selectivities as compared to the traditional 

single mode systems resulting from the combination of electrostatic, hydrogen bonding, 

hydrophobic and/or aromatic interactions within a single ligand. Even though there are several 

studies demonstrating the successful application of multimodal chromatography for challenging 

separations, there is still a lack of fundamental understanding of how proteins interact with these 

surfaces. To this end, the work presented in this thesis has focused on investigating the 

thermodynamic and molecular basis of protein binding in these multimodal chromatographic 

systems using a combination of chromatographic, biophysical and computational tools. 

First, we employed a van’t Hoff analysis of isocratic retention data at a range of salt and 

temperature conditions to determine the governing thermodynamic driving forces towards mAb 

binding in multimodal cation exchange systems. While the mAb binding to various multimodal 

resins showed favorable enthalpic contributions at low salts, the entropic contributions appeared 

to be important for binding at higher salts. Further, the heat capacity data provided some insights 

into the nature of interactions in these systems. 

We then examined the chromatographic behavior and domain contributions in multimodal 

chromatography of an important NIST reference mAb. The chromatographic evaluation of the 

NIST mAb revealed interesting selectivity patterns for retention in multimodal systems as a 

function of pH. These results also provided insights into how ligand chemistry and surface 

presentation of functional groups on resin surface affects protein retention in multimodal systems. 
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Further, the chromatographic retention of domains of the NIST mAb in concert with protein 

surface property maps suggested that, while the FC domain appeared to contain important 

interaction sites on mAb at pH 5, the Fab domain contained dominant binding sites at pH 7.  

In order to obtain molecular level insights into the interacting residues on the FC domain, we 

performed NMR experiments with 15N-labeled FC and multimodal ligands in solution. The results 

from NMR experiments indicated that the hinge region and the interface of the CH2 and CH3 

domains were the preferred multimodal binding sites on the FC and interacted with weak millimolar 

binding affinities. In order to incorporate the co-operativity and avidity effects during binding, we 

developed a gold nanoparticles based pseudo solid-state resin system that mimicked the 

chromatographic resin while also being amenable to NMR experiments with large biomolecules. 

The results from NMR experiments suggested that the FC residues exhibited “high” micromolar 

binding affinities for interactions with multimodal functionalized surfaces. Further, the results 

from NMR experiments, performed in both the presence and absence of salt, provided some 

insights into the binding mechanisms of FC with the two multimodal systems that differed only in 

the surface presentation of the functional groups. Although interactions of the FC with the two 

multimodal surfaces were localized in regions of overlapping charge and hydrophobicity, Capto 

MMC and Nuvia cPrime surfaces appeared to interact primarily via hydrophobic and electrostatic 

interactions, respectively. Importantly, NMR experiments were extended to various ligand density 

surfaces where we experimentally demonstrated the effect of ligand density on interacting 

residues, with important implications for recently hypothesized ligand clustering effects on 

chromatographic surfaces. 

Since these NMR studies were limited by the size of the protein as well as the need to use 

assigned isotopically labeled protein, we developed an alternative platformable approach to 
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identify the preferred binding region on proteins. Specifically, we successfully demonstrated a 

proof of concept study employing covalent labeling and liquid chromatography/mass spectrometry 

to identify the preferred binding regions on ubiquitin in multimodal systems. 

The combined chromatographic-biophysical tool set and workflow developed in this thesis has 

improved our understanding of protein binding in multimodal systems and has significant potential 

for elucidating the nature of selectivity and for the development of more efficient downstream 

bioprocessing for next generation biotherapeutics. 
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1. Introduction and Background 

1.1 Overview 

The biopharmaceutical industry has seen a significant growth in consideration of protein 

based therapeutics for the treatment of a wide spectrum of clinical indications, including cancers, 

autoimmunity, viral infections and genetic disorders  [1–3]. Specifically, since the approval of the 

first therapeutic monoclonal antibody (mAb) for human use, there has been an exponential increase 

in the number of mAbs studied in clinical trials [4]. The pharmaceutical companies around the 

world have evaluated at least 570 mAbs in clinical studies [5] and as far as 94 mAbs have been 

approved for human use by the EMA and US FDA [6]. Such a wide spread use of mAbs stems 

from their ability to be produced at high titers as well as their unique multi-domain nature [7,8]. 

The detailed structure of the mAb as well as their functioning is discussed in more details in 

Section 1.2.  

Protein therapeutics is comprised of a broad range of biologics including enzymes, 

hormones, interferons, growth factors, antibodies and antibody related products such as antibody 

drug conjugates and FC fusion proteins [9]. However, mAbs are preferred over other forms owing 

to a variety of advantages including higher target specificity, longer half-life in the body, and being 

amenable to recombinant engineering [10]. The growing need of mAb-based therapeutics has also 

fueled advances in the manufacturing side. On laboratory and industrial scale, mAbs are typically 

produced by genetically engineering mammalian cell lines such as Chinese Hamster Ovary (CHO), 

Sf9 and Human Embryonic Kidney (HEK) [11–14]. While there has been a considerable increase 

in mAb titers owing to advances in the upstream processing, it has also resulted in complex protein 

mixtures including a variety of process related impurities like host cell proteins, aggregates, DNA 

as well as other product related impurities. The presence of these impurities in the final formulation 
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may trigger immune responses when administered by patients thus necessitating production of 

these proteins at very high purity levels [15]. To this end, chromatography has been most 

commonly used technique for separation of the target protein from aforementioned impurities. In 

the next few sections, we will first present the antibody structure and functioning of different 

domains followed by various chromatographic approaches employed in the literature for 

purification of mAbs and their related products. 

1.2 Monoclonal Antibody Structure and Functions 

Antibodies are naturally produced in the human body in response to xenophobes including 

bacteria, viruses and other antigens. Generally, B cells in the body produce mAb that bind 

specifically to one target. Human antibodies are also known as immunoglobulins (Ig) and are 

divided into five isotypes (A, D, E, G and M) that have different structural and functional 

properties (28-29). IgG class of antibody comprises ~ 75% of human serum antibodies and thus 

has been heavily pursued for therapeutic applications [16]. The IgG1 isotype is further divided into 

4 subclasses (IgG1, 2, 3 and 4) based on their structure and function. Amongst these different 

classes of IgG antibodies, IgG1 is the most abundant and used as a mAb of choice for biologics 

(29). 

The IgG1 mAb typically is 150 kDa in the size, has a constant framework, and varies only 

in certain regions making them unique for specific antigens [16]. A representative structure 

depicting various domains with different colors of an IgG1 is presented in Figure 1.1. As can be 

seen in the Figure, mAb is a y-shaped molecule that comprises multiple domains which impart 

specific functionality. The two arms are each made up of heavy and light chains. There are two 

types of light chain, kappa (κ) and lambda (λ), which further differentiates the antibody. While the 

light chain is divided into each constant (CL) and variable (VL) regions, the heavy chain is 



3 

 

subdivided into three constant (CH1, CH2 and CH3) and one variable (VH) region. The constant 

regions of the mAb generally form the framework region which is constant across all IgG 

antibodies. As shown in Figure 1, IgG1 structure is divided into the Fragment Crystallizable (FC) 

and Fragment Antigen Binding (Fab) regions. The FC is comprised of the CH2 and CH3 domains 

and is generally conserved across the IgG1 class of antibodies. Taking the advantage of this 

property, Protein A based antibody platform purification processes have been designed for primary 

purification of antibodies from the cell culture fluid (CCF). This will be discussed in more details 

in Section 1.3.1. On the other hand, the Fab region is comprised of CH, CL, VH and VL domains 

out of which the constant regions are generally conserved across the IgG1 class of antibody. The 

VH and VL together form the variable region of the Fab that presents the binding sites to capture 

different antigens. While the variable regions (VL and VH) are comprised of β-sheet structures, the 

complementary determining regions (CDR) are generally comprised of loops that imparts 

Figure 1.1: Cartoon representation of an antibody. Colors indicate different domains with; VL, green; CL, 

orange; VH, salmon; CH1, blue; CH2, cyan and CH3, red.  
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specificity towards antigens. The CDR loops are unique for a given IgG1 and are heavily 

engineered in order to generate therapeutics [17].  

As discussed above, the FC region is constant across IgG1 class of antibodies and it interacts 

with the FC γ receptors to internalize in the cells. Further, this receptor mAb binding results in 

initiation of effector functions such as antibody-dependent cell-mediated cytotoxicity (ADCC) or 

compliment dependent cytotoxicity (CDC) [18]. In this thesis, while Chapters 2 and 3 employ an 

IgG1 mAb for chromatographic experiments, Chapters 4 and 5 use the FC and Fab domains to 

study the protein-ligand interactions in chromatographic systems. Next section discusses about the 

platform purification processes that have been utilized for purification of mAbs produced in 

mammalian cells. 

1.3 Purification of mAbs Using Chromatography 

The growing market of mAb based therapeutics demands their production in high amounts 

with a high purity. To this end, pharmaceutical companies have been focusing on improving 

antibody titers at the upstream stage [19] and employing chromatographic steps that yield high 

purity of mAbs [8]. To address this challenge, pharmaceutical companies have been employing 

platform chromatographic processes that produce high amounts of highly pure proteins. Typical 

platform processes include two to three chromatographic steps, including Protein A affinity 

capture step followed by one or two polishing steps that removes process and product related 

impurities. These various chromatographic steps are discussed in more details in next sections. 

1.3.1 Protein A Chromatography  

Protein A is derived from the cell wall of staphylococcus aureus [20] and contains five 

domains that bind to the antibodies with a very high binding affinity [21]. Protein A based resins 
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generally contain domains of Protein A immobilized on porous supports that are known to interact 

with the residues in the interface of the CH2 and CH3 domains in the FC (highlighted in blue circle 

in Figure 1.1) [22,23] owing to the relative accessibility and flexibility of this region. Since the FC 

domain is constant across the IgG1 class of antibodies, Protein A affinity capture step is employed 

for almost every mAb product in spite of the fact that there are several limitations including high 

resin cost, potential leaching of resin material and aggregate formation due to low pH elution of 

the mAb [24]. Clearly, such a high usage of this resin also demands advancements in the resin 

material that has been employed for this step. Protein A affinity capture step binds the proteins at 

neutral pH where the binding affinity is in nano-molar range. After washing out other impurities, 

the pH of the solution is decreased (pH ~ 3.2 to 3.6) to create charge repulsion of the mAb from 

Protein A resulting in elution of the mAb. The resin material can then be regenerated for multiple 

rounds of purification. Traditional Protein A resins were not stable to harsh wash conditions. 

However, modern Protein A resins include MabSelect SuRe and MabSelect Xtra, which have been 

shown to exhibit improved resistance to base wash (NaOH used for cleaning of resins) while 

achieving high binding capacities [25,26]. Protein A affinity capture step generally results in > 

98% pure product with high yields and sometimes small levels of HCPs and other related 

impurities [19]. Smart Protein A wash steps using salt have been employed for the removal of 

HCPs that are associated with the mAb during the affinity step [27,28]. One or two additional 

chromatographic steps are typically employed in order to achieve the mAbs in more pure form by 

removing the process and product related impurities. 

1.3.2 Traditional Polishing Steps  

Traditional mAb platform purification processes have employed single mode interaction 

systems that separates the proteins based on either charge or hydrophobic interactions [29,30]. In 
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ion exchange chromatography, proteins are captured on the chromatographic materials owing to 

complementarity of the charges. Positively charged proteins are retained on negatively charged 

cation exchange (CEX) resins and vice versa for anion exchange (AEX) surfaces. Most of the CEX 

materials available commercially employ either a sulfonic carboxylate groups that bear the 

negative charge. While strong CEX materials (sulfonic group based) are charged over a broad pH 

range (> pH 2.5), weak CEX resins (carboxylate group based) are charged over a narrow pH range 

(< pH 4).  On the other hand, AEX materials generally employ the positively charged quaternary 

ammonium group on the surface for interacting with proteins. Since the protein binds to the surface 

via electrostatic interactions, the pI of the protein and the operating pH plays a major role in protein 

binding. mAb based therapeutics generally contain pI around 8 ± 1, indicating, the positively 

charged mAb at pH 4 to 7 would bind to the negatively charged CEX surface. Surprisingly, 

proteins with net charge same as that of the resin have also been observed to interact with resins 

owing to a wide distribution of the surface charge patches resulting in binding. In contrast, AEX 

resins are typically employed to capture negatively charged impurities such as DNA, HCPs while 

the mAb flows through from the resin [31].  

There is a large body of literature that has focused on advancing our understanding of 

protein binding in IEX systems. Yao et al. employed a combination of experimental and 

computational approach to identify clusters of residues on Cytochrome C that interacted with a 

cation exchanger [32]. Our group employed linear gradient chromatography to evaluate binding 

regions on protein surface using a library of cold shock protein B (CspB) and IEX resin [33]. 

Hallgren et al. employed single point mutations on Staphylococcal nuclease A to identify 

important binding regions on protein surface [34]. Hearn and co-workers [35,36] and Yamamoto 

and co-workers [37–39] have employed microcalorimetric measurements and van’t Hoff (VH) 
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analysis of chromatographic retention data to determine the governing thermodynamic driving 

forces for interactions in IEX systems. Further, several models have also been developed for 

quantitative prediction of the retention in IEX systems. Yamamoto et al. presented theoretical and 

experimental considerations for building the famously known LGE model for prediction of protein 

retention in IEX systems [40,41]. The stoichiometric displacement model (SDM) was introduced 

to capture the retention behavior of proteins in IEX systems [42]. Brooks and Cramer developed 

the Steric Mass Action (SMA) isotherm for prediction of protein retention as a function of salt and 

protein concentration [43]. More recently, Lee and Frech built upon Yamamoto’s LGE model to 

predict the elution of a small protein and mAb using dual salt and pH gradient in strong CEX 

system [44]. 

Another polishing step that has commonly been employed is the hydrophobic interaction 

chromatography (HIC) that separates proteins based on differences in hydrophobicity. HIC 

employs ligands that are aliphatic (C4 or C8 alkyl chains) in nature or aromatic (phenyl based). 

HIC systems are generally also associated with protein denaturation resulting due to protein 

unfolding during the binding step. In contrast to IEX systems, pH doesn’t have a major effect on 

retention in HIC systems [45]. While the salt results in elution of proteins in IEX systems, high 

concentrations of salts are required for protein binding in HIC systems. The adsorption of proteins 

in HIC is based on the “salting out” phenomena wherein the excess of salt in the solution phase 

excludes protein thus driving the HIC binding. Proteins are generally eluted from HIC sorbents 

with decreasing salt concentrations. Based on the hoffmeister series [45], for HIC typically 

(NH4)2SO4 or Na2SO4 are employed. Apart from salt, several factors (e.g. temperature, pH, protein 

concentration) have been well studied in the literature for HIC systems.  
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Even for HIC systems, there is a vast literature that has studied and predicted protein 

binding at various conditions. Melander and Horvath developed the solvophobic theory for 

understanding protein binding in HIC systems [46]. There are several research groups that have 

focused on evaluating the thermodynamics of protein binding in HIC systems. Horvath and co-

workers introduced the quadratic form of VH equation by studying the retention of dansyl amino 

acids on HIC sorbent [47]. Hearn and co-workers have employed van’t Hoff analysis of the HIC 

retention data to elucidate binding mechanisms in these systems [35,48–50]. Yamamoto and co-

workers employed microcalorimetric experiments to provide insights into protein binding in HIC 

systems [37,39]. Pinto and co-workers employed VH analysis of the retention data at various 

protein concentrations in concert with flow microcalorimetry to determine governing 

thermodynamic driving forces for binding of bovine serum albumin to HIC sorbents [51–54]. More 

recently, Creasy et al. showed the effect of protein concentration and gradient slope on the recovery 

of a mAb from a HIC surface [55]. 

1.3.3 Multimodal Chromatography 

Multimodal (MM) chromatographic systems have emerged as a promising polishing step 

owing to enhanced selectivity resulting from a combination of electrostatic, hydrophobic, 

hydrogen-bonding and/or aromatic interactions within a single ligand. MM materials that vary in 

ligand chemistry and density, surface presentation and exposure of functional groups and variation 

in linkers connecting ligands to the resin have been shown to interact differently with libraries of 

model protein thus creating unique windows of selectivity [56–59]. A variety of MM materials are 

commercially available that have been proven to be useful for many different applications during 

downstream chromatographic processing. MM chromatographic systems available to date include 
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hydroxyapatite (HA), hydrophobic charge induction (HCIC) and multimodal cation exchange 

(MM CEX) and multimodal anion exchange (MM AEX) materials.  

Introduced in 1956, HA chromatography is one of the oldest form of MM chromatography 

that is employed for purification of mAbs regardless of their charge. This salt tolerant form of 

chromatography employs materials that are composed of phosphate and calcium crystals wherein 

the phosphate sites contribute towards electrostatic interactions while the calcium sites provide 

metal affinity binding. Multiple crystalline forms of this material are available commercially. 

Figure 1.2 shows a representative crystal structure for hexagonal HA material that has been 

employed for protein purification. HA materials have been shown to interact very differently with 

a library of model proteins [60]. HA chromatography has also been shown to be effective in 

purifying monomeric mAb from associated aggregates [61].   

HCIC as the name suggests relies on charge induction depending on the operating pH for 

interacting with the protein and a representative ligand, MEP Hypercel is shown in Figure 1.3. The 

mode of operation of HCIC is similar to the affinity capture step wherein the protein is bound to 

the HCIC material at neutral or basic pH values where the ligand is also neutral. The pH is then 

reduced to increase positive charge on the ligand causing repulsion from the positively charged 

Figure 1.2: Crystal structure of hexagonal hydroxyapatite material. Reprinted with permission from [60]. 

Copyright 2011 American Chemical Society.  
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mAb resulting in the elution of protein from the resin. Successful mAb polishing has been 

demonstrated with HCIC material where the hydrophobic and/or negatively charged impurieties 

(e.g. lipopolysaccharides, HCPs, nucliec acids) were bound to the resin while the mAb eluted in 

pure form [62]. Two other commercially available materials are PPA Hypercel and HEA Hypercel 

which are based on phenylpropyl amine and hexyl amine, respectively, ligands that operate in a 

similar manner as MEP Hypercel. These ligands achieve binding of mAbs in the presence of salt, 

however, the concentrations are lower than those used for traditional HIC materials. 

Cytiva (formerly GE Healthcare) has developed libraries of MM materials that are 

extensively used in the industry. Two materials that have been widely used are a weak MM CEX 

material (CaptoTH MMC) and a string MM AEX material (CaptoTM Adhere). As shown in Figure 

1.4, these resins offer a combination of electrostatic, hydrophobic and H-bonding interactions. 

These materials also offer higher binding capacity with high flow rates. While the Capto MMC 

offers high binding strength even at elevated salt concentrations and has been employed as a 

polishing step for removal of aggregates and variants [63,64], the Capto Adhere resin binds 

strongly to the hydrophobic or negatively charged impurities while the mAb flows through [65]. 

Capto MMC chromatography step has also been employed as an alternative to affinity 

chomatography steo for direct capture of mAb from CHO CCF [66]. Recently, with the advent of 

Figure 1.3: (a) Structural representation of the MEP Hypercel ligand and the schematic for (b) binding at 

neutral or basic pH and (c) elution at lower pH conditions. Reprinted with permission from [196]. Copyright 

2015 American Chemical Society.   
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gene therapy, MM AEX systems have been employed as a capture step for nucliec acids or virus 

materials [31,67].  

In addition to process development applications, our group and several others have been 

actively working on improving our understanding of selectivity in MM chromatography by 

employing various chromatographic, biophysical and computational tools. These are discussed in 

more details in Section 2.1.  

1.4 Biophysical Tools for Evaluating Protein-Ligand Interactions 

Several biophysical tools have been routinely employed for understanding protein-ligand 

interactions. Isothermal Titration Calorimetry (ITC) has been traditionally employed for obtaining 

binding energetics; it is the only technique that measures the binding thermodynamics 

experimentally while also providing the stoichiometry of binding. As will be discussed in Chapter 

2, VH analysis of chromatographic retention data has also been employed to determine governing 

thermodynamic driving forces for interactions of proteins with chromatographic ligands. However, 

this is an indirect way to determine the thermodynamics unlike ITC. Surface Plasmon Resonance 

(SPR) has also been widely used for studying protein-ligand interactions [70–73]. Typically, the 

ligand is immobilized on a surface and protein binding is evaluated under flow conditions. While 

X-Ray crystallography provides ligand bound protein structure in the crystallized form, Nuclear 

Figure 1.4: Chemical structures of two MM resins from Cytiva, (a) Capto MMC {reprinted from [68], 

copyright 2012, with permission from Elsevier} and (b) Capto Adhere {reprinted from [69], copyright 2011, 

with permission from Elsevier}.   
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Magnetic Resonance (NMR) spectroscopy enables determination of ligand binding in solution 

conditions [74,75].  

1.4.1 Nuclear Magnetic Resonance 

NMR spectroscopy appears to be the method of choice owing to its wide spread use for 

understanding protein-ligand interactions in solution at a molecular level. NMR spectroscopy 

relies on the property of many elements to possess a nuclear magnetic moment that has been shown 

for isotopes such as 1H, 15N and 13C which are relevant for most biological systems. Application 

of an external magnetic field to molecules containing these isotopes results in an energy transfer 

from the base energy to a higher level. The difference in the energies is dependent on several 

factors including the type of nucleus employed, field strength of the magnet and chemical 

environment of that nucleus. The energy transfer takes place at a wavelength that corresponds to 

radio frequencies. On the other hand, when the spin returns to its base level, the energy is emitted 

at the same radiofrequency which is typically in the megahertz range. The radio frequencies are 

unique to each nuclei and their chemical environment. The signals are recorder using detectors 

followed by data processing to obtain NMR spectrum. The frequencies of the NMR signal are very 

sensitive towards slight changes in the chemical environment thus enabling to measure non-

covalent interactions with the residue itself as well as in the local proximity. These changes in 

environment are routinely employed for measuring protein-ligand interactions using NMR [75–

77].  

NMR experiments generally employ proteins that are isotopically labeled using 15N and 

13C and can be tracked with changes in spectrum with small additions of ligands that interact with 

residues on the protein surface. Typically 2D- heteronuclear single quantum coherence (HSQC) 
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experiments are performed to identify the interacting site on the proteins. This technique is 

typically employed for proteins that are smaller than 30 kDa in molecular weight. On the other 

hand, the transverse relaxation optimized spectroscopy (TROSY) experiments of perdeuterated 

proteins has enabled evaluation of proteins as large as 80 kDa with high resolution [78,79]. 

TROSY experiments in concert with ligand titration experiments can be employed for identifying 

preferred interaction sites of ligands on the protein surface. In a TROSY spectrum, the residue 

level resolution is achieved by studying the connections with the backbone amide protons and 

nitrogen atoms. Each residue has a unique signature in the spectrum with the exception of the first 

amino acid and prolines that cannot be detected. In addition to the backbone amide groups, 

sidechains of some residues (H, N, W and Q) can also exhibit peaks in TROSY spectrum. Any 

change in the local environment of the proton and nitrogen nuclei due to interactions with ligand 

can result in chemical shift perturbation (CSP) in the TROSY spectrum of the protein. These 

changes can be tracked with the increasing ligand concentration in order to quantify the residue 

specific binding affinity. 

1.4.2 Covalent Labeling and Liquid Chromatography/Mass Spectrometry 

As discussed in the previous section, NMR has been extensively used for determining 

protein ligand interactions in solution. However, even though NMR provides molecular level 

information for protein binding, there are several limitations to this technique. For example, 

isotopic labeling of proteins can be expensive as well NMR assignments are quite challenging for 

more complex proteins like mAbs, bispecific antibodies and viral capsid proteins. To overcome 

these challenges, an alternative approach needs to be employed.   
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 There is a large body of literature that has employed Hydrogen-Deuterium exchange 

coupled with mass spectrometry (HDX-MS) to identify protein secondary structures and protein-

ligand as well as studying protein-protein interactions [80,81]. The proton in labile amide 

backbone of proteins exchanges with deuterium when the protein is dissolved in D2O solution. 

While, the surface exposed regions that are not stabilized by hydrogen bonding would experience 

a higher degree of exchange with deuterium ions, the tightly folded regions on the protein surface 

that are buried inside would exhibit slow exchange process. The reaction is quenched at low pH 

(e.g. pH 2.5) and 0°C conditions and the isotopically labeled protein is identified using MS based 

techniques. While the mass analysis of intact protein can provide global information of labeling, 

enzymatic digestion followed by LC/MS can provide insights into the labeling at a molecular level 

[82]. Even though this technique can provide molecular level information regarding protein 

confirmation, several limitations of this method need to be considered. For example, back 

exchange of the deuterium ions with protons during MS analysis has been reported in multiple 

studies resulting in loss of important information. Further, such harsh quenching conditions (low 

pH and temperature) may not be ideal for our chromatographic applications.   

Protein cross-linking is another approach that has been routinely used for evaluating protein 

conformation as well as protein-protein interactions [83]. This technique uses a small molecule 

probe to link the two amino acids that are in close vicinity of each other. Recently our group 

employed this approach in combination with computational tools in order to investigate protein-

protein interactions [28]. This study employed a BS3 linker that has two reactive NHS groups that 

can simultaneously interact with amine groups on the protein surface. Proteolytic digestion of the 

labeled protein followed by LC/MS can provide significant information about the residues that 

were cross-linked. The modified peptides from two proteins would be conjugated together giving 
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rise to differences in the mass spectra. This technique however has challenges with the increased 

complexity of the reaction mixture as well as identification of the cross-linked peptides can often 

become quiet challenging.     

Covalent labeling and LC/MS is another technique that has been employed to study protein 

conformations [84–87] and protein-protein interactions [28,88]. There is a vast literature that has 

evaluated different amino acid specific labeling agents for identifying regions on the protein that 

are prone to aggregation or participate in protein binding. Douglass and co-workers employed 

glycine ethyl ester (GEE) and 1-ethyl-3-[3-dimethylaminopropyl] carbodiimide hydrochloride 

(EDC) linkers to investigate conformational changes in an antibody drug conjugate product 

Figure 1.5: DEPC labeling of histidine, lysine, tyrosine, serine and threonine residues. Reprinted with 

permission from [93]. Copyright 2019 American Chemical Society.   
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[89,90]. Hydroxyl radical based labeling has also been employed in order to study protein 

conformations [85]. This approach has also been extended for chromatographic applications where 

protein binding regions are identified for interactions with the chromatographic resins. Zhang and 

co-workers employed lysine and arginine specific labeling using sulfo-NHS acetate and p-

hydroxyphenylglyoxal, respectively, to identify positively charged CDR regions that interacted 

with an ion exchange resin [90]. Same lysine based labeling was also employed to identify the 

binding regions on aggregates that were removed on a MM AEX resin surface [91]. While these 

labeling approaches are specific to one amino acid, employing a label that simultaneously interacts 

with multiple residues would be advantageous in that it would provide more in depth information 

on the boundary of the binding regions.  

One such covalent labeling agent is diethyl pyrocarbonate (DEPC) that has been shown to 

simultaneously react with residues (H, K, S, T, Y and C) via nucleophilic addition reaction 

resulting in mass addition of +72.021 Da per label [82,88,92–95]. Figure 1.5 shows covalent 

labeling of multiple residues using DEPC as the covalent linker. The modification sites on the 

protein surface can be identified using simple LC/MS based experiments. Further, these labeling 

experiments are amenable to chromatographic resins and can be used for identifying the preferred 

binding regions on proteins in MM systems.        

1.5 Research Plan 

The work performed in this research aims to provide a deeper level understanding of the 

thermodynamic and molecular basis of protein-ligand interactions in MM systems. Chapter 2 

focuses on providing insights into the thermodynamic driving forces for mAb binding in MM CEX 

systems. We perform isocratic retention of two industrial mAbs at a range of temperature and salt 

conditions on three MM CEX chromatographic systems. The retention data at various salt 
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concentrations provide insights into the relative contributions of electrostatic and hydrophobic 

interactions involved in mAb binding. We then employ VH analysis in concert with the retention 

data at different temperatures to determine the enthalpic and entropic contributions towards 

binding of these mAbs in MM CEX systems. VH analysis also provides some insights into the 

molecular level interactions of these mAbs with MM CEX resins. 

While Chapter 2 focused on the thermodynamic evaluation of mAb binding in MM CEX 

systems, Chapters 3 through 6 focuses on employing various chromatographic and biophysical 

techniques in order to provide rich insights into the interaction sites on proteins in these systems. 

Specifically, Chapter 3 employs linear salt gradient chromatography experiments with the NIST 

mAb at different pH conditions to evaluate the effect of pH on retention in these systems. Further, 

in order to identify important interaction sites on the mAb surface, we enzymatically digested the 

NIST mAb to generate the Fab and FC domains. Linear salt gradient retention of these domains is 

evaluated at different pH conditions to identify important regions on the mAb surface for binding. 

We also generate protein surface maps at these experimental conditions and connect them with the 

retention data to get further insights into the interaction sites on the mAb surface for binding in 

MM CEX systems. 

Chapters 4 and 5 focuses on evaluating the preferred binding regions of proteins in MM 

chromatographic systems using NMR. In Chapter 4, we perform NMR experiments with 15N-

labeled IgG1 FC and MM ligands in free solution. The ligand induced CSPs are monitored using 

15N-TROSY spectra of the FC. We then fit the resulting CSP data to the Langmuir equation to 

determine the residue specific binding dissociation constants. The KD values are then projected on 

the protein surface to visualize clusters of interacting residues on the FC. We also generated protein 

surface property maps and connected them with the results from NMR experiments to get more 
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insights into the identified preferred binding regions. The binding regions are also predicted using 

MD simulations which also provides rich insights into the binding mechanisms as well as some of 

the docked confirmations of the ligands on the FC.  

In order to include the steric effects that would arise due to ligand immobilization as well as 

the co-operativity and avidity effects, in Chapter 5, we develop a gold nanoparticles (Au NPs) 

based pseudo solid-state system that mimics chromatographic resins and is also amenable to 

solution phase NMR. We perform NMR experiments with 15N-labeled FC and MM functionalized 

NPs to identify the preferred binding regions on FC. Further, we also develop Au NPs 

functionalized with MM ligands at a lower density to evaluate the effects of ligand density on 

protein binding. We then compare the NMR results with protein surface property maps in order to 

get more insights into the nature of interactions in these MM systems. Based on the hypothesis 

that we develop from surface map analysis, we also perform NMR experiments in the presence of 

salt to get further insights into the electrostatic and hydrophobic nature of binding in these MM 

systems.  

In Chapter 6, we develop a covalent labeling and LC/MS based alternative approach to 

identify the preferred binding regions in MM chromatography. First, we perform a DoE study that 

evaluates labeling at a various pH conditions, molar ratios of covalent linker and protein, and 

reaction times in order to identify optimum labeling conditions. We then employ the identified 

optimum reaction conditions to label ubiquitin in the solution and resin-bound conditions. We 

perform enzymatic digestion of the labeled protein followed by LC/MS to obtain residue level 

information of labeling. By comparing the results from the two experiments, we identify the 

preferred binding region on ubiquitin. This proof of concept study demonstrates that covalent 
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labeling and LC/MS based approach can be employed to identify the preferred regions on any 

protein in any chromatographic system.  

The final chapter focuses on potentially interesting research projects that can further improve 

our understanding of protein binding in MM chromatographic systems. We propose future 

experiments with the labeled FC to improve our understanding of differences in interaction patterns 

of structurally similar MM ligands. This chapter also proposes multiple research avenues that can 

be explored using the proof of concept study demonstrated in Chapter 6. We will conclude this 

thesis with the vision and future outlook for designing efficient chromatographic steps for 

improved biomanufacturability. Taken together, the work presented in this thesis will be 

instrumental for improving our understanding of protein binding in MM systems, which can be 

easily extended to large and more complex proteins.  
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2. Thermodynamic Evaluation of Antibody-Surface Interactions 

in Multimodal Cation Exchange Chromatography1 

2.1 Introduction 

Traditional platform processes for the downstream purification of mAbs have employed post 

protein A polishing steps that have used single mode interaction systems such as ion exchange 

(IEX) or hydrophobic interaction chromatography (HIC) [30,96]. Recently, multimodal (MM) 

chromatography has emerged as a promising alternative polishing step owing to enhanced 

selectivity resulting from  the combination of electrostatic, hydrogen bonding, hydrophobic and/or 

aromatic interactions within a single ligand [97–102]. Further, MM resin materials that vary in 

surface properties (e.g. geometric presentation of functional groups, ligand density, linker between 

resin and ligand) have been shown to interact differently with libraries of model proteins thus 

creating unique windows of selectivity as compared to the traditional single mode interaction 

systems [56–59].  

Our group and several others have been actively working on improving our understanding of 

selectivity in MM chromatography [33,56–59,65,68,103–116]. Chung et al. employed a library of 

cold shock protein B mutant variants to demonstrate the importance of charge and hydrophobicity 

on the protein surface for interacting with MM chromatographic systems [33]. Nfor et al. 

developed an empirical mixed mode isotherm to model the binding of proteins to MM resins [109]. 

Tong et al. have employed Molecular Dynamics (MD) simulations to provide a molecular level 

understanding of the mechanisms involved in the binding of the IgG1-FC domain to a hydrophobic 

                                                 
Portions of this Chapter are to appear as: R.B. Gudhka, D.J. Roush, S.M. Cramer, A thermodynamic evaluation of 

antibody-surface interactions in multimodal cation exchange chromatography, J. Chromatogr. A. (2020).  
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charge induction chromatographic (HCIC) system at different pH and ligand densities [113]. Woo 

et al. and Robinson et al. have examined the retention of a library of model proteins to shed light 

on the effect of ligand structure, chemistry and density on selectivity patterns observed in MM 

cation exchange (MM CEX) and anion exchange (MM AEX) systems [57,58]. Srinivasan et al. 

have used biophysical techniques (Nuclear Magnetic Resonance (NMR), Atomic Force 

Microscopy (AFM), Isothermal Titration Calorimetry (ITC)) in combination with Molecular 

Dynamics (MD) simulations to study the binding of a preferred face of ubiquitin on two MM CEX 

surfaces; Capto MMC and Nuvia cPrime [107,108]. Robinson et al. have also examined potential 

preferred binding regions of mAbs in MM CEX systems [115]. While these and other studies have 

improved our understanding of protein-surface interactions in MM systems, there is still a lack of 

understanding of the thermodynamic basis of these interactions.  

There is a vast literature that has employed a van’t Hoff (VH) analysis of chromatographic 

retention data to study the thermodynamics [35,36,47,50,51,54,117–120]. Roush et al. used linear 

VH plots to evaluate the effect of temperature on the binding of recombinant rat cytochrome b5 to 

an AEX resin [117]. While linear VH plots are associated with a zero heat capacity change 

(∆CP,ads), these plots are often non-linear, indicating a heat capacity change (either positive or 

negative) associated with binding. Thus, protein chromatography often requires a non-linear VH 

analysis in order to fully describe the behavior. This has been carried out using either a logarithmic 

approach which assumes the heat capacity change to be temperature invariant or a quadratic 

formulation that allows for variation of ∆CP,ads with temperature [47]. Several groups have 

employed these non-linear VH analyses to elucidate the mechanisms of protein binding in various 

single mode interaction systems such as HIC and IEX.  In the current study, we employ the 
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quadratic formulation of the VH equation to determine the thermodynamic parameters associated 

with binding in MM CEX chromatographic systems.   

In the current study, MM chromatographic separations that have previously been reported 

to exhibit interesting selectivity trends for two commercial mAbs are examined from a 

thermodynamic perspective. Isocratic retention of these mAbs on three commercial MM CEX 

resins (Capto MMC, Nuvia cPrime and Capto MMC ImpRes) is carried out over a range of salt 

and temperature conditions and a quadratic VH analysis is carried out to determine the enthalpic 

and entropic contributions as well as the heat capacity changes associated with these interactions 

at low and high salt regimes. The work presented in this Chapter provides thermodynamic insights 

into mAb binding in MM CEX chromatography.  

2.2 Theory  

The retention factor was determined directly from the chromatogram as [121]: 

 k′ =  
tR − t0

t0
 (2.1) 

where tR is the retention time of the solute and t0 is the retention time of an inert unretained solute. 

The phase ratio was determined using the retention time of the unretained solute [122] 

 ∅ =  
V − t0V′

t0V′
 (2.2) 

where V is the column volume and V′ is the volumetric flowrate. The thermodynamic framework 

presented here is adopted from ref [47]. The relationship between the retention factor and the 

equilibrium constant is given by: 



23 

 

 k′ = Keq∅ (2.3) 

The Gibbs free energy of adsorption is linearly related to the logarithm of the equilibrium rate 

constant as follows: 

 ΔGads =  −RTlnKeq (2.4) 

where R is universal gas constant and T is the absolute temperature. Combining equations 2.3 and 

2.4 along with the standard thermodynamic formulations, we obtain the linear VH equation: 

 lnk′ =  
−∆Hads

RT
+

∆Sads

R
+ ln∅  (2.5) 

where ΔHads and ΔSads are the enthalpy and entropy changes for adsorption. This equation holds 

true only when the heat capacity change is zero and the enthalpy and entropy changes are 

independent of temperature. When the heat capacity changes for adsorption to chromatographic 

resins are non-zero and non-constant, the resulting non-linear quadratic VH equation is obtained: 

 lnk′ =  a +
b

T
+

c

T2
+ ln∅ (2.6) 

The parameters a, b and c can be calculated by fitting equation 2.6 to the experimental data and 

equations 2.7, 2.8 and 2.9 can then be used to determine the enthalpic and entropic contributions 

and the heat capacity change upon adsorption. 

 ∆Hads =  −R (b +
2c

T
) (2.7) 

 ∆Sads =  R (a −
2Rc

T2
) (2.8) 
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 ∆Cp,ads =  
2Rc

T2
 (2.9) 

2.3 Materials and Methods  

2.3.1 Materials  

Purified IgG1 antibodies (A, pI 7.59 and C, pI 8.27) were supplied by Merck and Co., Inc. 

(Kenilworth, NJ, 07033, USA). Both the antibodies have a common FC domain but have different 

Fab domains as identified by the amino acid sequence. Disposable PD10 desalting columns were 

purchased from GE Healthcare (Uppsala, Sweden). Sodium acetate, Tris base, sodium chloride 

and hydrochloric acid were purchased from Sigma-Aldrich (St. Louis, MO, 63134, USA). Capto 

MMC and Capto MMC ImpRes chromatographic resins were purchased from GE Healthcare 

(Uppsala, Sweden). Nuvia cPrime chromatographic resin was donated by Bio-Rad Laboratories 

(Hercules, CA, 94547, USA).  

2.3.2 Protein Solutions 

Protein solutions were buffer exchanged using the PD10 desalting columns. Briefly, the 

column was equilibrated with buffer B (20mM sodium acetate, Tris and 2.5M NaCl adjusted to 

pH 6.0). 2.5mL of protein sample (~10mg/mL) was added to the column and the buffer was 

allowed to flow through. The buffer exchanged protein was eluted by addition of 3.5mL of buffer 

B and was diluted with appropriate amounts of buffer A (20mM sodium acetate, Tris adjusted to 

pH 6.0) to obtain the desired salt concentration as well as a final mAb concentration of 3mg/mL.  

2.3.3 Chromatography Experiments 

Chromatographic media was packed into a 5 x 50 mm column and isocratic 

chromatography was carried out at 1 column volume (CV)/min on an Äkta explorer 100 
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(Amersham Biosciences, Uppsala, Sweden) controlled by Unicorn 5.1 software (except 4°C 

experiments, which were performed on Äkta prime). Experiments were conducted in a 

temperature-controlled room maintained at different temperatures (4°C, 17°C, 22°C, 30°C and 

37°C). Buffers A and B (described above) were used for all the experiments and columns were 

regenerated using 1M sodium hydroxide to prepare the columns for the next protein injection. The 

column was equilibrated at the desired salt concentration by appropriately mixing buffers A and 

B followed by injection of 100 μL of buffer exchanged protein (3 mg/mL) in the running buffer. 

The column effluent was monitored at a UV wavelength of 280 nm. An acetone pulse was used to 

determine the total dead volume. Retention time was determined by the average first moment from 

duplicate runs.  

2.4 Results and Discussion 

2.4.1 Linear Gradient Chromatography  

Our group has previously reported that two mAbs exhibited different selectivity patterns 

on three commercially available MM CEX resins (Capto MMC, Nuvia cPrime, Capto MMC 

Figure 2.1: (a) Chromatographic retention of mAbs A (purple) and C (blue) on multimodal cation exchange 

chromatography systems and structures of (b) Capto MMC and (C) Nuvia cPrime ligand head group. 40 CV 

linear salt gradients from 0 to 1M NaCl at pH 6. Retention data reproduced from ref [115].   
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ImpRes) [115].  These two mAbs shared a common FC with different Fab domains resulting in pIs 

of 7.6 and 8.3 for mAbs A and C, respectively. The MM ligands in these resins are shown in Figure 

2.1, with the aromatic ring being more solvent exposed for the Capto MMC ligand (Figure 2.1b) 

as compared to the Nuvia cPrime ligand (Figure 2.1c). In addition, while the Capto MMC and 

Nuvia cPrime resins had relatively high ligand densities the Capto MMC Impress had significantly 

lower density. As can be seen in Figure 1a (data obtained from Figure 6 of ref [115]) the elution 

order on Capto MMC (mAb A followed by mAb C ) was different than that observed in Nuvia 

cPrime and Capto MMC ImpRes. While the selectivity difference between Capto MMC and Nuvia 

cPrime was mainly due to the higher retention of mAb C on Capto MMC, the shift in selectivity 

in Capto MMC ImpRes was more subtle with both mAbs exhibiting reduced binding. In order to 

study the relative electrostatic and hydrophobic behavior of these systems, we first examined the 

impact of salt on the retention behavior of these mAbs in the three resin systems at room 

temperature. 

2.4.2 Isocratic Chromatography  

As described in methods section, isocratic chromatography experiments were carried out 

with mAbs A and C on Capto MMC, Nuvia cPrime and Capto MMC ImpRes at different salt 

concentrations ranging from 0.45M to 2.5M NaCl. The retention times of the mAbs (first moment) 

Figure 2.2: Ln k’ vs Ln Cs plots for retention of mAbs A (purple) and C (blue) on (a) Capto MMC, (b) Nuvia 

cPrime and (c) Capto MMC ImpRes at room temperature (295 K). 
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at a given condition were used for calculating the k’s and the resulting ln-ln plots for mAbs A and 

C on these resins at room temperature (22°C) are presented in Figure 2.2. To facilitate the 

discussion, we divide the salt concentration range into the low salt (below 1.2M NaCl) and high 

salt regimes (1.2 to 2.5M NaCl). In the low salt regime, the elution order observed in the isocratic 

experiments was in qualitative agreement with that seen in the linear salt gradient experiments 

(Figure 2.1a) on all resin systems. Further, in this regime the retention of both mAbs decreased 

with increasing salt concentrations. In this salt range, both mAbs were more retained on Capto 

MMC and Capto MMC ImpRes as compared to Nuvia cPrime. Interestingly, the decrease in 

retention with salt observed in the Nuvia resin was significantly more pronounced than that seen 

with the Capto resins, indicating that while electrostatic interactions were likely playing a 

dominant role in Nuvia cPrime the interactions in the Capto systems were more complex. It can 

also be seen that the Capto MMC system had higher retention and selectivity than the Capto MMC 

ImpRes system at low salt conditions. This is likely due to the enhanced electrostatic interactions 

occurring at higher ligand densities [123]. 

This difference in elution behavior on these resin systems was even more pronounced at 

elevated salt conditions. For the Nuvia system, while mAb C was not retained in this high salt 

regime, there was a very weak retention of mAb A that plateaued with increasing salt 

concentration. In contrast, the retention of the mAbs increased in both Capto systems at the higher 

salt concentrations. Further, while the retention plots were similar for mAb A at both ligand 

densities, the behavior of mAb C was markedly different on the Capto MMC and Capto MMC 

ImpRes systems. 

At elevated salt concentrations, electrostatic interactions are screened, and hydrophobic 

interactions tend to play a more dominant role. The difference in retention behavior between the 
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Nuvia cPrime and the Capto systems is likely due to the enhanced hydrophobicity of the Capto 

ligand which has the more solvent exposed aromatic ring [56]. This has also been observed 

previously when examining a range of model proteins [56,57]. Previous work on the 

chromatographic behavior of mAbs A and C in HIC systems and their surface hydrophobicities 

using a Surface Aggregation Propensity (SAP) analysis have established that mAb A is more 

hydrophobic [115]. Thus, at elevated salt concentrations, it would be expected that mAb A would 

have a higher retention than mAb C on a ligand with higher relative hydrophobic properties. 

Further, the dramatic difference in the retention behavior of mAb C at elevated salt concentrations 

in the Capto MMC and Capto MMC ImpRes systems is likely due to the decreased hydrophobicity 

of the lower ligand density Capto MMC ImpRes system. This may also be related to the recently 

hypothesized aromatic cluster behavior at the higher ligand density, which may further enhance 

the degree of hydrophobic interactions with mAb C [104].  

These results indicate that very different retention behavior occurred with these two mAbs 

in three MM systems at various salt conditions. Since the retention mechanisms in multimodal 

chromatography can be quite complex, with many modes of interactions playing a role, we carried 

out a VH analysis to determine the thermodynamic driving forces contributing towards binding.  

2.4.3 van’t Hoff Plots 

Isocratic experiments were carried out over a range of salt and temperature conditions as 

described in the experimental section and a VH analysis was carried out to determine the 

thermodynamics. Figures 2.3 and 2.4 show representative VH plots (ln k’ versus 1/T) for the 

retention data of mAbs A and C, respectively, on the three resin systems. Representative data for 

the lower and higher salt regimes are presented at the top and bottom portions of the figure. The 
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data was fit to the quadratic VH equation (Eq. 2.6) using Matlab R2019b to determine the 

parameters a, b and c with a maximum fitting error of 10% in a 95% confidence interval and the 

resulting curves are also presented in the Figures. As can be seen, the data was accurately 

represented by the non-linear VH plots. The non-linearity of the VH plots can be a result of 

multiplicity of interactions further indicating dependence of enthalpy and entropy of binding on 

temperature in the temperature range studied [47,50,118,124].  

As can be seen in the Figures, at all temperatures, the retention decreased with salt in the 

lower salt regime and increased with salt in the higher salt regime. Further, in the low salt regime, 

for both mAbs, while the retention decreased with increasing temperature on all MM CEX 

systems, the curvature behavior was different. For example, the VH plots for mAb A were all 

concave downwards for Capto MMC and Nuvia cPrime (Figures 2.3a and b) while being 

consistently concave upwards for Capto MMC ImpRes (Figure 2.3c). The VH plots for mAb C 

Figure 2.3: Non-linear van’t Hoff (VH) plots for adsorption of mAb A on (a,d) Capto MMC, (b,e) Nuvia cPrime 

and (c,f) Capto MMC ImpRes at different salt concentrations. Curves generated by fitting the quadratic VH 

equation are presented as dotted lines for low salt regime (0.45, red; 0.55, blue; 1M, brown; NaCl) and solid 

lines for high salt regime (1.2, violet; 1.5, orange; 2, grey; and 2.5M, green; NaCl). 
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(Figures 2.4a, b and c) in general exhibited the same curvature trends as observed for mAb A. The 

differences in curvature of these plots will be discussed in the next section on the VH analysis.  

In the high salt regime, the binding behavior of mAb A in the Capto MMC and Capto 

MMC ImpRes systems were similar, with a strong temperature dependence only seen at the upper 

end of the high salt regime (e.g. 2.5M NaCl).  On the other hand, mAb C was weakly retained in 

both Capto resin systems at the higher salt conditions and showed minimal temperature 

dependence (Figures 2.4d and f). For the Nuvia resin, there was minimal or no retention under all 

high salt conditions. The increased retention with increasing temperature observed with mAb A in 

the Capto resin systems at high salt is similar to that previously reported in some HIC systems 

[47,52,118]. These VH plots were then employed to determine the enthalpic and entropic 

contributions towards binding of these mAbs to the MM CEX resins.  

Figure 2.4: Non-linear van’t Hoff plots for adsorption of mAb C on (a,d) Capto MMC, (b,e) Nuvia cPrime and 

(c,f) Capto MMC ImpRes at different salt concentrations. Curves generated by fitting the quadratic VH 

equation are presented as dotted lines for low salt regime (0.45, red; 0.55, blue; 1M, brown; NaCl) and solid 

lines for high salt regime (1.2, violet; 1.5, orange; 2, grey; and 2.5M, green; NaCl). 
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2.4.4 van’t Hoff Analysis 

As described in the previous section, the data from the VH plots (Figures 2.3 and 2.4) were fit to 

the quadratic VH equation (Eq. 2.6) using Matlab R2019b to determine the parameters a, b and c. 

The enthalpic (∆Hads) and entropic (-T∆Sads) components were then calculated using equations 2.6-

2.9 and are presented in the top and bottom portions, respectively, of Figures 2.5 and 2.6. To 

facilitate the discussion, a representative salt concentration from the low (0.45M NaCl) and high 

salt (2.5M NaCl) regimes are presented as well as an intermediate salt condition (1.2M NaCl).  As 

can be seen in Figures 2.5a, b and c, the enthalpic contribution to the binding of mAb A to the MM 

CEX resins was dependent on temperature for all the resin systems. While the enthalpic component 

was favorable at all temperatures in the low salt regime (0.45M NaCl) the trends were different 

for the MM CEX resins studied. While the favorable enthalpic contributions increased with 

temperature for Capto MMC and Nuvia cPrime systems, they decreased for the Capto MMC 

ImpRes resin. Similar trends were observed for the other concentrations in this low salt regime 

(0.5 to 1.0M NaCl) for the Capto systems (results not shown). In the high salt regime, the trends 

Figure 2.5: Enthalpic (top) and entropic (bottom) contributions at different temperatures (278, 290, 295, 303 

and 310 K) and salt concentrations (0.45, red; 1.2, violet; and 2.5M, green; NaCl) for binding of mAb A on (a,d) 

Capto MMC, (b,e) Nuvia cPrime and (c,f) Capto MMC ImpRes. 
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for mAb A were very similar for both Capto systems, with the favorable enthalpic component 

consistently decreasing with temperature at all salt concentrations (Figures 2.5a and c).  Further, 

at the highest salt (2.5M NaCl) the enthalpic contributions were consistently unfavorable for mAb 

A. For the Nuvia resin, the mAb A was weakly retained at salt concentrations above 0.45M NaCl, 

limiting our analysis to this relatively low salt concentration.  

Interestingly, the enthalpic trends observed for mAb C on the three resins at various salt 

concentrations (Figures 2.6a, b and c) were in general quite similar to those observed with mAb 

A. For Capto MMC, the changes in enthalpic trends seen for mAbs A and C at different salt 

concentrations could potentially indicate shifts in the preferred binding regions on the mAb surface 

for interacting with this resin.  

The entropic contributions (-T∆Sads) to the binding of mAb A to the MM CEX resins  

(Figures 2.5d, e and f) exhibited the opposite trends with temperature as were seen with the 

enthalpy, indicating enthalpy-entropy compensation [47,120,125,126]. In the low salt regime 

(0.45M NaCl), the entropic contribution for binding was unfavorable for all the MM CEX resins, 

Figure 2.6: Enthalpic (top) and entropic (bottom) contributions at different temperatures (278, 290, 295, 303 

and 310 K) and salt concentrations (0.45, red; 1.2, violet; and 2.5M, green; NaCl) for binding of mAb C on (a,d) 

Capto MMC, (b,e) Nuvia cPrime and (c,f) Capto MMC ImpRes.  
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except at very low temperature (278 K) on Capto MMC resin, where it was favorable. While the 

favorable entropic component decreased (positive slope) with temperature for Capto MMC and 

Nuvia cPrime systems, it increased for the Capto MMC ImpRes resin. Similar trends were 

observed for the other concentrations in this low salt regime for the Capto systems (results not 

shown). On the other hand, in the high salt regime, while we were unable to determine the entropic 

component in the Nuvia system due to weak retention of mAb A, the entropic trends were similar 

for the two Capto resins, with both exhibiting an increase in favorable entropy (negative slope) 

with temperature. Further, for mAb A the binding was completely entropically dominated at the 

highest salt (2.5M NaCl) in both resins. As was observed with the enthalpy, the entropic trends at 

different conditions for mAb C (Figure 2.6d,e,f) were in general similar to those observed for mAb 

A (Figures 2.5d, e and f).  

In the low salt regime, favorable enthalpic and unfavorable entropic contributions were 

observed for the binding of mAbs on the three MM CEX resins (Figures 2.5 and 2.6). The 

adsorption of proteins to MM resins can be driven by a complex combination of electrostatic, 

hydrophobic, H-bonding, van der Waals, pi-cation and/or aromatic interactions. Previous studies 

on microcalorimetric evaluation of protein binding to IEX systems have shown that the attractive 

electrostatic interactions are the major contributors towards favorable enthalpic contributions 

[127]. Since the binding of the mAbs decreased with increasing salt concentration in this regime 

for both mAbs and all MM resins, the electrostatic interactions are likely also playing an important 

role here with the MM systems.  

Interestingly, while the favorable enthalpic contributions increased with temperature for 

Capto MMC (Figures 2.5a and c), they decreased for the Capto MMC ImpRes resin (Figures 2.6a 

and c). These opposing trends for the Capto systems at these lower salt conditions may be due in 
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part to differences in the resulting electrostatic potential presented by these resins at the two ligand 

densities.  While the salt may be more effective at charge screening on the lower ligand density 

Capto MMC ImpRes, the higher density Capto MMC surface may have relatively lower charge 

screening while also exhibiting higher hydrophobicity. In fact, the increasing favorable enthalpic 

trend with temperature seen with Capto MMC has also been observed in some HIC systems where 

van der Waals interactions play an important role [47,128]. On the other hand, the enthalpy 

dependence on temperature observed with Capto MMC ImpRes is similar to that seen in IEX 

systems [129], where the decreasing strength of electrostatic interactions at elevated temperatures 

was indicative of decreasingly favorable enthalpic contributions. Interestingly, for the Nuvia resin, 

the enthalpic trend with temperature was qualitatively similar to the Capto MMC system. Since 

the Nuvia resin has a relatively high ligand density, charge screening may be less effective at these 

lower salt conditions. However, since the Nuvia resin DoEs not have a significant hydrophobic 

character due to the steric shielding of the aromatic moiety, the temperature dependence of the 

enthalpy is unlikely to be dominated by hydrophobic interactions. These results indicate that even 

though the binding was enthalpically driven for mAbs on the three MM CEX resins in the low salt 

regime, they likely interacted with different binding mechanisms.  

In contrast to the low salt conditions, the enthalpic contributions became less favorable and 

the binding was increasingly entropically driven on both Capto systems in the high salt regime 

(Figures 2.5 and 2.6). The decreasing favorable enthalpic contributions is likely due to the 

screening of electrostatic interactions at the higher salt concentrations. At the highest salt condition 

(2.5M NaCl) the entropic contributions were observed to be  favorable for both mAbs and Capto 

systems, indicating that hydrophobic interactions were very likely playing an important role in 

binding. It is well established that while the release of water molecules (desolvation) during 
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binding results in a favorable entropic contribution, this disruption of well-ordered water structure 

also can lead to unfavorable enthalpy changes, trends observed in both figures. The observed 

increase in the entropic driving force with increasing temperature on both Capto resins, also 

supports desolvation playing an important role here. This temperature behavior has also been 

observed in HIC systems [51,52,120] where desolvation entropy was deemed important. Finally, 

while unfavorable configurational entropy can sometimes play a role in protein binding, the fact 

that the entropy was consistently favorable at the high salt conditions again supports desolvation 

as the major driver. Clearly, the energetic trends for mAb interactions with the MM resins at low 

and high salt conditions are indicative of very different binding mechanisms.  

The heat capacity values were also obtained from the VH analysis and are presented in 

Figures 2.7 and 2.8. As can be seen in the Figures, while modest negative values for ∆CP,ads were 

obtained for both mAbs on Capto MMC and Nuvia cPrime at the low salt conditions, the heat 

capacities were positive at the higher salts for Capto MMC. For Nuvia cPrime, weak retention of 

mAbs at higher salts limited our analysis to only the low salt conditions (e.g. 0.45M NaCl). The 

∆CP,ads values for Capto MMC ImpRes were consistently positive for both mAbs in the two salt 

regimes, in contrast to the results seen with the Capto MMC resin. All of the heat capacity data 

presented in the Figures showed minimal dependence on temperature. Reports in the literature 

Figure 2.7: Heat capacity change upon adsorption of mAb A on (a) Capto MMC, (b) Nuvia cPrime and (c) 

Capto MMC ImpRes at different temperatures (278, 290, 295, 303 and 310 K) and salt concentrations (0.45, 

red; 1.2, violet; and 2.5M, green; NaCl).  
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have indicated that while negative heat capacity values are indicative of desolvation of the 

polar/charged residues upon binding, the dehydration of non-polar groups result in positive ∆CP,ads   

values [47,130]. In addition, protein conformational changes upon binding can lead to exposure of 

buried non-polar groups, potentially contributing towards positive ∆CP,ads values [118]. The 

negative values in the low salt regime for the binding of both mAbs in the Capto MMC and Nuvia 

cPrime systems indicate that desolvation of polar groups may be playing a role in binding, 

supporting our contention that the electrostatic interactions are playing a major role in binding. In 

contrast, the results with Capto MMC ImpRes at the low salt condition indicate that desolvation 

of non-polar groups may be playing an important role which may be due to a different preferred 

binding region for this lower ligand density resin material. On the other hand, at the high salt 

conditions where the hydrophobic interactions were more important for binding, the positive 

values for both the Capto systems are likely indicative of dehydration of the non-polar residues. 

These heat capacity results in concert with the entropic data presented in Figures 2.5 and 2.6 

support desolvation of non-polar moieties as the major driver for binding to the MM resins at high 

salt.  

Figure 2.8: Heat capacity change upon adsorption of mAb C on (a) Capto MMC, (b) Nuvia cPrime and (c) 

Capto MMC ImpRes at different temperatures (278, 290, 295, 303 and 310 K) and salt concentrations (0.45, 

red; 1.2, violet; and 2.5M, green; NaCl). 
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2.5 Conclusions 

In this study, the binding of two industrial mAbs that had previously been shown to exhibit 

unique selectivity patterns on MM CEX resins was evaluated from a thermodynamic perspective. 

Isocratic chromatographic experiments were carried out on these resins (Capto MMC, Nuvia 

cPrime and Capto MMC ImpRes) over a range of temperature and salt conditions to generate the 

data for the non-linear VH analysis.  The retention data was evaluated in both the low (0.45 to 

1.0M NaCl) and high salt (1.2 to 2.5M NaCl) regimes. While the retention at room temperature of 

the two mAbs decreased with salt for all the resins in the low salt regime, the retention increased 

at elevated salts on the two Capto systems. The Nuvia cPrime resin exhibited a stronger 

dependence on salt than the Capto systems in the low salt regime, while having minimal retention 

above 0.6M NaCl, likely due to decreased contributions from the sterically inaccessible aromatic 

moiety on the ligand. These retention patterns with salt indicate a shift from electrostatically driven 

to more hydrophobic interactions in the Capto resins when transitioning from the low to the higher 

salt regime.   

The retention data at various temperatures were used to generate VH plots which were 

clearly non-linear and which were well fit to the quadratic form of VH equation. This indicated 

that multiple interactions were likely involved in the binding. In the low salt regime, the retention 

of both mAbs decreased with increasing temperature and the VH plots were concave downward 

on the Capto MMC and Nuvia cPrime resins while being concave upward on the Capto MMC 

ImpRes system. Further, this difference in curvature was more pronounced with the more 

hydrophobic mAb A than with mAb C. In the high salt regime, while the retention of mAb A 

increased with temperature on both Capto resins, mAb C exhibited minimal temperature 

dependence.  
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The fits of the data to the quadratic VH equation were used to provide insights into the 

enthalpic and entropic contributions to binding under different conditions as well as the heat 

capacities. In the low salt regime, while the entropic contributions were unfavorable, the enthalpy 

was favorable for all resin systems with different temperature trends observed. Interestingly, while 

increasingly favorable enthalpic contributions with increasing temperature were observed with the 

Capto MMC and Nuvia cPrime systems, the favorable enthalpy was seen to decrease with 

increasing temperature for Capto MMC ImpRes.  These enthalpic trends with temperature indicate 

different mechanisms involved in binding in these MM systems at low salt. On the other hand, at 

the high salt condition (2.5M NaCl), binding of both mAbs on the two Capto resins was 

consistently entropically driven, indicating that desolvation was the major driver for binding.  

Clearly, the complexity of these mAb biomolecules makes it difficult to directly connect this 

thermodynamic information with their specific molecular interactions with the multimodal resins. 

However, some insights were obtained by examining the heat capacity trends. For example, the 

negative heat capacities at low salts obtained with the Capto MMC and Nuvia cPrime resins 

indicated that desolvation of polar/charged groups on the mAb surfaces were potentially playing 

an important role. In contrast, the positive heat capacity values at low salts with the lower ligand 

density Capto MMC ImpRes resin, may be indicative of a contribution from desolvation of non-

polar groups. Finally, in the high salt regime, the positive heat capacity values in concert with the 

entropic driving forces were indicative of desolvation of non-polar groups being an important 

driver for the binding of both mAbs on the two Capto systems.  

While the current study provided rich global information about the thermodynamics of mAb 

binding in chromatographic systems, the heat capacity data provided some insights into the 

interaction sites. However, the experimental evidence of interaction sites still needs to be 
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determined. In order to connect the thermodynamic trends to the mAb retention behavior, it would 

be important to obtain the information about the regions on the protein surface that interact with 

the chromatographic resin. To address this issue, the rest of this thesis explores various 

chromatographic (Chapter 3) and biophysical (Chapters 4, 5 and 6) methods to identify important 

interaction sites on the protein surface for binding in MM CEX systems.   
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3. An Investigation Into the pH Effect in Multimodal Cation 

Exchange Chromatography Using NIST mAb and its Domains2 

3.1 Introduction 

In Chapter 2, the binding of two industrial mAbs was evaluated on MM CEX resins from a 

thermodynamic perspective. The thermodynamic investigation provided rich insights into the 

global characteristic of the mAb binding. However, in order to make a direct connection of these 

thermodynamic trends to the chromatographic retention behavior, we need to identify the regions 

on protein surface that are involved in binding. With an attempt to address these challenges, the 

rest of this thesis will focus on different methods to identify the binding regions on the protein 

surface which can then be directly applied to the two mAbs studied in Chapter 2.  

Recently, multimodal (MM) chromatography materials have been developed that enhances the 

selectivity of proteins resulting from  the combination of electrostatic, hydrogen bonding, 

hydrophobic and/or aromatic interactions within a single ligand [97–102]. MM resin materials that 

vary in surface properties (e.g. geometric presentation of functional groups, ligand density, linker 

between resin and ligand) have been shown to interact differently with libraries of model proteins 

thus creating unique windows of selectivity as compared to the traditional single mode interaction 

systems [56–59]. Further, multiple studies have evaluated protein binding in MM systems using a 

combination of chromatographic, biophysical and/or computational tools [33,107,108,115,131–

136]. While these studies have provided significant insights into the protein binding in MM 
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systems, there is still a need to develop a deeper level understanding of interactions in these 

systems.    

A significant body of research has focused on identifying the binding regions on protein 

surface using chromatographic methods. While there are very few studies in MM chromatography 

space, there are several studies that have investigated binding regions on the protein surface in ion 

exchange chromatography. Roush et al. identified patches on rat cytochrome b5 for interaction 

with an anion exchange surface using a series of computational and experimental studies [137]. 

Yao et al. investigated the distribution of charges on the surface of cytochrome c and its variants 

and explained the retention behavior on cation exchange system [32]. Sun et al. employed 

computational approach to predict a preferred binding orientation for interacting with a cation 

exchange (CEX) resin [138]. Dismer et al. employed a lysine specific fluorescent dye (Cy5) to 

identify the binding orientation of lysozyme on a cation exchange surface under various mobile 

phase conditions (e.g. salt, pH) [139,140]. Chung et al. employed amino acid specific covalent 

labeling in combination with mass spectrometry (MS) to identify the binding regions on lysozyme 

and cytochrome c for interactions with a cation exchange resin [131,141]. Our lab has also been 

actively involved in studying the preferred binding regions in MM CEX systems by employing 

linear salt gradient chromatography [33,115,142].  

Recent work in our group employed linear salt gradient chromatography experiments to 

identify preferred binding regions on protein surface in MM systems [115]. In this study, the mAb 

was enzymatically digested to generate the Fab, FC and (Fab)2 domains and the chromatographic 

retention of these domains provided rich insights into the binding regions on the mAb surface. 

While the typical approach for evaluating binding regions on protein surface has focused on 

performing experiments at a constant pH, there are several studies that have shown how pH can 
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be used to tune challenging separations [34,143–145]. This means, pH also governs which regions 

on the protein interact with chromatographic resins. More recent work from our group performed 

linear salt gradient experiments at different pH conditions to identify important regions on the 

protein surface for chromatographic retention [103].   

In this study, we employ chromatographic methods to evaluate the binding regions on the 

protein surface that interact with the resin. For this study, we employ the NIST reference material 

(RM 8671) as the model protein. First, the linear salt gradient elution behavior is evaluated for the 

mAb on various resins at different pH conditions. Then, we digest the NIST mAb to generate the 

NIST Fab and NIST FC domains. We then evaluate the linear salt gradient elution behavior of these 

proteins to get information on the binding regions on the mAb surface. Finally, we connect the 

chromatographic behavior with protein surface property maps at experimentally tested pH 

conditions to get further insights into the important interaction sites on the mAb surface. 

3.2 Materials and Methods   

3.2.1 Materials 

Purified NIST mAb (pI 9.18 ± 0.01) was provided by NIST (Gaithersburg, MD, 20899, 

USA). Disposable zeba spin desalting columns (7K MWCO, 0.5mL), pierce centrifuge columns, 

protein A resin and immobilized papain were purchased from Thermo Fisher Scientific (Waltham, 

MA, 02451, USA). Amicon ® ultra filters (3, 30 and 100 kDa MWCO), sodium acetate, L-histidine 

hydrochloride, sodium phosphate monohydrate, disodium hydrogen phosphate, acetic acid, 

ethylenediaminetetraacetic acid (EDTA), cysteine. HCl, Tris base, sodium chloride and sodium 

hydroxide were purchased from Sigma-Aldrich (St. Louis, MO, 63134, USA). Capto MMC and 

Capto MMC ImpRes chromatographic resins were purchased from GE Healthcare (Uppsala, 
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Sweden). Nuvia cPrime, Nuvia cPrime low, prototype 4 and prototype 5 chromatographic resins 

were donated by Bio-Rad Laboratories (Hercules, CA, 94547, USA).  

3.2.2 Chromatography Experiments 

Chromatographic media was packed into a 5 x 50 mm column and experiments were 

carried out on an Äkta explorer 10 (Amersham Biosciences, Uppsala, Sweden) controlled by 

Unicorn 5.31 software. Equilibration buffers used were as follows: 20 mM sodium acetate (pH 5), 

20 mM L-histidine (pH 6) and 20 mM sodium phosphate (pH 7). High salt buffers were prepared 

by addition of 1M NaCl to the equilibration buffer followed by adjusting the pH as desired. NIST 

mAb and its domains (Fab and FC) were buffer exchanged in the equilibration buffer of the desired 

pH using zeba spin desalting columns to obtain a final protein concentration of 1 mg/mL. The 

column was pre-equilibrated with equilibration buffer followed by a 100 μL pulse injection of 

protein solution. Linear salt gradient elution from 100% equilibration buffer to 100% high salt 

buffer was carried out over 40 CV at a flowrate of 1 CV/min (except for SP Sepharose where the 

gradient was from 0 to 25% high salt buffer over 40 CV). The column effluent was monitored at 

280 nm. Retention was determined using moment analysis and the average of duplicate runs was 

used to determine the elution salt concentration. 

3.2.3 Enzymatic Digestion of NIST mAb 

NIST mAb was enzymatically digested using immobilized papain by following the protocol 

described by Karageorgos et al. to generate the FC and Fab domains [146]. Briefly, NIST mAb 

was buffer exchanged in the digestion buffer (20 mM sodium phosphate, 10 mM EDTA and 20 

mM cysteine. HCl; pH 7) using zeba spin desalting columns to obtain a final protein concentration 

of 8 mg/mL. 0.25 mL of as supplied immobilized papain (50% slurry) was washed with the 
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digestion buffer and resuspended by addition of 0.25 mL of digestion buffer. 0.5 mL of buffer 

exchanged mAb was incubated with the immobilized papain slurry under constant mixing for 5h 

at 37 °C. The enzyme was separated by centrifugation and the supernatant (digestion mixture) was 

loaded onto protein A resin (undigested mAb and FC bind) that was previously washed with 

phosphate buffer, pH 7. The flow through (pure Fab) was collected and buffer exchanged to load 

performing the chromatography experiments. Undigested mAb and FC domain were eluted from 

protein A resin using 50 mM citrate buffer at pH 3.4 followed by immediately adjusting the pH to 

7.0 using 2 M Tris base. The FC domain was then separated from the undigested mAb using 100 

kDa centrifugal filter and buffer exchanged in the desired buffer before evaluating it on the 

chromatographic resins.     

3.2.4 Protein Surface Property Analysis 

A structural model for the NIST mAb was built by homology modeling starting with the crystal 

structures of NIST Fab (PDB code: 5K8A) and FC (PDB code: 5VGP) domains using Molecular 

Operating Environment (MOE 2018, Chemical computing group). The electrostatic potential (EP) 

maps at different pH were calculated using the APBS linear Poisson Boltzmann Solver (APBS) as 

described in [147] and the surface aggregation propensity (SAP) maps were calculated based on 

the methods described by Trout and co-workers [148]. The EP maps were calculated at pH 5.0, 

6.0 and 7.0 to match with the experimental conditions. The resulting protein surface maps were 

then visualized on the PyMol 2.3.4 viewer (Schrödinger).  
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3.3 Results and Discussion 

3.3.1 Retention of NIST mAb as a Function of pH 

MM CEX chromatographic systems that have previously exhibited interesting selectivity 

patterns for interactions with model protein and Fab libraries [57,149] as well as a cation exchange 

resin (SP Sepharose, structure not shown here) were employed to evaluate the effect of pH on the 

retention of NIST mAb. Structures of ligand on various MM CEX resins are shown in Figure 3.1. 

As can be seen in the Figure, all resins had the same functional groups (carboxylate, dotted green 

circle; benzene ring, dotted purple circle) with differences in surface presentation and exposure. 

The resin set included the two Capto resins from GE Healthcare and Nuvia cPrime and its two 

Prototypes provided by BioRad laboratories. The two Capto resins have the same ligand head 

group on their surface. However, the Capto MMC ImpRes has a smaller particle size (~ 36-44 μm) 

Figure 3.1: Structures of different MM CEX resins: (a) Capto MMC/ImpRes, (b) Nuvia cPrime/low, (c) 

Prototype 4 and (d) Prototype 5; employed in the study. Numbers in parenthesis indicate the ligand density on 

that resins and the grey circles denotes the point of attachment to the resin. 
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and lower ligand density (25-39 μmol/mL) as compared to Capto MMC (~ 75 μm, 70-90 

μmol/mL). While Nuvia cPrime has a sterically inaccessible benzene ring, the two Prototype resins 

were designed to have an increased aromatic (Prototype 4) and aliphatic (Prototype 5) hydrophobic 

character [57]. As indicated in the Figure, Nuvia cPrime and Prototype 5 resins had slightly higher 

ligand density as compared to Capto MMC and Prototype 4.  

 As described in the methods section, the retention of NIST mAb on various 

chromatographic resins was evaluated using linear salt gradients and the resulting elution salt 

concentration at different pH conditions are presented in Figure 3.2. As can be seen in the Figure, 

for all resins, the retention of the NIST mAb decreased with an increasing pH (5 > 6 > 7). A 

stronger retention at lower pH was expected due to a higher net charge on the protein surface and 

is in line with the trends previously reported in the literature [57]. Further, the MM ligands would 

have a higher hydrophobic character due to protonation at pH 5, which may also likely contribute 

Figure 3.2: Retention of NIST mAb on SP Sepharose and various MM CEX resins at pH 5, purple; 6, blue; 

and 7, green. Linear salt gradient from 0 to 0.25M NaCl for SP Sepharose and 0 to 1M NaCl for MM CEX 

resins over 40 CV. *Did not elute.   
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towards higher retention of the mAb [103]. At all pH conditions, while the mAb eluted at lower 

salt concentrations from SP Sepharose, the retention was higher on all MM CEX systems studied. 

The elevated elution salt concentration for the MM resins as compared to the single mode SP 

Sepharose systems is likely due to more complex interactions occurring with the mAb.  

At all pH conditions, the mAb was retained more on Capto MMC, Prototype 4 and 

Prototype 5 as compared to other resins due to a higher hydrophobicity on their surface resulting 

from the more solvent exposed aromatic ring (Capto MMC and Prototype 4) or from an additional 

aliphatic linker (Prototype 5). The differences in the retention were even more pronounced at pH 

5, where the mAb did not elute during linear gradient from these MM resins with a higher 

hydrophobic character. Further, a sharp decrease in mAb retention was observed while 

transitioning from pH 5 to 6 which could be due to a lower net charge on the mAb surface and/or 

due to decreased hydrophobicity of ligands resulting due to increased deprotonation of the 

carboxylate group [103].  

In addition to studying the effects of ligand chemistry, mAb retention was also evaluated 

on the resins with varying ligand density using linear gradient experiments. Our group has recently 

reported using MD simulations experiments that MM ligands form clusters on the surface due to 

ligand self-association that was dependent on ligand chemistry as well as density [104]. These 

differences in clustering behavior may have an impact on protein retention and selectivity in these 

MM CEX systems. As can be seen in Figure 3.2, at all pH conditions, the NIST mAb eluted earlier 

from the Capto MMC ImpRes and Nuvia cPrime low resins as compared to the higher density 

systems. These results are consistent with previous studies that investigated the retention of library 

of model proteins as well as mAbs on these resins [56,115]. At pH 5, while changing ligand density 

impacted the selectivity on the two Capto resins, the difference in the mAb elution salt 
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concentration was very small for the two Nuvia resins. On the other hand, at higher pH conditions, 

the selectivity dramatically decreased between the two Capto resins and the mAb co-eluted from 

the two Nuvia resins. In order to further investigate the regions on the mAb surface that were 

important for interacting with the chromatographic resins, we enzymatically digested the NIST 

mAb and carried out linear gradient experiments with the generated fragments.  

3.3.2 Domain Contributions as a Function of pH 

As described in the methods section, NIST mAb was enzymatically digested using 

immobilized papin to generate the Fab and FC fragments. Linear salt gradient experiments were 

then carried out on SP Sepharose and MM CEX resins and the resulting elution salt concentrations 

for the Fab and FC are presented in Figures 3.3 and 3.4, respectively. As can be seen in Figure 3.3, 

NIST Fab showed similar retention behavior as seen with the intact mAb wherein the retention 

decreased with increasing pH on all resins (pH 5 > 6 > 7). At pH 5, while the intact mAb was 

Figure 3.3: Retention of NIST Fab on SP Sepharose and various MM CEX resins at pH 5, purple; 6, blue; and 

7, green. Linear salt gradient from 0 to 0.25M NaCl for SP Sepharose and 0 to 1M NaCl for MM CEX resins 

over 40 CV. *Did not elute.  
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completely retained on Capto MMC and Prototype 4 (Figure 3.2), the Fab eluted in linear gradient 

from both resins (Figure 3.3). In contrast, the Fab did not elute from Prototype 5 resin at pH 5 

which could be due to higher hydrophobicity of the ligand resulting from an additional aliphatic 

linker attached to the aromatic ring (Figure 1d). Interestingly, there was a sharp decrease in the 

retention of the Fab on Prototype 5 resin when transitioning from pH 5 to 6 which could be due to 

the pKa of this resin that was calculated to be ~5.3 [57]. Further, at pH 5, the Fab was retained 

more on Capto MMC and Nuvia cPrime as compared to the lower ligand density; Capto MMC 

ImpRes and Nuvia cPrime low systems. On the other hand, at higher pH conditions, the Fab eluted 

at similar salts from both the high and low density systems. Surprisingly, even though the 

Prototype 4 resin had a higher hydrophobic character as compared to Nuvia cPrime, the Fab co-

eluted from the two systems at all pH conditions. Clearly, such varied retention patterns on various 

MM CEX resins at pH 5 is indicative of fundamental differences in the way the Fab interacts with 

Figure 3.4: Retention of NIST FC on SP Sepharose and various MM CEX resins at pH 5, purple; 6, blue; and 

7, green. Linear salt gradient from 0 to 0.25M NaCl for SP Sepharose and 0 to 1M NaCl for MM CEX resins 

over 40 CV. *Did not elute.  Indicates flow through at pH 7. 
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these MM resins. Future work will be focused on identifying the interaction sites and binding 

mechanisms between the Fab and these MM CEX systems.   

As can be seen in Figure 3.4, the NIST FC exhibited very similar retention trends as was 

observed with the Fab (Figure 3.3). However, the FC was always retained more than the Fab. The 

retention of FC decreased with an increasing pH (pH 5 > 6 > 7) on all resins. The decrease in 

retention was even more pronounced at pH 7 where the FC flowed through from all resins. This 

result shows how pH can be used to tune the separation of NIST mAb fragments. The flow through 

behavior at pH 7 could be due to repulsion from the negatively charged patches on the FC surface. 

This will be discussed below in more details in the surface property analysis section. The 

chromatographic retention data of the proteins was also visualized as a function of pH and the 

resulting plots at pH 5, 6 and 7 are presented in Figures 3.5, 3.6 and 3.7, respectively. As can be 

seen in Figure 3.5, for all resins at pH 5, the mAb was retained more than its fragments. While the 

Figure 3.5: Retention of NIST mAb and its domains on SP Sepharose and various MM CEX resins at pH 5. 

Linear salt gradient from 0 to 0.25M NaCl for SP Sepharose and 0 to 1M NaCl for MM CEX resins over 40 

CV. *Did not elute.  
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FC was retained more than the Fab domain on all resins (except on Prototype 5), the FC eluted 

earlier than full mAb. Based on the higher retention of FC as compared to Fab, we hypothesize that 

it was more important region of the mAb for binding to MM CEX resins. Interestingly, the 

antibody as well as its domains were completely retained on Prototype 5 resin which was designed 

to exhibit higher aliphatic hydrophobicity. Further, as can be seen in Figure 3.6, on all resins at pH 

6, there was a dramatic decrease in the retention of mAb and its domains as compared to pH 5. 

This observation indicates that the decreased retention of proteins may be due to higher negative 

charges on the protein surface resulting in early elution in the gradient. This will be discussed in 

more details in Section 3.3.3 when discussing the protein surface property maps at these 

conditions. When comparing the domains, there was a sharp decrease in the selectivity between 

the Fab and FC at this pH likely indicating that there was a shift in the regions on the mAb that 

were important for interacting with the chromatographic resins. This difference in selectivity 

Figure 3.6: Retention of NIST mAb and its domains on SP Sepharose and various MM CEX resins at pH 6. 

Linear salt gradient from 0 to 0.25M NaCl for SP Sepharose and 0 to 1M NaCl for MM CEX resins over 40 

CV. 
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between the Fab and FC was even more pronounced at pH 7. For example, as can be seen in Figure 

3.7, while the full mAb and Fab were retained on all resins, the FC flowed through from all resin 

systems. This result clearly indicates that residues in the Fab domain of the mAb were more 

important for binding to resins at this pH. These interesting selectivity results suggest that pH can 

be employed to tune the binding interactions with specific regions on the mAb. This can have 

implications in designing novel chromatographic steps for challenging separations such as removal 

of product related variants or aggregates. In order to gain further insights into the interesting 

selectivity trends observed with the mAb and its domains, protein surface properties were 

visualized. 

3.3.3 Protein Surface Property Analysis 

As discussed in Section 3.3.2., for interactions with MM resins, a shift in the important 

domain was observed from FC to Fab was observed when transitioning from pH 5 to 7. In order to 

Figure 3.7: Retention of NIST mAb and its domains on SP Sepharose and various MM CEX resins at pH 7. 

Linear salt gradient from 0 to 0.25M NaCl for SP Sepharose and 0 to 1M NaCl for MM CEX resins over 40 

CV. Flow through.  
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understand these selectivity patterns in more details, we created EP and SAP maps of the 

homology-modeled structure of NIST mAb and the resulting surface maps are presented in Figure 

3.8. As can be seen in the figure, there was an overall increase in the negative EP (red colored 

regions in Figures 3.8 a, b and c) on the mAb with an increasing pH. This likely explains the 

observed decreasing mAb retention trend with pH as discussed in Figure 3.2.  

Figure 3.8: Electrostatic potential maps at (a) pH 5, (b) pH 6 and (c) pH 7 and (d) surface aggregation 

propensity map of the NIST mAb. The blue and red color in EP maps denote positively and negatively charged 

regions, respectively. The blue and red color in SAP maps indicate hydrophilic and hydrophobic regions, 

respectively, on the mAb.   
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Further, as can be seen in Figures 3.8a and d, at pH 5, several regions of overlapping 

positive charge and hydrophobic clusters could be identified across the entire mAb surface that 

may be important for interacting with MM CEX resins. While the FC region exhibited the largest 

cluster of overlapping charge and some hydrophobicity (yellow ellipse), there were also two small 

overlapping regions identified in the Fab, near framework (orange circle) and near the CDR 

regions (pink ellipse). The CDR regions exhibit some negative EP (pink ellipse in Figure 3.8a) in 

the proximity of the positively charged and hydrophobic regions. Considering the other regions 

that have more overlap of the positive EP and hydrophobicity may suggest that CDR regions likely 

did not contain the most important interaction sites. Even though the Fab framework might have a 

large positive EP proximal to hydrophobic patch to interact with the MM surfaces, we believe that 

the flexible nature of the interface of the CH2 and CH3 domains (yellow ellipse) in the FC as 

compared to β-sheets in the Fab makes it more probable to interact with the MM CEX systems. 

Hence, on evaluation of the surface property maps (Figure 3.8) as well as the retention data 

discussed in Figure 3.4, we hypothesize that at pH 5, the FC contained most important interaction 

sites for the NIST mAb in MM CEX systems.  

In order to evaluate the regions on FC that might be interacting with the resin, we focused 

our analysis on the FC portion of the mAb. On a closer look at the surface property maps, it 

appeared that the hinge region (green circle) and the interface of the CH2 and CH3 domains (yellow 

ellipse) contained patches with overlapping regions of positive charge and hydrophobicity. As can 

be seen in Figure 3.8, these regions exhibited an increase in the negative EP with increasing pH. 

At pH 7, these regions were entirely negatively charged which may result in the repulsion of FC 

from the negatively charged MM CEX surfaces. This further explains the flow through behavior 

of the FC that was observed at pH 7 (Figure 3.4). 
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As discussed above in Figure 3.7, the FC flowed through from all resins at pH 7 and the 

retention of mAb at this pH was indicative of Fab region being important for binding to MM CEX 

resins. As can be seen in Figures 3.8 c and d, two patches highlighted in orange and pink circles 

in the Fab domain were identified to contain overlapping positively charged and hydrophobic 

clusters. It is likely possible that both the patches would be interacting with the MM surfaces. 

However, based on the additional flexibility of the CDR loops (pink circle) as compared to the β-

sheet structures in the framework (orange circle) region, we hypothesize that CDR loops contained 

most important interaction sites for NIST mAb in MM CEX systems at pH 7. Future work will 

focus on quantitative determination of these binding sites at different pH conditions.    

3.4 Conclusions 

In this work, the effect of pH on antibody retention in MM CEX chromatography was 

studied. The retention of NIST reference mAb was evaluated using linear salt gradient experiments 

between pH 5 and 7.  The retention of mAb decreased with increasing pH on all resins. At lower 

pH, mAb did not elute during linear gradient from some of the MM CEX systems due to an 

increased hydrophobic character of those resins. A sharp decrease in the retention of mAb was 

observed with increasing pH which could be either due to decreased positive charge on the mAb 

surface and/or due to decreased hydrophobicity of the resin resulting from complete deprotonation 

of the carboxylate group on ligand. Further, at lower pH, while the ligand density impacted the 

retention of mAb on the two Capto systems, the mAb co-eluted from the two Nuvia resins. 

However, at higher pH conditions, mAb appeared to co-elute from both the high and low ligand 

density systems.  

In order to get further insight into the interaction sites on mAb in MM systems, the NIST 

mAb was enzymatically digested to generate the Fab and FC domains which were then evaluated 
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using chromatographic experiments. The Fab and FC domains showed unique selectivity trends as 

a function of pH. In general, the retention of both the domains decreased with increasing pH. For 

all chromatographic resins, while the FC was retained more than Fab at pH 5, the two domains co-

eluted at pH 6. The difference in retention between the two domains was even more pronounced 

at pH 7 where the FC domain flowed through from all resins while the Fab was still retained.  

Protein surface properties of the mAb were calculated to get further insights in the MM 

binding regions of the mAb at different pH. The surface analysis at pH 5 showed that the CH2-CH3 

interface region of the FC domain was associated with the strongest overlapping patch of positive 

EP and surface hydrophobicity. Based on the higher retention of the FC and surface property 

analysis at pH 5, we hypothesize that the FC contained most important interaction sites for mAb in 

MM CEX systems. Further, the negative charge increased in this interface region with an 

increasing pH and as a result, the FC flowed through from all resins at pH 7 making the sites on 

Fab domain more important for interactions with MM resins. On a closer look at the potential 

binding sites on the Fab at pH 7, we hypothesize that the flexible CDR loops contained the most 

important interaction sites for mAb in MM CEX systems.  

These interesting selectivity trends observed with the NIST mAb shows how pH can be used 

to modulate the interactions between proteins and ligands in MM systems. This work also shows 

how pH can tune the domain contributions in MM systems which can have important implications 

in solving current downstream challenges (e.g. removal of product related variants and purification 

of bispecific mAbs). While the current work was focused on chromatographic evaluation and 

surface property analysis to identify the binding regions, future work will focus on experimental 

determination of the preferred binding sites and is discussed in more details in Chapters 4, 5 and 

7. 
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4. Identification of Preferred Multimodal Binding Regions on 

IgG1 FC Using Nuclear Magnetic Resonance and Molecular 

Dynamics Simulations3 

4.1 Introduction 

In Chapter 3 we evaluated the chromatographic retention of NIST mAb and its domains as 

a function of pH. While the FC domain was hypothesized to contain most important interaction 

sites at pH 5, the Fab domain appeared to contain the binding region on mAb for interacting with 

MM surfaces. Even though the surface property maps provided rich information on the binding 

regions on the mAb surface, these findings were qualitative in nature. Thus in order to address 

this, as the first step, in this chapter we evaluate the MM binding regions on the IgG1 FC domain 

(which is constant across the entire class of IgG1) using NMR and MD simulations.  

Protein binding in the chromatographic systems has been evaluate by several experimental 

and computational approaches. Our group and several others have been actively working in this 

space to improve our understanding of protein binding in chromatographic systems. Roush et al. 

identified patches on rat cytochrome b5 for interaction with an anion exchange surface using a 

series of computational and experimental studies [137]. Yao et al. investigated the distribution of 

charges on the surface of cytochrome c and its variants and explained the retention behavior on 

cation exchange system [32]. Sun et al. employed computational approach to predict a preferred 

binding orientation for interacting with a cation exchange (CEX) resin whereas they identified 

multiple orientations for binding to hydrophobic interaction chromatography resin [138]. Dismer 
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et al. employed a lysine specific fluorescent dye (Cy5) to identify the binding orientation of 

lysozyme on a cation exchange surface under various mobile phase conditions (e.g. salt, pH) 

[139,140]. Chung et al. employed amino acid specific covalent labeling in combination with mass 

spectrometry (MS) to identify the binding regions on lysozyme and cytochrome c for interactions 

with a cation exchange resin [131,141]. Our lab has been actively involved in studying the 

preferred binding regions in MM CEX systems by employing linear salt gradient chromatography 

[33], Molecular Dynamics (MD) simulations [105,150–152], Atomic Force Microscopy (AFM) 

[107] and Nuclear Magnetic Resonance (NMR) experiments with isotopically labeled proteins and 

ligands either in free solution [114,132,133] or immobilized on gold nanoparticles [108].    

Ligand induced chemical shift perturbation (CSP) have been widely used to identify binding 

regions on proteins [153]. The sensitivity of chemical shift to changes in the local environment 

enables us to identify ligand complexation at an atomic level while also being able to accurately 

determine the residue level binding affinity [154–156]. Previous work in our group employed 2D 

HSQC NMR experiments to identify binding sites of single mode and MM CEX ligands on a small 

model protein ubiquitin and its mutants [132,133]. Further, NMR experiments were also employed 

to evaluate the effects of urea on preferred binding regions in MM systems [114]. Recently, we 

employed MM functionalized gold nanoparticles in solution to identify binding regions on 

ubiquitin using NMR [108]. 

In the present study, we extend the previously developed approach for identifying preferred 

binding regions on small model protein to a more complex and therapeutically relevant protein. 

15N-TROSY NMR titration experiments are carried out using perdeuterated 15N-labeled FC with 

single mode and MM CEX ligands in free solution to identify primary binding sites on the protein 

and obtain residue specific binding affinity to ligands. Further, we connect NMR results with the 
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electrostatic potential (EP) and surface aggregation propensity (SAP) maps to develop a deeper 

level understanding of relation between the binding regions and various patches on the protein 

surface. Finally, we employ MD simulations to shed more light on the nature of interactions and 

identify binding mechanisms for the FC in MM systems. This work has potential application for 

designing efficient separation processes a priori for products associated with product related 

variants based on the knowledge of binding region on the protein surface for a given 

chromatographic resin system.  

4.2 Materials & Methods 

4.2.1 Materials 

Perdeuterated 15N-labeled IgG1 FC domain expressed in E. Coli was provided by Merck & 

Co., Inc. (Kenilworth, NJ, 07033, USA). Disposable zeba spin desalting columns (7K MWCO, 

0.5mL) were purchased from Thermo Fisher Scientific (Waltham, MA, 02451, USA). 1-propane 

sulfonic acid, 4-amino hippuric acid, sodium acetate, acetic acid, sodium azide and hydrochloric 

acid were purchased from Sigma-Aldrich (St. Louis, MO, 63103, USA). N-Benzoyl-dl-

Methionine was purchased from Bachem Americas Inc. (Torrance, CA, 90505, USA). Capto 

MMC chromatographic resin was purchased from GE Healthcare (Uppsala, Sweden). Nuvia 

cPrime chromatographic resin was donated by Bio-Rad Laboratories (Hercules, CA, 94547, USA). 

BrukerTM microbore NMR sample tubes were purchased from Norell (Morganton, NC, 28680, 

USA). D2O was purchased from Cambridge Isotope Laboratories, Inc. (Tewksbury, MA, 01876, 

USA). 
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4.2.2 Chromatography Experiments 

Chromatographic media was packed into a 5 x 50 mm column and experiments were 

carried out on an Äkta explorer 100 (Amersham Biosciences, Uppsala, Sweden) controlled by 

Unicorn 5.1 software. The IgG1 FC domain was buffer exchanged in buffer A (20 mM sodium 

acetate, pH 5) using zeba spin desalting columns and diluted with buffer A to obtain a final protein 

concentration of 1 mg/mL. The column was equilibrated with buffer A followed by a 100 μL pulse 

injection of the buffer exchanged FC solution. Linear salt gradient from 100% buffer A to 100% 

buffer B (20mM sodium acetate, 1M NaCl, pH 5) was carried out over 40 column volumes (CV) 

at a flowrate of 1 CV/min. The column effluent was monitored at 280 nm. The average of the first 

moments from duplicate runs was used to determine the elution salt concentration.  

4.2.3 Nuclear Magnetic Resonance Experiments 

NMR spectra were obtained at 30°C using a Bruker 800-MHz NMR spectrometer equipped 

with a 1H/15N/13C cryoprobe with z-axis gradients. Data were acquired and processed using 

TopSpin 3.2 software and the software package Sparky (Goddard and Kneller, Sparky 3, 

Figure 4.1: The ligands employed in NMR experiments to represent the chromatographic resins; (a) SP 

Sepharose, (b) Nuvia cPrime and (c) Capto MMC.   
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University of California, San Francisco). Confirmation of the backbone assignments was guided 

using published chemical shift values (BMRB accession number 15514). Each sample had a 

constant protein concentration of 0.12 mM in the NMR buffer (10 mM sodium acetate, pH 5.0, 

10% D2O and 0.02% sodium azide). The ligands employed in the NMR experiments to represent 

the SP Sepharose, Capto MMC and Nuvia cPrime chromatographic resins are shown in Figure 4.1. 

A 1.0 M stock solution of the CEX ligand; SP Sepharose (1-propane sulfonic acid) was prepared 

in the NMR buffer. The MM CEX ligands; Nuvia cPrime and Capto MMC were available as 

lyophilized powders and were dissolved in 0.12 mM perdeuterated 15N-labeled protein solution 

prior to titration. Due to the limited solubility of these ligands, the maximum in solution 

concentration of Nuvia cPrime and Capto MMC ligands was 60 and 3.2 mM, respectively. Since 

the commercial material for Capto MMC provided by GE Healthcare is composed of immobilized 

enantiomers, a similar racemic mixture was used in these experiments solution based NMR 

experiments.  

Ligand-induced changes in chemical shift were recorded in a series of 15N-TROSY 

experiments at a fixed FC concentration (0.12 mM) and various FC-ligand ratios (SP Sepharose, 

1:1 to 1:800; Capto MMC, 1:0.5 to 1:25; and Nuvia cPrime, 1:0.5 to 1:320). Ligand-induced 

changes in chemical shift were in fast exchange and at a population weighted average of the 

unbound and bound chemical shifts. The changes in combined chemical shift (∆δNH) upon ligand 

addition were calculated using equation 4.1. 

 ∆δNH =  √(∆δH)2 + (0.2 ∗ ∆δN)2  (4.1) 

 where δH and δN represent the change in the chemical shift of the amide proton and nitrogen, 

respectively. A weighting factor of 0.2 was employed to account for the difference in sensitivity 
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of proton and nitrogen chemical shifts of the amide group [156,157]. The binding dissociation 

constant (KD) was calculated by fitting the changes in 1H and 15N chemical shift as a function of 

ligand concentration using the single site binding model [157] as described in equation 4.2. 

 ∆δobs =  ∆δu + ∆δb

(KD + [L]T + [P]T) −  √(KD + [L]T + [P]T)2 − (4 ∗ [L]T[P]T) 

2 ∗ [P]T
 (4.2) 

where KD is the apparent binding dissociation constant, [L]T and [P]T are the total ligand and 

protein concentrations used in the experiment and ∆δobs is the observed change in chemical shift 

upon ligand addition. ∆δu and ∆δb represent the changes in chemical shift for the unbound and 

bound states, respectively. Based on the KD values as well as the error in fitting, residues that were 

interacting with the ligands were identified and clustered into binding sites. Curve fitting and 

calculations were performed on Matlab R2019b and the protein surface visualization was carried 

out on PyMol 2.3.5 viewer (Schrödinger).  

4.2.4 Protein Surface Properties 

A structural model for the IgG1 FC domain was built by homology modeling starting with 

the crystal structure for an aglycosylated human IgG1 FC fragment (PDB code: 3S7G) using  

Molecular Operating Environment (MOE 2018, Chemical computing group). The electrostatic 

potential (EP) maps were calculated using the adaptive Poisson-Boltzmann solver (APBS) [147] 

and the surface aggregation propensity (SAP) maps were calculated as described by Trout and co-

workers [148]. The EP map was calculated at pH 5.0 to match with the experimental conditions. 

The resulting protein surface maps were then visualized using the PyMol 2.0.6 viewer 

(Schrödinger).  
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4.2.5 Molecular Dynamics Simulations 

(Note: All MD simulation experiments were performed by Camille Bilodeau) MD 

simulations were performed with the two MM CEX ligands, Capto MMC and Nuvia cPrime in 

free solution around the FC molecule, as shown in Figure 4.2. Each simulation was performed for 

200ns with a timestep of 2fs and storing one frame every 1ps. The first 50ns were taken as 

equilibration time and all analyses were performed using the last 150ns. The simulation box 

dimensions were 8.5nm x 10nm x 13nm, allowing for a buffer of roughly 1.5nm on each side of 

the protein. The FC was prevented from rotating in each simulation by restraining a single alpha 

carbon buried in the center of each of the four Fc domains using a harmonic potential with a spring 

constant of 40,000kJ/mol/nm2. This allowed the use of a rectangular simulation box without 

risking the protein interacting with itself through periodic boundary conditions. Additionally, each 

simulation contained sodium counterions for electroneutrality and an excess of 18 sodium and 

chloride such that there is a counterion for every charged side chain. A total of 61 ligands were 

included in each simulation, corresponding to a concentration of 0.1M. The FC was parameterized 

using the AMBER Parm99 [158] forcefield and PropKa [159] was used to adjust the charge of the 

Figure 4.2: Snapshot from MD simulation of FC surrounded by Capto MMC ligands in free solution. Protein 

is shown in a surface representation in grey, water is shown in wireframe and colored based on atom type, and 

ligands and ions are shown in a licorice representation and colored based on atom type. Color scheme: 

hydrogen, white; oxygen, red; carbon, cyan; nitrogen, blue; and sulfur, yellow. 
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side chains to reflect a pH of 5.0. Water was modeled explicitly using the TIP3P (Jorgensen et al., 

1981) water model and ligand atom types and nonbonded interactions were parameterized using 

the General AMBER Force Field (GAFF) [161]. Atomic partial charges were obtained using a 

GAUSSIAN [162] calculation with RESP [163,164] assignment using the Antechamber tool of 

AMBER [165], as has been described previously [166]. The resulting topologies were converted 

into the GROMACS format using ACPYPE [167]. Simulations were performed using GROMACS 

4.5.3 [168,169] in the NPT ensemble. The temperature and pressure were maintained at 298K and 

1 atm using a Nosé-Hoover thermostat [170] and a Parrinello-Rahman barostat [171] respectively. 

Ligands, protein, and water/ions were treated as three separate temperature coupling groups. 

Electrostatic interactions were calculated using the Particle-Mesh Ewald [172] method with a grid 

spacing of 0.1 nm, an order of 4 for the B-spline interpolation, and a direct sum tolerance of 10-5 

(consistent with default parameters). 

4.3 Results and Discussion 

4.3.1 Chromatographic Retention of the FC Domain 

The linear salt gradient elution behavior of the IgG1 FC domain was evaluated on a CEX 

resin; SP Sepharose and two MM CEX systems; Capto MMC and Nuvia cPrime and the resulting 

elution salt concentrations are presented in Figure 4.3. As can be seen in the Figure, the FC domain 

was weakly retained on the CEX resin, eluting at 0.12M NaCl in the gradient. In contrast, the FC 

domain exhibited significantly stronger retention on the two MM CEX systems with 0.63 and 0.9 

M NaCl required for the elution from the Nuvia cPrime and Capto MMC resins, respectively. The 

higher retention on Capto MMC as compared to Nuvia cPrime could be due to the more solvent 

exposed aromatic moiety on the Capto ligand [56,115]. Further, the elevated salt elution 

concentration seen in the MM resins as compared to the single mode CEX system is likely due to 
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more complex interactions occurring with the FC domain.  In order to gain further insight into the 

interaction sites and binding mechanisms between these ligands and the FC, transverse relaxation 

optimized spectroscopy (TROSY) titration experiments and molecular dynamics (MD) 

simulations were carried out.  

4.3.2 NMR Chemical Shift Perturbation Experiments 

The binding of individual chromatographic ligands to the FC in solution was evaluated 

using NMR spectroscopy with a perdeuterated 15N-labeled FC. The ligands employed to represent 

the SP Sepharose, Capto MMC and Nuvia cPrime resins are shown in Figure 4.1. As described in 

the methods section, ligands were titrated against a fixed concentration of the labeled FC and the 

binding was monitored via the resulting 15N-TROSY spectra. In the NMR spectra, the amide 

groups on the 15N-labeled amide backbone of the FC that came in to close proximity of ligands 

were observed to experience a change in the local electronic environment resulting in chemical 

shift perturbations (CSP). In the resulting 15N-TROSY spectra, a single resonance peak was 

Figure 4.3: Chromatographic retention of the FC domain on single mode SP Sepharose and MM CEX systems. 

40 CV linear salt gradient from 0 to 1M NaCl at pH 5. 
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observed for both the unbound and bound state of the protein for each amide group. Thus, the 

observed peak was a population weighted average of the two states and is defined by equation 4.3. 

 δobs =  fuδu + fbδb (4.3) 

where fu and fb are the fractions of the unbound and bound protein, respectively, and δu and δb are 

the chemical shift values of the unbound and bound states of the protein. The linewidths were 

observed to be largely free of exchange broadening and had ligand-dependent chemical shift values 

as compared to those without ligands. This was indicative of ‘fast-exchange’ behavior for protein-

ligand interactions. The changes in combined (1H and 15N) chemical shift (∆δNH) were then 

calculated using equation 4.1.  

An important first step towards binding analysis was to evaluate the CSPs for all the 

residues in the protein sequence. Accordingly, the plots of the observed CSPs at the highest 

concentrations of the SP Sepharose, Capto MMC and Nuvia cPrime ligands are presented in 

Figures 4.4a, b & c, respectively. The secondary structural elements of the FC sequence are also 

shown at the bottom of Figure 4.4a. The data was analyzed using the statistical method described 

by Schumann et al. [75] to determine the corrected standard deviation σ0. The residues with CSPs 

smaller than σ0 were grouped as non-interacting (noise) and are presented as grey bars in the 

Figures. On the other hand, residues exhibiting large CSPs are represented in red bars and residues 

experiencing intermediate changes are shown in a red-grey color gradient. As can be seen in Figure 

4.4a, for interactions of the SP Sepharose ligand to the FC, residues that experienced large changes 

in CSPs were spread across the entire protein sequence and did not group into a specific region. In 

addition, residues that exhibited intermediate changes were not localized around residues that 

showed large CSPs. In contrast to the single mode CEX ligand results, both the large and 
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intermediate CSPs associated with the binding of MM CEX ligands were clearly clustered in 

Figure 4.4: Residue specific ligand-induced changes in combined chemical shift for binding of (a) SP Sepharose, 

(b) Capto MMC and (c) Nuvia cPrime like ligand to the FC domain. Secondary structure of the FC domain at 

the bottom of a. Numbered regions 2-14; 25-38; 61-70; 87-98; 119-127; 154-157; 211-216; represent the loops 

& α-helices. (Note: different y-axis scale for Nuvia cPrime). 
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specific regions in the FC sequence (Figures 4.4b & c).  Interestingly, the residues experiencing 

these CSPs were primarily located in clusters associated with more flexible regions of the protein. 

For example, by comparing this data with the secondary structural elements of the FC, it can be 

seen that the clusters observed near residues 29-38 and 87-98 (Figures 4.4b & c) were associated 

with either loops or a combination of loops and α-helices. While the CSPs for the CEX and MM 

CEX systems were quite different, the changes within the MM CEX systems for Capto MMC and 

Nuvia cPrime were very similar. This was quantified by the Pearson correlation coefficient which 

was calculated to be 0.15 ± 0.03 for the CEX (Figures 4.5a and b) and each of the MM CEX 

systems and 0.85 for the Capto MMC and Nuvia cPrime systems (Figure 4.5c).  

Figure 4.5: Comparison of the CSP data between (a) Nuvia cPrime and SP Sepharose, blue; (b) Capto MMC 

and SP Sepharose, brown; and (c) Capto MMC and Nuvia cPrime, purple; ligand systems. 
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To further visualize these ligand induced changes in combined chemical shift, the CSPs for 

the residues were visualized on the protein surface using PyMol viewer. A cartoon and a surface 

representation of these results for the three ligands studied are presented in Figures 4.6a and 4.7. 

To facilitate the discussion, the color schemes used in these figures are the same employed in 

Figure 4.4. As can be seen in Figure 4.6a, for interactions of the SP Sepharose ligand with the FC, 

residues that exhibited large and intermediate CSPs were spread across the entire protein surface. 

Further, as expected for a cation exchange ligand such as SP Sepharose, the residues that 

Figure 4.6: A colored cartoon and surface representation of residue specific ligand induced changes in 

combined chemical shift upon binding of SP Sepharose ligand to the FC domain. (b) Electrostatic Potential (EP) 

map at pH 5 and (c) Surface Aggregation Propensity (SAP) map of the FC domain. (Note: numbered regions 

1-13; 25-38; 87-98; 119-127; 211-216; represent the loops & α-helices). 
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experienced CSPs were often associated with positively charged (blue colored) regions on the 

electrostatic potential (EP) map of the FC shown in Figure 4.6b. 

In contrast, the results for binding of the Capto MMC and Nuvia cPrime ligands with the 

FC, indicated a more focused interaction region as highlighted in the dotted blue ellipses of Figures 

6a and b, respectively. Interestingly, these residues that interacted with the MM ligands and were 

present in the flexible loops and alpha helices (as discussed above for Figure 4.4) were also 

observed to be located in the interface of CH2 and CH3 domains. Further, residues that experienced 

ligand induced CSPs were mostly identified to be positively charged and/or aliphatic or aromatic 

in nature. In order to examine this in more detail, the focused interaction region for the MM ligands 

was also indicated on the EP and SAP maps presented in Figure 4.6b and c.  As can be seen in the 

Figure 4.7: A colored cartoon and surface representation of residue specific ligand induced changes in chemical 

shift for binding of (a) Capto MMC and (b) Nuvia cPrime ligand to FC domain. (Note: numbered regions 1-13; 

25-38; 87-98; 119-127; 211-216; represent the loops & α-helices). 
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figures, this region was associated with both positive EP and some hydrophobicity which is 

expected for the interactions of multimodal ligands [149].   

Even though the CSP data facilitated an understanding of the FC-ligand interactions, there 

are some caveats to interpreting these results. For example, residues that are in close proximity of 

those directly interacting with the ligands may also undergo significant changes in chemical shift. 

In addition, residues interacting with a ligand may not experience significant changes in electronic 

environment and thus may not indicate a measurable CSP. In order to address these issues, the 

changes in combined chemical shift during the titration experiments were examined in more detail. 

A few representative spectral overlays for the binding of the Nuvia cPrime ligand to FC are 

presented in Figure 4.8 and the corresponding CSPs as a function of ligand concentration are 

shown in Figure 4.9. As can be seen in the Figures, different trajectories of the CSPs were observed 

with increasing ligand concentration for each of the residues. For example, residue 182 Asp 

(Figures 4.8a and 4.9a) did not exhibit any significant shift with increasing ligand concentration, 

Figure 4.8: Representative 15N-TROSY peaks from the Nuvia cPrime titration experiments for residues (a) 182 

aspartate, (b) 178 valine and (c) 66 histidine at 0 (purple), 5 (magenta), 10(cyan), 20 (green), 40 (pink) mM 

ligand concentrations. 
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indicating that it likely did not participate in binding. For residues that did show measurable CSPs, 

we observed primarily linear migrations with both saturated and unsaturated behavior. As can be 

seen in Figures 4.8b and 4.9b, 178 Val exhibited linear migration without saturation, which could 

be due to non-specific and/or weak interactions of the ligand with this residue. On the other hand, 

for 66 His (Figures 4.8c & 4.9c), a saturating linear trajectory was observed which was indicative 

of a simple two state binding behavior that could be readily fit to the Langmuir equation (equation 

4.2) to determine the binding dissociation constant (KD).  

The CSP data at different ligand concentrations for all the FC residues were fit to equation 

4.2 using Matlab R2019b with a maximum fitting error of 10% in a 95% confidence interval. For 

Figure 4.9: Representative ligand induced changes in chemical shift as a function of Nuvia cPrime ligand 

concentration and the resulting fits for residues (a) 182 Asp, (b) 178 Val and (c) 66 His. (Note: Protein 

concentration was kept constant at 0.125 mM throughout the titration experiment). 
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interactions of the SP Sepharose ligand with the FC, residues that showed saturation behavior 

exhibited high KD values (> 150 mM) which were indicative of very weak interactions. Further, 

the SP Sepharose ligand was observed to interact throughout the FC surface without clustering into 

specific region (results not shown).  

Due to solubility constraints with the Capto MMC ligand (≤ 3.2 mM at pH 5), the KD 

determination with the multimodal ligands was limited to the more soluble Nuvia cPrime ligand. 

The CSP data at different Nuvia cPrime ligand concentrations for all the FC residues were fit to 

equation 4.2 to determine the residue specific KD values which are presented in Table 4.1. Based 

on the maximum solubility of the Nuvia cPrime ligand (60 mM at pH 5), only KD values below 

40mM were able to be accurately determined. As can be seen in the Table, the resulting KD values 

were up to two orders of magnitude smaller than those observed with the single mode SP Sepharose 

ligand. These results qualitatively agree with the marked differences observed in the elution salt 

concentrations, 0.12 and 0.63M NaCl, for FC in SP Sepharose and Nuvia cPrime chromatographic 

systems, respectively.  

The FC residues that exhibited saturation behavior for interactions with the Nuvia cPrime 

ligand were color coded based on their KD values and the resulting projections on the protein 

surface are presented in Figure 4.10. As can be seen in the Figure, residues interacting with a 

“high” binding affinity (1.2 ≤ KD ≤ 10 mM) were primarily located in the hinge region (green 

ellipse) and near the interface of the CH2 and CH3 domains (blue ellipse) (note: these regions are 

the same that were indicated in Figure 4.7 which was based on the CSPs). The strong interactions 

with a cluster of positively charged (66H, 5H, 3K and 55K) and polar (4T, 6T, 7C and 15L) 

residues in the hinge region is indicative of this being a preferred binding region for the ligand. 

However, it is important to note that interactions observed near the flexible hinge region may be  
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Table 4.1: A List of residues on the FC surface interacting with Nuvia cPrime ligand, associated binding 

dissociation constant (KD) with the standard error of fitting and the coefficient of determination (R2). Residues 

located in the hinge and CH2-CH3 interface regions are indicated by * and #, respectively. 

 

Residue KD ± error (mM) R2 
*4 THR 1.92 ± 1.9 0.953841 
*66 HIS 2.34 ± 1.1 0.920783 
*5 HIS 3.4 ± 1.2 0.981168 

#214 HIS 3.94 ± 2.1 0.923829 
*3 LYS 4.04 ± 1.5 0.977329 

#211 GLU 5.36 ± 1.3 0.983205 
#215 ASN 5.97 ± 3.5 0.921003 
*14 GLU 6.19 ± 3.7 0.903852 
*6 THR 9.21 ± 1.9 0.995897 

#219 GLN 11.75 ± 6.5 0.958695 
#94 TRP 11.81 ± 4.1 0.981662 
#93 ASP 12.23 ± 5.7 0.942294 
#32 LEU 12.84 ± 3.8 0.958357 
#162 TRP 14.07 ± 2.4 0.980374 
*7 CYS 18.39 ± 3.5 0.92917 

#166 GLY 23.68 ± 2.8 0.995455 
#36 ARG 24.56 ± 3.1 0.982759 
*15 LEU 24.58 ± 1.5 0.992047 
#210 HIS 24.72 ± 1.5 0.948193 
#31 THR 24.83 ± 2.7 0.966134 
#204 PHE 26.99 ± 2.5 0.994448 
#34 ILE 27.10 ± 3.6 0.972153 
*55 LYS 27.26 ± 1.6 0.997045 

#159 ALA 27.52 ± 6.2 0.99018 
#218 THR 27.94 ± 1.9 0.965358 
*81 TYR 27.94 ± 4.9 0.976253 
#37 THR 28.70 ± 3.5 0.977389 

#159 ALA 31.93 ± 4.9 0.996087 
*101 LYS 32.55 ± 3.9 0.924467 
#160 VAL 32.60 ± 5.9 0.990037 
#92 GLN 33.91 ± 7.2 0.993629 
#221 SER 34.16 ± 5.9 0.996691 
#163 GLU 35.66 ± 6.1 0.896207 
#33 MET 35.89 ± 5.1 0.983851 
#35 SER 37.16 ± 3.8 0.958668 
#157 ASP 38.02 ± 4.5 0.997375 
#91 HIS 31.93 ± 4.9 0.996087 
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either due to direct participation of the residues in ligand binding and/or NMR shifts due to ligand 

binding induced conformational changes in that region of the FC.  Further, while the hinge region 

was identified by NMR as a preferred binding region for the ligand, steric affects would likely 

impact ligand interactions with the FC when present in an intact mAb and/or Fc fusion proteins.  

As was observed with the CSP data (Figure 4.7), the KD results also indicated that the 

interface of the CH2 and CH3 domains was an important preferred binding region for interacting 

with the Nuvia cPrime ligand (Figure 4.10). Residues involved in binding to the Nuvia cPrime 

ligand in this region are indicated in Table 4.1 with a #. As can be seen in the table, this contiguous 

MM ligand binding region was composed of positively charged (214H, 36R, 210H and 91H), polar 

(215N, 219Q, 31T, 218T, 37T, 92Q, 221S, 35S and 166G) and aliphatic (32L, 34I, 159A, 160V 

and 33M) residues. In this region, residue 214H interacted with one of the lowest KD values (3.94 

Figure 4.10: Nuvia cPrime binding sites on FC domain as determined by NMR with color coded dissociation 

constant (KD) for non-interacting, grey; and strong, red; intermediate, salmon; and weak, pink; binding 

residues. Residues located in the hinge and CH2-CH3 interface regions are highlighted in green and blue ellipses, 

respectively. 
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± 2.1 mM), indicating relatively strong binding to the ligand. Interestingly, this histidine residue 

has also been shown to be one of the most important residues for binding of the FC portion of IgG1 

mAbs to Protein A resins [22,23]. As can be seen in Table S1, a few negatively charged residues 

(e.g. 211E and 93D) also exhibited NMR shifts which may be due to their proximity to the clusters 

of positively charged and polar residues discussed above.  

As was discussed above with the CSP results, this preferred binding region at the interface 

of the CH2 and CH3 domains (indicated by the blue ellipse) corresponded to an overlapping region 

of positive EP and hydrophobicity (Figures 4.6b and c). The fact that the KD results presented in 

Figure 4.10 are even more focused in this region lends further support to the importance of both 

types of interactions in MM systems. In order to more deeply investigate the FC-ligand interactions 

at the molecular level and to explore some of the docked conformations of the MM ligands, we 

carried out a series of MD simulation experiments. 

4.3.3 Molecular Dynamics Simulations 

(Note: All MD simulations experiments were performed by Camille Bilodeau). The NMR 

experiments described so far provide a window into protein-multimodal ligand interactions on a 

molecular-level. While NMR experiments yield molecularly-detailed data, they are time and 

resource intensive making it difficult to quickly apply these tools to a wide range of systems. To 

this end, we have performed MD simulations of the FC region in the presence of Nuvia cPrime 

ligand. Simulations were performed with multiple ligand copies in free solution around the protein 

and throughout the simulation, ligands were free to bind and unbind from the protein surface. The 

free energy of a ligand binding to a given region of the protein surface can then be calculated as: 
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 ∆𝐺𝑏𝑖𝑛𝑑𝑖𝑛𝑔 = −𝑘𝐵𝑇ln (
𝜌𝑏𝑜𝑢𝑛𝑑

𝜌𝑏𝑢𝑙𝑘
) (4.4) 

where ρbound and ρbulk and are the ligand density in the bound and bulk regions respectively and 

𝑘𝐵 is the Boltzmann constant. Here, we calculated this free energy at every grid point with 1Å 

spacing around the protein.  

Figure 4.11 shows the free energy plotted on the surface of the FC. We found that Nuvia 

cPrime had a strong tendency to bind to the interface between the CH2 and CH3 regions as well as 

the hinge region. These hotspots are qualitatively consistent with those observed using NMR. 

Previous work in our group has shown that free ligand MD simulations can qualitatively predict 

hotspots observed in NMR experiments for small model proteins. Here, we have shown for the 

first time that this is also true for large, therapeutically relevant proteins. 

MD simulations are also valuable in that they can directly elucidate the mechanism of 

binding. To illustrate this, Figures 4.12a and b show example poses of Nuvia cPrime bound to the 

CH2-CH3 interface and the hinge region, respectively. In the CH2-CH3 interface, ligands appeared 

to interact with the histidines through two mechanisms: direct positive (histidine)-negative 

(carboxylic acid) interactions, and pi-pi stacking (between the phenyl ring and histidine ring). 

Figure 4.11: Nuvia cPrime binding hotspots on the FC as determined by MD simulations. 
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Previous work in our group has shown that pH can be used as an effective handle for modulating 

the role of Fc-resin interactions in antibody retention [103]. These simulation results suggest that 

this may be due to the strong ligand-histidine interactions, which would be significantly affected 

by a change in pH. We note that we have not explicitly parameterized the ligands to reflect pi 

interactions, so the observed interactions result from the partial negative charges on the carbons in 

the phenyl ring. In the hinge region, we found that Nuvia cPrime interacts with a combination of 

histidines and hydrophobic methionines (shown in Figure 4.12b).  

4.4 Conclusions 

In this work, a combination of NMR and MD simulations was employed to develop a 

fundamental understanding of how single mode and MM CEX chromatographic ligands interact 

with the IgG1 FC domain. The chromatographic results with the FC indicated that binding was 

stronger on the two MM systems as compared to the single mode CEX resin. Even within the MM 

Figure 4.12: The dual role of protonated histidines in the (a) CH2 and CH3 interface and (b) flexible hinge tail 

regions.  
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systems, the FC was retained more on Capto MMC as compared to Nuvia cPrime which may be 

due to a more solvent exposed aromatic ring on the Capto ligand. The NMR results provided 

further insights in to the interaction sites of these ligands on the FC. Preliminary data analysis of 

the results from NMR experiments revealed that, while the single mode ligand interacted 

throughout the FC surface, the MM ligands appeared to interact with specific clusters of residues 

forming a concentrated binding region. In order to get more quantitative information, the CSP data 

at different ligand concentrations for all the FC residues were fit to the Langmuir equation to 

determine the residue specific binding dissociation constant (KD). The single mode ligand showed 

very weak interactions throughout the FC surface with high KD values (> 150 mM). In contrast, the 

Nuvia cPrime ligand exhibited up to two orders of magnitude smaller KD values indicating 

relatively stronger binding to the FC. The Nuvia ligand binding sites on the FC were concentrated 

in the hinge region and near the interface of the CH2 and CH3 domains. Interestingly, the MM 

binding sites were identified to be present in relatively flexible regions of the FC. The Nuvia cPrime 

binding sites were composed of positively charged, polar and aliphatic residues on the FC surface. 

Further, histidine residues in these regions exhibited one of the strongest binding affinity for 

interacting with the Nuvia ligand. Comparison of the NMR results with protein surface properties 

suggested that the MM binding regions were associated with the overlapping regions of positive 

charge and hydrophobicity across the FC surface. Finally, MD simulations provided insights in to 

the binding mechanisms of the FC to MM ligands. Histidine residues in the interface of the CH2 

and CH3 domains that exhibited “high” MM binding affinity were shown to interact with the Nuvia 

ligand via positive-negative interactions and/or pi-pi stacking.  

This work provides an improved understanding of FC binding in single mode and MM CEX 

chromatographic systems as well as elucidation of the ligand interaction sites. The insights gained 
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regarding MM ligand binding from this work can be readily applied to a wide range of applications 

that involve protein-ligand interactions (e.g. bioseparations). However, the steric effects arising 

due to immobilization of ligands on the resin as well as the co-operativity and avidity effects which 

can play an important role in binding were not captured since the present study was focused on 

evaluating FC-ligand binding in solution. These will be addressed in the next Chapter where we 

develop gold nanoparticles based pseudo solid-state resin system that mimics chromatographic 

systems and is amenable to solution phase NMR.  

  



81 

 

5. Identification of the Preferred Binding Regions on IgG1 FC 

Using Nuclear Magnetic Resonance with MM Functionalized 

Nanoparticles4  

5.1 Introduction 

In Chapter 4, well-defined preferred binding regions were identified on the FC for binding 

to MM ligand using solution phase NMR. However, the steric effects that would arise due to 

immobilization of ligand on surface, and the co-operativity and avidity effects were not accounted 

in these solution phase NMR studies. To address these limitations, in this chapter we develop a 

gold nanoparticles (Au NPs) based pseudo solid-state resin system that mimics chromatographic 

resins and is also amenable to solution phase NMR with large biomolecules. The Au NPs are 

functionalized with self-assembled monolayer (SAM) presenting MM ligand head groups with 

varying the chemistry and density on surface. MM ligands at different ligand densities have been 

shown to exhibit ligand self-association behavior resulting in clusters of hydrophobic patches on 

their surface [104]. Performing the protein binding experiments at these different ligand densities 

using NMR would provide rich insights into the effect of ligand clustering on protein binding at a 

molecular level. In order to evaluate these effects experimentally, we will carry out NMR 

experiments with labeled FC and MM functionalized NPs at different ligand densities. Further, we 

also carry out these NMR experiments in the presence of salt to investigate the nature of 

interactions of the FC residues with different MM surfaces. This study will not only provide 

                                                 
Portions of this chapter are to appear as: R.B. Gudhka, M. Vats, S.A. McCallum, M.A. McCoy, D.J. Roush, M.A. 

Snyder, S.M. Cramer, Probing Igg1 Fc-multimodal nanoparticle interactions: a combined nuclear magnetic resonance 

and molecular dynamic simulations approach, Langmuir. (2020). 
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significant insights into the protein binding region in MM chromatography but also demonstrate 

an experimental determination of effects of clustering on protein binding.   

5.2 Materials and Methods 

5.2.1 Materials 

Perdeuterated 15N-labeled IgG1 FC domain expressed in E. Coli was provided by Merck & 

Co., Inc. (Kenilworth, NJ, 07033, USA). Disposable zeba spin desalting columns (7K MWCO, 

0.5mL) were purchased from Thermo Fisher Scientific (Waltham, MA, 02451, USA). 4-amino 

hippuric acid, sodium acetate, acetic acid, sodium azide, tetrahydrofuran (THF), sodium hydrogen 

phosphate, sodium dihydrogen phosphate, gold chloride trihydrate salt, sodium borohydride, 

sodium citrate, potassium iodide, cetyl trimethyl ammonium bromide (CTAB), dodecanethiol 

(DDT), methylene chloride, toluene, reagent alcohol, acetonitrile, and hydrochloric acid were 

purchased from Sigma-Aldrich (St. Louis, MO, 63103, USA). N-benzoyl lysine was purchased 

from Chem-Impex international (Wood dale, IL, 60191, USA). BrukerTM microbore NMR 

Figure 5.1: Employing (1) N-hydroxysuccinimide ester, (2) N-benzoyl lysine, (3) 4-amino hippuric acid for the 

synthesis of (4) Capto and (5) Nuvia linkers. Reprinted with permission from [108]. Copyright 2014 American 

Chemical Society. 
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sample tubes were purchased from Norell (Morganton, NC, 28680, USA). Acquity HPLC protein 

C18 column was purchased from Waters corporation (Milford, MA, 01787, USA). 

5.2.2 Gold Nanoparticles Synthesis and Functionalization with MM Linkers 

5.2.2.1 Synthesis of MM Linker 

The MM linker synthesis protocol was adapted from Srinivasan et al. [108] and a schematic 

is presented in Figure 5.1. Briefly, the N-hydroxysuccinimide ester (1) was dissolved in THF. The 

MM ligand head groups, N-benzoyl lysine (2) and 4-amino hippuric acid (3) were employed to 

synthesize the Capto (4) and Nuvia linkers (5), respectively, and were dissolved in phosphate 

buffer saline (PBS) at 20x molar excess of the ester. The ester solution was added to the MM 

ligand solution and the resulting mixture was allowed to react for 36 hours.  The final MM linker 

was purified from unreacted ligands by using C18 reverse phase liquid chromatography (RPLC). 

The mixture was loaded on to the column in buffer A (DI water with 0.1% v/v TFA) followed by 

a step gradient to 20% buffer B (95% v/v ACN in DI water with 0.1% v/v TFA) in order to elute 

the unreacted ligands. The MM linkers were eluted with a step change to 100% buffer B and 

collected. The ACN was evaporated using a rotavap and the dried MM linker (liquid) was either 

immediately used to functionalize gold nanoparticles (Au NPs) or stored in -20°C.  

5.2.2.2 Synthesis of MM Functionalized Gold Nanoparticles 

The gold nanoparticles (Au NPs) synthesis protocol was adapted from Jana et al. [173]. 

Briefly, a two-phase approach was employed for the synthesis of MM functionalized Au NPs as 

shown in Figure 5.2. The seed nanoparticles were prepared by adding 0.6 mL of freshly prepared 

0.1M sodium borohydride solution in a 20 mL mixture of 0.25 mM solution of gold chloride and 

sodium citrate under constant stirring. The solution was allowed to stir for 10 min for the synthesis 
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of seed particles. The seed particles were immediately employed for the next steps. 1 mL of 0.1M 

ascorbic acid was added to the growth solution (15 mL of 2.5 mM gold chloride, 0.8M CTAB) 

under constant stirring followed by addition of 50 mL of seed particles. After 10 min of constant 

stirring, ~ 6 nm diameter monodispersed Au NPs were synthesized. The morphology and particle 

size of the NPs were measured using Transmission electron microscopy (TEM) and dynamic light 

scattering (DLS), respectively.  

For aqueous to organic phase transfer of Au NPs, first DDT was added to the NPs under 

constant stirring at a 10x molar excess of gold salt followed by addition of 1.3 mL of 0.1M 

potassium iodide solution. After 1 min, ~ 5 mL of toluene was added to the solution under constant 

stirring. Immediately, the toluene layer visibly turned to wine color and water phase changed to 

transparent color indicating transfer of NPs from the aqueous to organic phase. Au NPs were 

separated from the aqueous phase and were precipitated using around 250 mL of ethanol. The 

resulting solution was kept in -80°C for at least 4 hours for complete precipitation of NPs prior to 

0.22 μm filtration. The filtered NPs were washed twice with ethanol and then re-dissolved in ~ 3 

mL of DCM. MM functionalized Au NPs were synthesized by place exchange reaction of the DDT 

with MM linkers on NP surface. The MM linkers that were previously dissolved in DCM were 

Figure 5.2: Synthesis and functionalization of gold nanoparticles (Au NPs) with self assembled monolayers 

presenting MM ligands on its surface. 
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added to NPs solution at a 10x molar excess of the theoretical max (assuming ~ 4 ligands/nm2) 

linker concentration. The resulting solution was allowed to mix on an end to end rotator for at least 

72 hours. The MM functionalized NPs were precipitated from the solution by adding hexane at a 

5x v/v excess of DCM. The NP solution was centrifuged at a very low speed (< 1500 rcf) for 2 

min. The supernatant that would contain excess of free ligand was removed and the NPs were 

washed twice with hexane and dried under air in a fume hood for a couple of minutes. The dried 

NPs were resuspended in the NMR buffer (10 mM sodium acetate, pH 5, 0.02% sodium azide and 

10% D2O). In some cases, the functionalized Au NPs in the aqueous phase were buffer exchanged 

with the NMR buffer using a 100kDa centrifugal filter in order to remove leftover free linkers 

from the solution. The concentration of gold in NP sample was measured using Inductively 

Coupled Plasma Mass Spectrometry (ICPMS). The morphology and size of the functionalized NPs 

were confirmed using TEM and DLS, respectively. The concentration of the MM linker in NP 

solution was calculated using NMR. Au NPs were functionalized with MM linkers at high (~ 1 

ligand/nm2) and low (~ 0.3 ligands/nm2) ligand densities and the density was confirmed using the 

method described by Srinivasan et al. [108]. MM functionalized Au NPs were then employed for 

NMR experiments.     

5.2.3 NMR Chemical Shift Perturbation Experiments 

NMR titration experiments were performed using the method described in section 4.2.3. 

Briefly, the NPs were dissolved in NMR buffer (10 mM sodium acetate, pH 5.0, 10% D2O and 

0.02% sodium azide) at appropriate concentrations. NMR spectra were acquired at varying ratios 

of perdeuterated 15N-labeled FC and MM functionalized NPs (1:0.1 to 1:2). At higher amounts of 

NPs (1: > 2), the NP-protein complex precipitated out of the solution which could be due to a 

higher order network formation with these systems. NMR experiments were also carried out with 
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the labeled FC and NPs in presence of either 0.15M NaCl (high density NPs) or 0.05M NaCl (low 

density NPs).  

5.2.4 Protein Surface Property Analysis 

As was described in Section 4.2.4, the EP map at pH 5 and the SAP map were generated for the 

FC.  

5.3 Results and Discussion 

The results from Chapter 4 provided evidence that the IgG1 FC domain has preferred binding 

regions for interacting with MM ligands in solution phase. However, the steric effects that would 

arise due to immobilization of ligands on surfaces as well as the co-operativity and avidity effects 

were not captured in the solution phase NMR. To this end, this study develops a Au NPs based 

pseudo solid state resin system that mimics chromatographic resins and is amenable to solution 

phase NMR with large biomolecules like the FC. Further, NMR experiments are performed with 

the labeled FC and MM functionalized NPs to identify preferred binding regions in MM systems.  

Figure 5.3: (a) Transmission electron microscope (TEM) image confirming spherical morphology and (b) gold 

core frequency distribution of high density Nuvia coated Au NPs.  
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5.3.1 Gold Nanoparticles Synthesis and Functionalization with MM Linkers 

Recent work in our lab was focused on evaluating the binding regions on labeled ubiquitin 

using NMR spectroscopy with MM functionalized Au NPs [108]. We extended this approach to a 

more therapeutically relevant protein, an IgG1 FC domain. In order to overcome any curvature 

effects that could occur during protein binding, we synthesized larger size gold nanoparticle that 

were functionalized with SAM presenting MM ligand head groups at high (~1 ligand/nm2) and 

low (~ 0.3 ligands/nm2) ligand densities. As described in the Methods section, Au NPs were 

Figure 5.4: Self assembled monolayers presenting MM ligands on gold nanoparticles at different ligand 

densities. (a) Capto high density, (b) Nuvia high density, (c) Capto low density, (d) Nuvia low density. 
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synthesized by a two-phase approach. First, the seed particles were generated by reducing gold 

chloride salt (Au+3) with strong reducing agent such as sodium borohydride and the size was 

controlled by addition of appropriate amounts of sodium citrate which acted as a capping agent. In 

order to make bigger size particles, a growth solution (gold salt and CTAB) was used. Ascorbic 

acid was added to the growth solution which partially reduced the gold salt (Au+3 to Au+1) and was 

visibly seen by a color change from yellow to colorless. Seed NPs were then added to the growth 

solution that immediately resulted in complete reduction of gold ions leading to formation of 

bigger size Au NPs. The color of the solution immediately changed from colorless to wine red 

color. The resulting solution was allowed to stir at room temperature for one hour to obtain Au 

NPs with ~ 6nm diameter as confirmed by TEM and DLS (image not shown).  

Au NPs were then phase transferred to organic phase for functionalization with the MM 

linker. DDT was added to toluene in order to aid in phase transfer of particles while making a C-

12 SAM on gold surface. Phase transfer of Au NPs also removed excess of CTAB from the surface 

of gold since it was solubilized in water phase due to its very low solubility in the organic phase. 

The gold nanoparticles were precipitated from toluene using reagent alcohol to remove excess of 

DDT and were filtered and then re-dissolved in DCM. The MM linker solution (MM linker + 

hydroxyl linker at appropriate concentrations in DCM) was added to the Au NP solution. The MM 

linkers were allowed to place exchange the DDT for at least 72 hours [174]. The particles were 

precipitated using hexane and were washed twice with hexane to remove excess free MM linker 

before dissolving the particles back in NMR buffer. The morphology of the functionalized NPs 

was determined by TEM imaging and the gold core size was measured using image j software. 

Figures 5.3a and b show a representative TEM image of Au NPs functionalized with Nuvia cPrime 

ligand head group at ~1 ligand/nm2 density and gold core frequency distribution, respectively. As 
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can be seen in the figure, the Au NPs were spherical in nature and the average gold diameter was 

calculated to be 5.9 ± 0.5 nm. The hydrodynamic radius of functionalized NPs was measured to 

be 7 ± 0.5 nm with a polydispersity index of 0.18 using DLS. The NPs were synthesized at the 

high and low ligand densities, ~1 and 0.3 ligands/nm2, respectively, for both Capto and Nuvia 

systems. Representative images of NPs at these ligand densities for the Capto and Nuvia systems 

are presented in Figure 5.4. These ligand densities corresponded to the density on commercial resin 

systems [175]. These NPs were then used for NMR titration experiments.  

5.3.2 NMR Chemical Shift Perturbation 

As described in the methods section, the binding of FC domain to MM functionalized NPs 

was evaluated using NMR with a perdeuterated 15N-labeled FC. In NMR experiments, a fixed 

concentration of the FC was titrated against varying amounts of NPs and the interactions were 

monitored through the 15N-TROSY spectra of FC. In the NMR spectra, the amide groups on the 

15N-labeled amide backbone of the FC that came in to close proximity of NPs were observed to 

experience a change in the local electronic environment resulting in CSP. In the resulting 15N-

TROSY spectra, a single resonance peak was observed for both the unbound and bound state of 

the protein for each amide group. Thus, the observed peak was a population weighted average of 

the two states and is defined by equation 5.1. 

 δobs =  xuδu + xbδb (5.1) 

where xu and xb are the fractions of the unbound and bound protein, respectively, and δu and δb are 

the chemical shift values of the unbound and bound states of the protein. Initially when the NPs 

were added to the FC solution, a large population of the NPs would be in the bound state since the 

protein was in excess. As the titrations progressed, concentration of NP would increase leading to 
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majority of the protein being in bound state, eventually leading to complete disappearance of the 

signals at ratios higher than 2:1 due to precipitation of the complex. The assignments for FC were 

available at 30°C. Since the temperature was high enough, the linewidths were observed to be free 

of exchange broadening and had ligand dependent chemical shift values. Further, even though the 

molecular size of the FC-NP complex would be large, a higher temperature would result in faster 

tumbling thus resulting in sharper spectra. However, at higher NP to protein rations, due to the 

network formation of the complex, it gave rise to broadening that resulted in loss of the NMR 

signal at those conditions.  

As described in the methods section, NMR experiments were performed with the Capto 

MMC and Nuvia cPrime functionalized NPs at the low and high ligand density and 15N-labeled 

FC. The CSP data at different NP concentrations for all FC residues were analyzed using the method 

described in Section 4.3.2. Briefly, residues that exhibited linear migration trajectory with 

saturation behavior were all readily fit to the N-site binding model as described in equation 5.2. 

 ∆δobs =
(∆δmax ∗ [NP]T ∗ N)

KD + ([NP]T ∗ N)
 (5.2) 

where [NP]T is the total concentration of NPs employed in the experiment, N is the theoretical 

number of binding sites, KD is the apparent binding dissociation constant. Theoretical calculations 

performed with geometrical considerations of the FC and NPs suggested that each NP provided 26 

(N) binding sites for the FC. Based on the concentration of NP employed, number of binding sites 

in each experiment were determined and used for the apparent KD estimation. The CSP data at 

different ligand concentrations for all the FC residues were fit to equation 5.2 using Matlab R2019b 

with a maximum fitting error of 10% in a 95% confidence interval.  
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5.3.2.1 Interactions of FC with the High Density Capto and Nuvia NP Systems 

As was discussed above, the CSP data at different NP concentrations were utilized to 

determine the residue specific binding affinity for interactions of FC with MM NP systems. The 

FC residues that exhibited saturation behavior for interactions with the Capto and Nuvia 

Figure 5.5: (a) Capto high and (b) Nuvia high NPs binding sites on FC domain as determined by NMR with 

color coded apparent dissociation constant (AppKD) for non-interacting, grey; and strong, red; intermediate, 

salmon; and weak, pink; binding residues. Residues located in the hinge and CH2-CH3 interface regions are 

highlighted in green and blue ellipses, respectively. 
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functionalized NPs at high ligand density were color coded based on their AppKD values and the 

resulting projections on the protein surface are presented in Figures 5.5a and b, respectively.  

 As can be seen in the Figure, the AppKD values are presented in a color scale ranging from 

red to pink with residues that did not exhibit significant CSPs indicated in grey. Residues for which 

the NMR data was not available are shown in black. To facilitate the discussion, both the cartoon 

and surface representations of the protein surface are presented in the Figure. As can be seen in 

the Figure, the KD values obtained from NMR experiments with NPs (Figure 5.5) are up to 3 orders 

of magnitude smaller than those obtained with ligand in solution (Figure 4.10). Lower KD value 

with the NPs is indicative of a stronger binding of the FC on MM surfaces likely resulting due to 

the co-operativity and avidity effects involved in FC binding.  

 As can be seen in Figure 5.5, the majority of the residues involved in binding were located 

either in the hinge region (green ellipse) or near the interface of the CH2 and CH3 domains (blue 

ellipse). For the Capto NPs (Figure 5.5a), it can be observed that the residues on the FC with the 

strongest interactions were located near the interface of the CH2 and CH3 domains and localized 

around the aliphatic (e.g. 95L, 32L, 90L) and positively charged (e.g. 214H, 216H, 36R) residues. 

The other residues that interacted in the interface region included a combination of aliphatic (e.g. 

90L, 34I, 33M and 132L) or polar residues (e.g. 97G, 31T, 92Q, 215N and 219Q). A negatively 

charged residue 93D also exhibited NMR shifts which may be due to its proximity to the clusters 

of positively charged and polar residues discussed above. On the other hand, for Nuvia NPs (Figure 

5.5b), a more diffused binding was observed on the surface. The contiguous binding region 

containing the residues with the strongest interactions was composed of aliphatic (e.g. 90L, 89V), 

polar (96N, 122G, 31T, 35S and 219Q) and positively charged (e.g. 214H and 69K) residues. 

Clearly, these residue specific binding results suggest that the two MM NP systems have very 



93 

 

different modes of interactions with the FC. These findings are consistent with previous NMR 

studies from our group that investigated the interaction behavior of ubiquitin on Capto and Nuvia 

NP systems [108].  

  In order to more deeply investigate the interactions between FC and MM NPs, we 

compared the NMR results with the protein surface property maps. As described in the methods 

section, the EP map of the FC was generated at pH 5 to compare with the experimental results and 

the resulting surface map is shown in Figure 4.6b. For direct comparison of the NMR results with 

protein surface maps, we have drawn blue ellipses at the same location on their surfaces in Figures 

5.5 and 4.6b. As can be seen in Figures 5.5 and 4.6b, the EP map exhibited a strong region of 

positive charge near the interface of the CH2 and CH3 domains (blue ellipses). Further, it can also 

be seen that the positively charged residues in this region (e.g. 214H, 210H, 36R, 69K, 82R and 

91H) also exhibited strong interactions with the Nuvia NPs. Interestingly, on comparison of this 

EP region (Figure 4.6b) with Capto and Nuvia NMR results (Figures 5.5a and b) it appears that 

the binding of Nuvia NPs to FC corresponded well with the positive regions on EP map. This result 

suggests that even though similar binding regions were identified for interactions with the two 

MM NPs, the binding of Nuvia NPs appeared to be more electrostatically driven.  

We also generated the SAP map (Figure 4.6c) and compared the surface properties of the 

interface of the CH2 and CH3 domains with the binding results from NMR (Figure 5.5). As can 

be seen in Figures 4.6c and 5.5a, the aliphatic residues (95L, 32L, 90L, 34I, 33M, 159A and 160V) 

in the interface of the CH2 and CH3 domains form a strong hydrophobic region on the surface of 

the protein. Interestingly, these residues also interacted with a high binding affinity with the Capto 

NPs systems as compared to Nuvia NPs. Further, on a closer look at the blue ellipses in these 

figures, the binding region on the results from interactions with Capto NPs correlates very well 
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with the SAP map. These observations suggest that even though a combination of positively 

charged and aliphatic residues interacted with the Capto NP system, such a strong correlation with 

the SAP map suggests that the binding was more hydrophobic in nature. In order to further 

investigate these differences in charge and hydrophobicity, we synthesized MM NPs at lower 

ligand densities.  

5.3.2.2 Impact of Ligand Density on the Preferred MM Binding Region on FC 

  Recent work in our group has shown that depending on the ligand chemistry and density, 

some MM ligands tend to self-associate resulting in formation of hydrophobic clusters on the 

surface [104]. In addition, variation in ligand density can create different length scales of 

hydrophobicity due to association of the hydrophobic moieties of adjacent ligands occurring above 

critical ligand density. It has been shown that these hydrophobic length scales can have a 

significant impact on the thermodynamics of hydrophobic interactions [176–178]. In order to 

investigate these hydrophobic length scales, we synthesized MM functionalized Au NPs at low 

ligand density (~ 0.3 ligand/nm2) that were comparable to the commercially available resin 

material. NMR experiments were performed with labeled FC and the Capto and Nuvia NPs at low 

ligand density. The CSP data were fit to the N-site binding model to determine the residue specific 

AppKD. The Fc residues that exhibited measurable AppKD for interactions with Capto low and 

Nuvia low NPs were color-coded based on AppKD values and the resulting projections on the 

protein surface are presented in Figure 5.6.  

As can be seen in the Figure, the low density MM NPs interacted with a reduced affinity 

with the FC as compared to the high density systems (Figure 5.5). Interestingly, the Capto low NPs 

(Figure 5.6a) exhibited shift in important interacting residues on FC as compared to high density 

system (Figure 5.5a). For example, the cluster of aliphatic residues (32L, 33M and 34I) in the 
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interface of the CH2 and CH3 domains that interacted weakly with Capto high NPs, did not exhibit 

any measurable interactions with the Capto low NPs. This result shows for the first time how 

ligand density variation affects the important interaction sites on protein surface for binding in 

MM CEX systems. Further, a few positively charged residues (e.g. 55K, 49H) near the hinge 

Figure 5.6: (a) Capto low and (b)Nuvia low NPs binding sites on FC domain as determined by NMR with color 

coded apparent dissociation constant (AppKD) for non-interacting, grey; and strong, red; intermediate, 

salmon; and weak, pink; binding residues. Residues located in the hinge and CH2-CH3 interface regions are 

highlighted in green and blue ellipses, respectively. 
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region exhibited an increase in binding affinity as compared to that seen with Capto high NPs. 

Future MD simulation experiments will evaluate this change in binding behavior to provide 

additional insights in to the charge and hydrophobic nature of interactions in these MM CEX 

systems.   

Figure 5.7: (a) Capto high and (b) Nuvia high NPs binding sites on FC domain in presence of 0.15M NaCl as 

determined by NMR with color coded apparent dissociation constant (AppKD) for non-interacting, grey; and 

strong, red; intermediate, salmon; and weak, pink; binding residues. Residues located in the hinge and CH2-

CH3 interface regions are highlighted in green and blue ellipses, respectively. (Note the difference in the 

magnitude of the color scale as compared to Figure 5.5). 
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On the other hand, the Nuvia low NPs (Figure 5.6b) did not show significant differences 

in interacting residues as compared to Nuvia high density NPs (Figure 5.5b). Interestingly, both 

the low and high ligand density Nuvia NPs interacted with aliphatic residues 89V and 90L with a 

high binding affinity. This result is surprising since it appeared that the binding of Nuvia NPs was 

electrostatically driven. Future MD simulations experiments will focus on understanding the 

nature of these interactions. In general, on comparison of the Capto and Nuvia NPs at both densities 

suggests that, while the binding regions on FC for interactions with Nuvia systems correlated well 

with the positive EP regions, the preferred interaction sites for the two Capto systems appeared to 

correlate well with the SAP maps. To further investigate the relative contributions of charge and 

hydrophobicity in binding in these systems, we performed NMR experiments with MM 

functionalized NPs and labeled FC domain in presence of small amounts of neutral salt, NaCl.  

5.3.2.3 Impact of Salt on the Preferred MM Binding Region on FC 

As discussed above, the results from NMR experiments showed that the FC domain has a 

preferred binding region in MM systems. Further, the binding of Nuvia NPs appeared to be majorly 

driven by electrostatic interactions. In order to evaluate this in more details, we carried out NMR 

experiments with the labeled FC and NPs in presence of 0.15M (high density NPs) or 0.05M (low 

density NPs) NaCl. As discussed previously, the data at different NP concentration were fit to the 

N-site binding model to determine AppKD. The FC residues that showed measurable AppKD were 

color coded based on their strength of binding and the resulting projections on the protein surface 

are presented in Figures 5.7 and 5.8.  

As can be seen in Figure 5.7, interactions of the FC with MM functionalized NPs became 

weaker in presence of NaCl which was noted with an increase in the AppKD values. For Capto 

high NPs, as can be seen in Figure 5.7a, the residue on the FC with the strongest interactions were 
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localized around the group of aliphatic residues in the interface of the CH2 and CH3 domains (blue 

ellipse). The residues involved in binding were localized around strongest binding residues 32L 

and 34I. Other residues that interacted in this region included a combination of aliphatic (e.g. 90L), 

polar (e.g. 97G, 92Q, 31T and 35S) and positively (e.g. 36R) charged residues. Interestingly, 

interactions with the positively charged residues (e.g. 214H, 210H and 216H) in this region were 

screened by the salt in the system. The residue 34I that showed weak interactions with the Capto 

high density NPs (Figure 5.5a), interacted with a “high” binding strength in the presence of salt. 

Clearly, the interactions with the hydrophobic residues on the FC surface became very important 

in presence of NaCl. This further strengthens our contention that the Capto high NPs interacted 

with the FC surface primarily via hydrophobic interactions. 

On the other hand, interactions of the Nuvia high NPs with the FC were very different in the 

presence of salt. As can be seen in Figures 5.5b and 5.7b, in the hinge region (green circle), a 

dramatic decrease in the number of interacting residues was observed in the presence of salt. In 

the hinge region, while interactions with the positively charged (e.g. 3K, 5H) residues were 

completely screened, the residue 55K interacted with a decreased affinity at this condition. A more 

dramatic effect of salt was observed for interactions of the residues in the interface of the CH2 and 

CH3 domains (blue ellipse). For example, interactions with the positively charged (e.g. 214H, 

69K) and polar (e.g. 122G, 96N, 219Q and 35S) residues in this region were completely screened 

in the presence of salt. Interestingly, the cluster of aliphatic residues (e.g. 32L, 34I, 33M and 95L) 

exhibited interactions with the Nuvia high NPs at this salt concentration. In addition, amongst the 

residues that interacted, the residue 90L showed strongest interactions with the Nuvia high NPs in 

the presence of salt. These results clearly indicate that electrostatic interactions decreased and 

hydrophobic interactions increased for interactions of the FC with Nuvia high NPs in the presence 
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of salt. This further supports our hypothesis that interactions of the Nuvia high NPs with FC are 

electrostatic in nature. 

The NMR experiments were also performed with the low density NPs in the presence of salt 

and the projections of the results for binding with color AppKD of the FC residues are presented in 

Figure 5.8: (a) Capto low and (b) Nuvia low NPs binding sites on FC domain in presence of 50 mM NaCl as 

determined by NMR with color coded apparent dissociation constant (AppKD) for non-interacting, grey; and 

strong, red; intermediate, salmon; and weak, pink; binding residues. Residues located in the hinge and CH2-

CH3 interface regions are highlighted in green and blue ellipses, respectively. (Note the difference in the 

magnitude of the color scale as compared to Figure 5.6). 



100 

 

Figure 5.8. As can be seen in Figure 5.8a, for interactions of the Capto low NPs with the FC, very 

different binding results were obtained in the presence of salt as compared to those at zero salt. 

For example, the aliphatic residues 90L and 95L in the interface of the CH2 and CH3 domains (blue 

ellipse) interacted with a “high” binding strength in the presence of salt. Further, additional 

aliphatic residues (e.g. 34I, 32L) interacted with the Capto low NPs in the presence of salt. There 

were additional residues (e.g. 95L, 35S, 36R, 31T, 92Q and 97G) in this interface region that 

interacted with the Capto low NPs. As was observed with the Capto high NPs (Figures 5.5a and 

5.7a), interactions with the positively charged residues (e.g. 214H, 210H and 216H) were 

completely screened for binding of Capto low NPs. Even the residues in the hinge region showed 

a decrease in the binding affinity to the Capto low NPs in the presence of salt. While interactions 

of the residue 55K were completely screened, the residues 3K, 4T, 5H, 6T and 7C showed weaker 

interactions with the NPs at this salt. These results further support our hypothesis that interactions 

of the FC with Capto NPs is driven by hydrophobic interactions.  

We also evaluated the binding of FC with Nuvia low NPs in the presence of salt. As can be 

seen in Figure 5.8b, a sharp decrease in the number and binding strength of interacting residues 

was observed for Nuvia low NPs in the presence of salt as compared to those in the absence of salt 

(Figure 5.6b). Interestingly, the aliphatic residue 65V in the interface of the CH2 and CH3 domains 

(blue ellipse) exhibited strongest interactions with the Nuvia low NPs. Another cluster of aliphatic 

(e.g. 89V, 90L and 32L) and polar (e.g. 97G, 92Q and 31T) residues in this region showed 

moderate interactions with the Nuvia low NPs. Interestingly, an additional positively charged 

residue 121K in close proximity to the interface region (blue ellipse) also appeared to exhibit 

strong interactions with the Nuvia low NPs. In the presence of salt, there was no impact of ligand 

density on interactions with the FC (Figures 5.6b and 5.8b). As was observed with the Nuvia high 
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NPs (Figures 5.5b and 5.7b), even for the Nuvia low NPs (Figures 5.6b and 5.8b) it appeared that 

electrostatic interactions decreased and hydrophobic binding of the FC increased in the presence 

of salt.  

Finally, on comparison of all the FC binding results (Figures 5.7 and 5.8) with the protein 

surface maps (Figures 4.6b and c), it appears that in the presence of salt, the binding with MM NPs 

was focused in the region of overlapping EP and hydrophobicity. These results further supports 

the importance of these interactions for binding in MM CEX systems.       

5.4 Conclusions 

In this work, we developed a Au NPs based pseudo solid state system that mimicked the 

chromatography resins and evaluate the preferred binding regions on the FC using NMR. Even 

though this Au NPs based system was not an exact match to the chromatographic resin, we believe 

that this system can provide important qualitative insights into the effects of ligand chemistry and 

density on protein binding. We carried out NMR experiments with the 15N-labeled FC and various 

MM NPs to get insights into the effects of ligand density on FC binding and the nature of 

interactions in these protein-ligand systems.  

The results from NMR experiments suggested that the binding of FC to the MM functionalized 

NPs was stronger (μM) as compared to the weak mM binding with MM ligands in free solution. 

The higher binding affinity observed with the NPs could be attributed to the co-operativity and 

avidity effects for the FC binding in these systems.  Interestingly, the binding of FC with Capto 

high and low NPs was more specific and localized to the hydrophobic aliphatic regions whereas 

the binding of Nuvia high and low NPs was more diffused and corresponded well with the positive 

clusters on the protein surface. On a closer look at the AppKD for the binding of FC to Capto high 
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NPs, it was observed that the interacting residues were all clustered around the aliphatic residues 

(32L, 95L and 90L) in the interface of the CH2 and CH3 domains. In contrast, the interactions of 

the FC with Nuvia high NPs was more diffuse that included several high binding residues across 

the interface of the CH2 and CH3 domains. The contiguous binding region for Nuvia high NPs 

included several residues that interacted with a “high” binding strength with the FC. On 

Comparison of the binding regions on FC for interactions with the MM NPs, it was observed that 

the binding of Capto high NPs corresponded well with the hydrophobic regions on the SAP map 

whereas the binding region of Nuvia high NPs overlapped with the positive regions on the EP map.  

We also investigated the effect of ligand density on these binding interactions. To this end, we 

performed NMR experiments with labeled FC and MM functionalized NPs at lower ligand density. 

For interactions of the FC with Capto low NPs, a decrease in the size of the binding patch was 

observed as compared to those with Capto high NPs. Interestingly the cluster of aliphatic residues 

(33M, 32L and 34I) in the interface region did not appear to interact with the Capto low NPs. This 

result shows some evidence in to the hypothesis that the Capto high density surfaces have clusters 

of hydrophobic regions that can exhibit additional hydrophobic interactions with the protein 

surface. On the other hand, we did not observe any major difference in the binding of Nuvia NPs 

at the high and low ligand densities. As was observed with the Nuvia high NPs, a diffused binding 

region was observed on the FC for interactions with Nuvia low NPs. Even with the lower ligand 

density system, it appeared that the Capto surfaces interacted more with the aliphatic residues 

while the Nuvia systems exhibited interactions with the polar and positively charged residues on 

the FC.  

Further, in order to evaluate the nature of interactions in these systems, we performed NMR 

experiments with the labeled FC and MM functionalized NPs in the presence of salt. In line with 
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the expectation, the salt screened weak interactions on the FC surface and the binding region was 

more concentrated in the interface of the CH2 and CH3 domains. In fact, this screening effect was 

more prominent on the Nuvia surfaces where the interactions were observed with only few 

aliphatic and polar residues. On all NP systems, additional aliphatic residues were observed to 

interact on the FC surface. These results clearly indicate a decrease in the electrostatic interactions 

and an increase in hydrophobic interactions in the presence of salt. This observation further 

supports the contention that even though both ligands appeared to interact with regions of positive 

charge and hydrophobicity, the interactions of Capto NPs were more hydrophobic in nature 

whereas those with Nuvia were more electrostatically driven.  

This study provides an in depth understanding of how complex proteins such as the IgG1 FC 

domain interacts with MM systems. Further, this study also provides for the first time an 

experimental evidence of the effect of ligand density on the interaction sites on the protein surface. 

While this study was primarily focused on the FC domain and MM systems, it can be readily 

applied to other protein ligand systems. However, one would require a 15N labeled protein and the 

NMR assignments for evaluations at the binding condition. Assigning large complex proteins such 

as a mAb can become quite challenging. In order to address this issue, the next chapter will focus 

on developing an alternative technique to identify the preferred binding regions on protein surface 

that can be later applied to any protein.  
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6. A Proof of Concept Study to Identify the Preferred Binding 

Regions on Ubiquitin in Multimodal Chromatography Using 

Covalent Labeling and LC/MS 

6.1 Introduction 

As discussed in Chapters 4 and 5, NMR in combination with ligand induced CSP is a powerful 

technique that can evaluate the binding regions on the protein surface at the molecular level. Even 

with the universal applicability of this technique, there are several limitations such as the need of 

isotopically labeled (15N or 13C) protein, the size of the proteins (<50 kDa) and the backbone 

assignments for proteins which could be quiet challenging. In order to overcome these challenges, 

there is necessity of utilizing an alternative technique that identifies binding regions on protein 

surface without needing the use of isotopically labeled proteins and be applicable to proteins of 

any size.  

Hydrogen/deuterium exchange (HDX) coupled with mass spectrometry MS has been generally 

employed for studying the conformations of proteins [89,179,180]. HDX relies on isotope 

exchanging with amide hydrogens on the protein surface to give insights into conformational 

changes. The solvent-exposed and non-structured amides undergo rapid HDX, while the buried 

residues exhibit much slower HDX. This approach can be employed to evaluate the binding 

regions on proteins when bound to the resin. However, the HDX technique is not very robust since 

there is a back-exchange of deuterium to hydrogen resulting in possibility of losing out 

information. One way to prevent the back exchange is rapid enzymatic treatment followed by MS 

at quenched conditions (0°C and pH 2.5). Unfortunately, this rapid enzymatic treatment at pH 2.5 

would not be ideal for chromatographic applications.    
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Covalent labeling is being used as an alternative approach for studying protein conformations 

[84–87] and protein-protein interactions [181]. This approach can be used to evaluate the protein 

binding regions on chromatographic resins. The covalent labeling, which could be specific for one 

or multiple amino acids, can be performed with the protein in solution phase and in bound 

condition to the resin. Residues that would be involved in interactions with the resin would be 

sterically shielded from labeling. This would result in either complete absence or decrease in the 

level of labeling for those residues. In contrast, surface exposed residues that would be away from 

the binding region be labeled to the same extent as it would in free solution (provided there are no 

conformational changes on protein upon binding to the chromatographic resin). On comparison of 

the location of labeling in the two conditions, we can identify the region on the protein surface that 

would be involved in interacting with the chromatographic resin. Unlike HDX the probability of 

back-exchange would be negligible with the covalent nature of labeling. In many cases, these 

labeling experiments can be performed at various experimental conditions (e.g. pH, salt 

concentrations). Recent study from Genentech used lysine-NHS chemistry based labeling 

technique to evaluate the positively charged regions on the mAb that were involved in interacting 

with the cation exchange chromatographic resin [182].  

There is a large body of literature that has studied protein conformational changes as well as 

protein-protein interaction regions using diethyl pyrocarbonate (DEPC)-based covalent labeling 

coupled with MS [82,88,183–185]. DEPC is known to simultaneously react with nucleophilic 

residues (e.g. Cys, His, Ser, Thr, Lys, Tyr) on the protein surface. In the present study, we employ 

DEPC-based covalent labeling and LC/MS approach to identify MM binding regions on ubiquitin. 

First, we evaluate various experimental conditions for labeling ubiquitin in solution. Then, we 

employ the optimized reaction condition for labeling ubiquitin when bound to the resin. Based on 
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the comparison of labeling results from In-solution and On-Resin experiments, we propose a 

preferred binding region on the protein. This work demonstrates a proof of concept for employing 

DEPC labeling and LC/MS to identify preferred binding regions on proteins in MM 

chromatography.  

6.2 Materials and Methods 

6.2.1 Materials 

Wild-type recombinant ubiquitin (pI = 6.79, 8.5 kDa) was expressed using BL21(DE3) 

strain of E Coli and purified as described by Chung et al. [132]. The protein concentration was 

determined by UV-visible spectroscopy performed at 280 nm with a molar extinction coefficient 

of 1490 M-1cm-1 [108]. Disposable zeba spin desalting columns (7K MWCO, 0.5mL) and 

immobilized trypsin were purchased from Thermo Fisher Scientific (Waltham, MA, 02451, USA). 

Sodium acetate, acetic acid, sodium hydrogen phosphate, disodium hydrogen phosphate, sodium 

chloride, diethyl pyrocarbonate, imidazole, anhydrous acetonitrile, sinapinic acid, ziptips C18, 

ammonium bicarbonate and urea were purchased from Sigma-Aldrich (St. Louis, MO, 63134, 

USA). Capto MMC chromatographic resin was purchased from GE Healthcare (Uppsala, Sweden)   

6.2.2 In-Solution DEPC Labeling of Ubiquitin 

The buffer compositions used for labeling experiments were as follows: 20 mM Acetate 

(pH 5 and 5.5) and 20 mM Phosphate (pH 6, 6.5, 7 and 7.4). Ubiquitin was buffer exchanged in 

the desired buffer using zeba spin desalting columns to obtain a final concentration of 10 μM. The 

protein solution was equilibrated at 37°C for at least 30 min prior to labeling. Stock solutions of 

DEPC were freshly prepared in anhydrous acetonitrile. Labeling was performed at 37°C for 1 or 

5 min at DEPC-to-ubiquitin molar ratios of 5, 50 and 200. The final amount of acetonitrile in 
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solution was always less than 1%. In all cases, the reaction was quenched by addition of imidazole 

at a 1:50 DEPC-to-imidazole molar excess. Labeling experiments were performed in duplicate or 

triplicate. The extent of labeling was monitored using MS as described below.      

6.2.3 On-Resin DEPC Labeling of Ubiquitin 

Capto MMC chromatographic resin was employed for the On-Resin labeling experiments. 

The resin (100 μL) was washed twice with 0.5 mL of 20 mM phosphate buffer at pH 6 and 

equilibrated at 37°C for at least 1 hour before the labeling experiment. The resin was centrifuged 

to remove the supernatant followed by incubation with 0.4 mL of 100 μM ubiquitin solution at 

37°C for 30 min. The solution was centrifuged and the supernatant was analyzed to account for 

any unbound protein. All of the protein was identified to be bound to the resin. The resin with 

protein was washed twice with buffer and resuspended in 200 μL of phosphate buffer pH 6. DEPC 

solution as prepared in anhydrous acetonitrile was then added at a DEPC-to-ubiquitin molar excess 

of 50 and incubated at 37°C for 5 min. The final amount of acetonitrile was less than 1%. The 

reaction was quenched by addition of imidazole at 50 molar excess of DEPC. The reaction mixture 

was centrifuged and the supernatant (imidazole + DEPC) was analyzed for any protein. All of the 

labeled protein was identified to be still bound to the resin. The labeled ubiquitin was eluted from 

the resin using 130 μL of elution buffer (500 mM NaCl in 20 mM phosphate, pH 7). The labeled 

ubiquitin was enzymatically digested and analyzed using MALDI-TOF and LC/MS as described 

below.   

6.2.4 Proteolytic Digestion 

After the DEPC reactions, 130 μL of labeled ubiquitin solution obtained from In-Solution 

and On-Resin experiments was buffer exchanged in the denaturation buffer (100 mM Ammonium 
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bicarbonate, 8M urea at pH 7.8). The resulting sample was incubated at 60°C for 1 hour to denature 

the intact protein. 100 μL of immobilized trypsin (50% slurry) was washed twice with the digestion 

buffer (100 mM Ammonium bicarbonate, pH 7.8). 50 μL of the denatured ubiquitin solution was 

then diluted 10x to decrease the final urea concentration was ≤ 1 M.  The resulting sample was 

then mixed with immobilized trypsin and incubated at 37°C for at least 15 hours under constant 

mixing. Following digestion, the immobilized trypsin was separated from the digestion mixture by 

centrifugation and the supernatant was analyzed using LC/MS.   

6.2.5 MALDI-TOF 

DEPC labeling reactions were carried out with ubiquitin at various In-Solution conditions 

to identify optimum labeling conditions for the On-Resin experiments. The extent of labeling in 

these experiments was qualitatively monitored using MALDI-TOF analysis. The labeled ubiquitin 

solution was desalted using ziptips C18. Sinapinic acid that was dissolved in 50% ACN at 10 

mg/mL was used as the matrix for MALDI-TOF experiments. 5 μL of desalted ubiquitin sample 

was mixed with 2 μL of sinapinic acid solution. The resulting sample was evaluated on Bruker 

Ultraflex III-TOF/TOF Mass Spectrometer to determine the molecular weight (MW) change of 

the labeled protein. An addition of +72 Da to the molecular weight was observed for each DEPC 

label on the protein.  

6.2.6 Analytical Liquid Chromatography 

In order to get a molecular level information regarding DEPC labeling on the protein, the 

digested protein sample was analyzed using LC/MS and peptide mapping. All LC/MS experiments 

were performed on an Agilent HPLC system equipped with Thermo Scientific LTQ Orbitrap XL 

mass spectrometer and controlled by Xcalibur 4.3 software. Thermo AccucoreTM 150 C18 HPLC 
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column (2.6 μm, 2.1 mm × 150 mm) was equilibrated with the equilibration buffer (5% ACN, 

0.02% formic acid) followed by injection of 8 μL of the digested protein sample. Peptides in the 

digestion mixture were separated using a linear gradient from 5% equilibration buffer to 90% 

elution buffer (95% ACN, 0.02% formic acid) over 10 column volumes (CV) at a flow rate of 0.33 

CV/min. Column effluent was monitored using LTQ Orbitrap mass analyzer.  

6.2.7 Electrospray Ionization Mass Spectrometry 

Mass spectra were acquired on Thermo LTQ Orbirap XL mass spectrometer. The 

electrospray ionization (ESI) was operated using a positive mode. Mass spectra were acquired on 

an Orbitrap analyzer with a resolution of 30 000. Tandem mass spectra were collected for the most 

intense and second most intense peptides with ion abundances above 2000 from each mass spectral 

scan. Mass detection was performed in centroid mode to simplify data analysis.  

The raw mass spectral data obtained from LC-MS/MS experiments was analyzed using 

Thermo Proteome Discoverer 2.4. Extracted ion chromatograms of modified and unmodified 

peptides were used for labeling identification. Trypsin peptide mapping was employed to 

determine the location of covalent labels on the protein surface. The search parameters used in the 

proteome discoverer 3.4 software were as follows: SEQUEST search tool, a precursor mass 

tolerance of 25 ppm, fragment mass tolerance of 0.5 Da, dynamic modification of DEPC with a 

mass change of +72.0211 Da on residues H, K, T, S, Y and C. In addition, peptide confidence level 

was set to high with a minimum peptide length of 4 amino acids. Once the location of labeling was 

identified on peptides, the area under the curve of modified peptides was calculated using Thermo 

Xcalibur 4.3 software which was then used to determine the extent of labeling. The residues that 
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were identified to be labeled were then visualized on the protein surface using PyMol 2.3.5 viewer 

(Schrödinger).  

6.3 Results and Discussion 

6.3.1 In-Solution DEPC Labeling of Ubiquitin 

A large body of work from Vachet group as well as others have shown that the solvent 

accessible nucleophilic side chains of residues Cys, His, Lys, Ser, Thr and Tyr are modifiable by 

covalent labeling agent like DEPC which results in mass addition of +72.021 Da per label 

[82,88,92–95]. The modification sites on the protein surface can be identified using simple LC/MS 

based experiments. Most of the studies presented in the literature have evaluated DEPC labeling 

at physiological conditions. Here we performed a design of experiments (DoE) study to evaluate 

DEPC labeling at lower pH conditions. Several parameters that were evaluated for labeling are 

presented in Table 6.1. 

Figure 6.1: MALDI-TOF spectra of unlabeled ubiquitin (dark blue) and ubiquitin labeled by DEPC at 50x 

molar excess at pH 6 for 1 (light blue) and 5 (red) minutes.  
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Table 6.1: A DoE study for identifying optimum conditions for DEPC labeling of proteins for applications in 

MM CEX chromatographic systems.  

Parameter DEPC labeling conditions  

Temperature 37°C 

pH 5, 5.5, 6, 6.5, 7 and 7.4 

DEPC: Protein 5, 50 and 200  

Reaction time 1 or 5 min 

As can be seen in the table, the temperature was kept constant at 37°C in order to increase 

the labeling kinetics since DEPC has been previously shown to self-hydrolyze after 9 min of 

incubation in aqueous environment at pH 7 [82]. As described in the methods section, ubiquitin 

was labeled with DEPC under different conditions and analyzed by MALDI-TOF experiments. A 

few representative MALDI-TOF spectra for the unlabeled and labeled ubiquitin (labeling 

conditions: 37°C, pH 6, DEPC at 50x molar excess of ubiquitin and reaction time of 1 min or 5 

Figure 6.2: MALDI-TOF spectra of unlabeled ubiquitin (dark blue) and ubiquitin labeled by DEPC at 50x 

molar excess at pH 6.5 for 1 (light blue) and 5 (red) minutes.  
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min) are presented in Figure 6.1. As can be seen in the Figure, the unlabeled ubiquitin presented 

in dark blue color showed peaks at m/z = 8565.5 which depicted MW of ubiquitin and m/z = 

8789.7 which represented the total mass of ubiquitin and matrix (sinapinic acid, MW = 224.21 

Da). The additional peak of matrix observed along with ubiquitin could be due to higher laser ower 

settings during the MALDI-TOF experiment.  

As can be seen in figure 6.1, for reaction time of 5 min, a major population of the protein 

was observed to be in the labeled state which is indicative of an increase in extent of labeling with 

the reaction time. In order to evaluate the effect of reaction time in more detail, we performed 

additional labeling experiments where the protein was allowed to react with DEPC for 7 and 9 

minutes. However, an increase in the reaction time beyond 5 min did not appear to increase the 

number of labels suggesting that 5 min reaction time was a good threshold for our experiments. 

An important thing to note is that only qualitative results can be obtained from MALDI-TOF 

analysis which suggests that additional experiments need to be performed in order to determine 

Figure 6.3: MALDI-TOF spectra of unlabeled ubiquitin (dark blue) and ubiquitin labeled by 50x molar excess 

of DEPC at pH 7 for 1 (light blue) and 5 (red) minutes. 
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the exact location and percentage of labeling on the protein. MALDI-TOF results for other reaction 

conditions are presented in Table 6.2. 

Table 6.2: Number of labels observed on ubiquitin in the DoE study as determined by MALDI-TOF analysis. 

pH 6 results are highlighted as this condition was used for the On-Resin labeling experiments. 

 

As can be seen in the table, the extent of DEPC labeling on ubiquitin increased with 

increasing reaction time, ratio of DEPC-to-protein and pH. A few representative MALDI-TOF 

spectra for labeling with 50x molar excess of DEPC at pH 6.5 and 7 are presented in Figures 6.2 

and 6.3, respectively. As described before in Section 6.1, the goal of this DoE study was to identify 

optimum labeling conditions that could be employed for the On-Resin labeling experiments for 

identification of preferred binding regions on ubiquitin. MALDI-TOF results suggested that 5 min 

pH 

Labels 

1:5 1:50 1:200 

1 min 5 min 1 min 5 min 1 min 5 min 

5 1 1 2 2 2 2 

5.5 2 2 2 2 2 2 

6 2 2 2 4 2 4 

6.5 3 3 3 4 4 5 

7 3 3 4 5 4 6 

7.4 3 4 4 5 5 7 
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and 1:50 were optimum reaction time and protein-to-DEPC ratio, respectively, for the labeling 

reaction.   

Since we were interested in evaluating the binding regions on protein surface in MM CEX 

systems, we evaluated the retention of ubiquitin on Capto MMC chromatographic resin to select 

the pH for the labeling experiment. As was observed in ref [56], the retention of ubiquitin 

decreased with increasing pH and the protein eluted at 0.525 M NaCl from Capto MMC at pH 6 

during a 0 to 1 M linear salt gradient over 40 CV. Since the pI of ubiquitin is 6.67 [186,187], it 

would interact weakly with the Capto resin at higher pH which may also lead to protein elution 

during the labeling reaction. In order to address these issues, pH 6 was employed for the In-

Solution and On-Resin labeling experiments for determination of the preferred binding region. 

Based on the optimum reaction condition identified above, the In-Solution labeling of 

ubiquitin was performed with 50x molar excess of DEPC at pH 6 for 5 min. As described in the 

methods section, in order to obtain residue specific labeling information, labeled ubiquitin was 

enzymatically digested and the resulting peptide mixture was separated on HPLC and analyzed 

using MS detector. Figures 6.4 a and b show representative MS and MS/MS chromatograms, 

Figure 6.4: Sample (a) MS and (b) MS/MS chromatograms for the separation of peptides generated by tryptic 

digestion of DEPC labeled ubiquitin. Highlighted peak denotes the peptide ‘TITLEVEPSDTIENVK’.   
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respectively, for separation of peptides generated from enzymatic digestion of ubiquitin labeled 

with DEPC at optimum reaction conditions. As can be seen in figure 6.4a, multiple peaks were 

observed that corresponded to different peptides that were generated during tryptic digestion of 

labeled ubiquitin. The resolution of several overlapping peptide peaks in the MS chromatogram 

was improved in the MS/MS chromatogram which is clearly seen in Figure 6.4b. The MS and 

MS/MS chromatogram peaks for the peptide ‘TITLEVEPSDTIENVK’ are highlighted in Figure 

6.4 and the corresponding collision induced dissociation (CID) MS and MS/MS spectra are 

presented in Figures 6.5 a and b, respectively. As can be seen in Figure 6.5a, single peak with high 

intensity was observed for this peptide at m/z = 894.4711. The spectrum presented in Figure 6.5b 

shows all possible fragments of this peptide which were generated during the MS/MS experiment. 

All MS and MS/MS spectra were analyzed using Thermo Proteome Discoverer 2.4 software to 

identify the residues that were labeled by DEPC.  

The percentage of labeling for a residue in peptide was determined by using the modified 

and unmodified peak areas of that peptide as described in equation 6.1.  

Figure 6.5: Collision induced dissociation (CID) spectra of (a) MS and (b) MS/MS of the peptide 

‘TITLEVEPSDTIENVK’ generated from tryptic digestion of DEPC labeled ubiquitin. 
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 Percentage Labeling =  
A(modified peptide)

A(modified peptide) + A(unmodified peptide)
 (6.1) 

DEPC labeled residues were highlighted in blue and the resulting projections on the protein surface 

along with their percentage labeling are presented in Figure 6.6a. As can be seen in the Figure, 

only lysine and serine residues were identified to be labeled with DEPC. Further, only 50% of 

modifiable residues on the protein surface were identified to be labeled. These results are 

consistent with previous reports in the literature which have shown that in addition to solvent 

exposure, the residue microenvironment also contributes towards DEPC labeling [93]. As can be 

seen in Figure 6.6a, residues 48K and 33K exhibited highest DEPC labeling in the front and back 

Figure 6.6: : DEPC Labeled residues highlighted on the protein surface and their corresponding percentage 

labeling as determined from (a) In-Solution and (b) On-Resin labeling of ubiquitin with 50x molar excess of 

DEPC at pH 6 for 5 min using LC/MS. 
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face, respectively, of the protein. Same confirmation of the protein was visualized (front and back 

face) to compare the covalent labeling results with previous NMR studies [108,132,133].        

6.3.2 On-Resin DEPC Labeling of Ubiquitin 

In order to identify residues on protein surface that interact with resin, ubiquitin was labeled 

when bound to the Capto MMC chromatographic resin. As described in the methods section, the 

supernatant from each step was analyzed to account for loss of ubiquitin from the resin. Based on 

the results from ultra pressure liquid chromatography (UPLC) analysis (retention on C4 column) 

it was confirmed that all of the protein was bound to the resin during the labeling reaction.  Labeled 

protein was then eluted from the resin using elution buffer. A part of the labeled ubiquitin was 

analyzed using MALDI-TOF MS and a representative spectrum at pH 6 is presented in Figure 6.7. 

As can be seen in the figure, slight decrease in the extent of labeling was observed for labeling in 

the On-Resin condition. Similar results were obtained at other pH conditions (results not shown). 

Labeled ubiquitin was also enzymatically digested using trypsin and analyzed by LC-MS/MS.  

Figure 6.7: MALDI-TOF spectra of unlabeled ubiquitin (dark blue) and ubiquitin labeled by 50x molar excess 

of DEPC at pH 6 for 5 min during the In-Solution (pink) and On-Resin (green) labeling experiment.   



118 

 

The residues that were identified to be labeled with DEPC are highlighted on the protein 

surface and are presented along with their corresponding percentage labeling in Figure 6.6b. As 

can be seen in figure 6.6, residues that were labeled during the In-Solution experiment were also 

identified to be labeled in the On-Resin conditions. However, as indicated in the figure, the 

percentage labeling was very different for few of the residues. For example, residue 48K in the 

front face of ubiquitin was 92% modified when labeled in solution which decreased to 5% when 

evaluated with On-Resin condition. A sharp decrease in labeling percentage experienced by 48K 

is indicative of this lysine residue being primarily involved in binding to the resin. In addition, 

residues 6K and 65S also experienced a decrease in percentage labeling from 23 to 2.5% and 11 

to 2%, respectively, for the two conditions evaluated. In contrast, residue 33K present in the back 

face of the protein, experienced a negligible change in labeling from 99 to 97% which suggests 

that this residue did not participate in binding to the resin. These results clearly indicate that 

residues in the front face of ubiquitin were involved in binding to the Capto MMC resin at pH 6. 

These results are consistent with our previous NMR studies which also showed that these residues 

in the front face of ubiquitin were involved in interactions with the Capto MMC surface [108].    

6.4 Conclusions 

In this work, a proof of concept study was performed to demonstrate that the DEPC based 

covalent labeling and LC/MS could be employed as a universal approach in order to identify the 

preferred binding regions in chromatographic systems. Here, we first performed a DoE study in 

order to identify optimum labeling conditions for our applications, which was evaluated quick 

MALDI-TOF MS analysis. The extent of labeling on ubiquitin increased with increasing DEPC-

to-protein ratio, pH and reaction time. It was also observed that an increase in labeling appeared 

to peak at reaction time of 5 min suggesting that this was the threshold for DEPC labeling. The 
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goal of the current study was to evaluate binding sites on ubiquitin (pI = 6.67) at conditions where 

it would bind to Capto MMC resin. Hence, the On-Resin experiments were performed with 50x 

molar excess of DEPC at pH 6 for 5 min. While residues 48K, 6K and 65S experienced a 

significant decrease in percentage labeling during the On-Resin experiment as compared to the In-

Solution condition, the residue 33K exhibited negligible change in labeling at the two conditions. 

Interestingly, all residues that experienced decrease in labeling were located on the same face of 

the protein which was indicative of this region being involved in binding to the Capto MMC resin. 

In addition, these results are also consistent with our previous NMR experiments that identified 

the same region of the protein to be interacting with the Capto MMC surface.  

This work provides an alternative approach for identifying the preferred binding regions in 

chromatography. Whereas this proof of concept study has focused on evaluating binding of 

ubiquitin to Capto MMC resin, we believe that this approach of using covalent labeling and LC/MS 

can be employed to provide insights into a wide range of systems that involve studying protein-

surface interactions (e.g. bioseparations, biomaterials and drug discovery). In particular, this 

approach may be useful for identifying preferred binding regions on surface of more complex 

proteins such as mAbs, bispecific Abs and viral capsid proteins for binding to chromatographic 

systems which would otherwise be very difficult with NMR. Finally, this approach will also be 

very useful in elucidating the preferred binding regions on more complex proteins such as the 

mAbs studied in Chapters 2, and 3, which will help improve our understanding of selectivity in 

the MM systems. This will be discussed in more details in the future work section.  

  



120 

 

7. Conclusions and Future Directions 

7.1 Conclusions 

The work performed in this research aims to develop an improved understanding of 

selectivity observed in MM CEX chromatographic systems using various biophysical techniques. 

Efforts directed towards three primary objectives: (1) to improve our understanding of selectivity 

in MM CEX systems by using thermodynamics of mAb binding, (2) to identify the preferred MM 

binding regions on therapeutically relevant proteins such as the FC domain of an IgG1 mAb; and 

(3) to develop a platformable and label free technique for identifying the preferred binding regions 

in chromatographic systems. While the work presented in this thesis was primarily focused on 

studying MM CEX systems using mAbs and its domains, we believe that the approaches employed 

can be easily applied to other protein-ligand systems which will be discussed in more details in 

Section 7.2.  

Chapter 2 represents the first phase of the thesis, which focused on evaluating the binding 

of two industrial mAbs on MM CEX systems from a thermodynamic perspective. The two mAbs 

evaluated had previously exhibited very interesting selectivity patterns in MM CEX systems. 

Isocratic chromatography was employed over a range of temperature and salt conditions on three 

MM resins and the retention data was analyzed in both the low and high salt regimes. While mAb 

retention decreased with salt for all resins at low salts, retention increased at high salts for two of 

the resins, suggesting a shift from electrostatic to more hydrophobic driven interactions. The 

retention data at various temperatures was employed to generate non-linear VH plots, which were 

fit to the quadratic form of the VH equation. The mAbs exhibited two behaviors: concave upwards 

and concave downwards depending on the salt concentration and resin system. While the mAb 

binding was enthalpically driven at low salt conditions, the entropic contributions dominated the 
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interactions at higher salts. In addition to providing insights into the governing thermodynamic 

driving forces of binding, the VH analysis also provided some information into the nature of 

interactions between the mAb and resin.  

Chapter 3 was focused on employing chromatography to investigate the effects of pH on 

mAb retention as well as identifying binding regions on mAb surface at those experimental 

conditions. In this study, linear salt gradient chromatography at different pH conditions was 

employed to evaluate the retention of NIST reference mAb on various MM CEX systems. mAb 

retention decreased with increasing pH which was in line with the expectations for MM CEX 

systems. Further, the mAb was retained more on the hydrophobic resins at all pH conditions. In 

order to get more insights into interaction sites on the mAb surface, we enzymatically digested the 

mAb and evaluated chromatographic retention of the fragments. The chromatographic retention 

data was compared with protein surface property maps in order to identify potential binding 

regions on the mAb surface. While the FC appeared to contain most important interaction sites for 

the mAb at pH 5, the FC flowed through from all resins at pH 7 indicating that the Fab domain 

contained the most interaction sites on mAb in MM CEX systems at higher pH. Even though these 

results provided some insights in to the binding regions, other techniques such as NMR need to be 

employed in order to obtain residue level information. The chromatographic results from this work 

motivate further research into the understanding of interesting selectivity patterns in MM systems, 

as outlined in the Future directions section. 

Chapter 4 focused on identifying the preferred MM binding regions on a complex protein 

like FC domain of an IgG1 mAb using NMR. In this work, the ligands representing 

chromatographic resins were employed for the solution NMR experiments. The data from NMR 

experiments were fit to the Langmuir equation to determine the residue specific binding 
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dissociation constant (KD). While the single mode CEX ligand interacted throughout the FC, the 

MM Nuvia cPrime ligand interacted with certain clusters of residues on the FC forming a 

concentrated binding region. Further, the MM binding sites were compared with the protein 

surface maps in order to develop a deeper understanding of nature of interactions in these systems. 

Since the present study was focused on evaluating FC-ligand binding in solution, the steric effects 

arising due to immobilization of ligands on the resin as well as the co-operativity and avidity 

effects were not captured.  

Chapter 5 extended the free ligand studies to MM surfaces that were more representative 

of the chromatographic resin. In order to address the limitations of the free solution NMR studies 

(Chapter 4), we developed a Au NP based pseudo solid state systems that mimicked 

chromatographic resin which was also amenable to the solution phase NMR studies. Further, we 

could also control the MM ligand density on gold surfaces which helped us to develop surfaces at 

ligand densities comparable to commercially available MM resins. The results from NMR 

experiments suggested that the MM functionalized NPs interacted with the same regions on FC 

that were identified in Chapter 4. However, the NPs exhibited KD values that were up to 3 orders 

of magnitude smaller than free ligands which was indicative of a stronger binding resulting due to 

incorporation of the co-operativity and avidity effects. While the Capto NP system appeared to 

interact with a small region on the FC, the binding of Nuvia NP system was more diffused and 

corresponded well with the positive regions on the protein surface map. In order to shed more light 

into the nature of interactions between MM systems and the FC, NMR experiments were also 

performed in presence of NaCl. These results showed that there was a dramatic decrease in the 

binding region for Nuvia NPs which could be due to electrostatic screening resulting from presence 

of salt in the system.  
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The NMR studies presented in Chapters 4 and 5 were performed with 15N-labeled protein 

which can be challenging for more therapeutically relevant large proteins like mAbs, bispecific 

Abs and viral capsid proteins that are all greater than 50kDa. In order to address these issues, 

Chapter 6 focused on demonstrating a proof of concept study to identify preferred binding regions 

on proteins using covalent labeling and LC/MS based approach. In this work, DEPC was employed 

as a covalent linker which was capable of interacting with 25 – 30% residues on the protein surface. 

In the first part of this project, we performed a DoE study to identify the optimum labeling 

conditions for our applications. Second part of this work was focused on applying the optimum 

labeling condition identified from previous step to on-resin labeling experiments. Percentage and 

location of labeling on protein were identified using MS analysis. Based on comparison of labeling 

results obtained from the In-Solution and On-Resin experiments, we identified that while certain 

residues in the front face of ubiquitin experienced a decrease in percentage labeling, residues in 

the back face exhibited negligible change in labeling. These results are indicative of the front face 

of ubiquitin being involved in interactions with the Capto resin, which is also consistent with our 

previous NMR studies. This proof-of-concept demonstration of using DEPC based covalent 

labeling and LC/MS to identify binding regions will set the stage as a platform approach that can 

be easily applied to any protein-resin combination.     

7.2 Future Directions 

This thesis was focused on improving our understanding of the thermodynamic and 

molecular basis of protein-ligand interactions in MM CEX chromatographic systems. While this 

thesis work provided some insights into the fundamentals of protein binding in chromatographic 

systems, it also opened several interesting research avenues that will further help to improve our 

understanding of selectivity in MM systems. This section will address these interesting research 
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paths, which can be pursued as extensions of the previous chapters in this thesis. In the first part 

of this chapter, we will focus on employing chromatography to demonstrate fundamental 

differences in the way the mAbs interact with MM CEX and MM AEX systems. We will also 

discuss some potential MD simulation experiments that will shed more light on the 

thermodynamics results shown in Chapter 2. The second part of this chapter will discuss potential 

NMR spectroscopy with FC and Fab to provide fundamental insights into the selectivity observed 

in various MM CEX systems. In the final part of this chapter, we will extend the DEPC based 

covalent labeling and LC/MS study to more therapeutically relevant proteins like FC and mAbs.  

7.2.1 Further Investigation Into the Thermodynamics of mAb Binding 

7.2.1.1 Investigation Into Thermodynamics of mAb Binding in MM AEX Systems 

This initial phase of this thesis work was focused on determining the thermodynamic 

driving forces of interactions in MM CEX systems. The later part investigated preferred binding 

regions on proteins in these systems. It was identified that the MM CEX systems interacted with 

the positively charged and hydrophobic regions on the protein surface. With this knowledge, it 

appears that the negatively charged and hydrophobic regions on protein surface would be 

important for binding to MM AEX systems. Typically, the MM CEX chromatography has been 

employed as a capture step in mAb purification processes. In contrast, the MM AEX 

chromatography has been employed as a flow through step where the target product flows through 

while the impurities bind to the resin [18]. However, with recent advances in the gene therapy 

space, MM AEX systems have gained a lot of attention to be employed as capture step [31,67]. 

Thus, a fundamental knowledge of how proteins bind in MM AEX systems, what are the 

thermodynamic driving forces of binding, will be very valuable.  
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There is a significant difference in the type of charge moiety that is typically employed in 

MM AEX and MM CEX systems. While the MM CEX systems generally have carboxylate group 

on their surface, the MM AEX systems typically employ a quaternary ammonium functionality. 

The properties of these charged groups have been well documented in the literature, which has 

suggested that, while the carboxylic acid groups are strongly hydrated and act as kosmotropes, the 

amine groups are weakly hydrated and act as chaotropes [188,189]. These differences in the 

hydration may also have significant effects towards the nature of interactions of hydrophobic 

regions on the proteins with these resins. In fact, issues related to incomplete recovery of proteins 

in MM AEX systems has been well documented in the literature [100,190]. Hence, it would be 

valuable to investigate fundamental differences in the way these ligands interact with the protein 

surface. 

Even though the primary focus of this thesis work was on the evaluation of the binding of 

proteins in MM CEX chromatographic systems, the VH analysis approach employed in Chapter 2 

would be easily applicable to any other protein-resin system. To this end, we propose to perform 

isocratic experiments with mAbs A and C (from Chapter 2) on MM AEX and MM CEX systems 

Figure 7.1: (Figure credits: Siddharth Parasnavis) Lnk’ vs Ln Cs plots for the retention of mAbs A and C on 

(a) Capto MMC and (b) Capto Adhere at pH 6.5. 
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at a range of salt and temperature conditions. The operating pH would be selected such that mAbs 

would bind to both chromatographic systems. Further, we would employ VH analysis of this 

retention data to determine the thermodynamic driving forces as a function of salt concentration 

and temperature. To this end, Siddharth Parasnavis from Cramer lab has done some preliminary 

work in this space. Figure 7.1 shows the isocratic retention of mAbs A and C (from Chapter 2) on 

Capto MMC (MM CEX) and Capto Adhere (MM AEX) at pH 6.5 and a range of salt 

concentrations. As can be seen in the figure, while mAb C was retained more than mAb A on 

Capto MMC, an opposite behavior was captured on Capto Adhere. As mAb A was characterized 

to be more hydrophobic than mAb C from HIC retention [115], we hypothesize that at these salt 

conditions, the hydrophobic interactions were more important for binding on Capto Adhere as 

compared to Capto MMC. Interestingly for both mAbs, while the retention decreased with an 

increasing salt on Capto MMC, the retention first decreased and then increased (< 0.25M NaCl) 

with salt on Capto Adhere. The increasing retention with salt has been commonly observed in HIC 

systems suggesting that the hydrophobic interactions were likely more important for binding of 

these mAbs on Capto Adhere system [191]. In contrast, the decreasing retention trend observed on 

Capto MMC has been commonly been shown for binding based on dominant electrostatic 

interactions. Clearly, there are fundamental differences in the way the mAbs are interacting with 

these two systems. This study would provide significant insights into the fundamental nature of 

mAb interactions in these systems. The results from this study would shed some light on high 

retention of mAbs in MM AEX systems resulting in issues with product recovery. Finally, this 

work has potential implications in designing efficient flow through steps that would ensure 

complete mAb recovery during this chromatographic step in mAb purification process.     
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7.2.2 Further Investigation Into the Interesting Selectivity Patterns Observed with NIST 

mAb and its Domains in MM CEX Systems  

7.2.2.1 Retention of NIST mAb and its Domains at Intermediate pH Conditions 

The NIST mAb and its domains exhibited very interesting selectivity trends on various 

MM CEX chromatographic systems as discussed in Chapter 3. This work was focused on 

evaluating the retention of the mAb as a function of pH. However, pH was tested at intervals of 

1.0 unit, which may have resulted in losing some selectivity information at intermediate pH values. 

While the mAb and its domains showed very interesting selectivity trends at pH 5, the selectivity 

was either very small or negligible in most of the cases at higher pH conditions. Important thing 

to note is that selectivity is in the context of the retention of the mAb on various MM CEX systems. 

Even though these MM resins have same functional groups on their surface, the particular 

geometric arrangement results in differences in the pKa value of the carboxylate group on the 

ligand [57,135]. While the carboxylate group on Nuvia cPrime, Capto MMC and Prototype 4 resins 

showed pKa around 4.5 ± 0.2, the carboxylate group on Prototype 5 system exhibited a higher a 

pKa of 5.3 ± 0.1. In order to evaluate the effects of these subtle differences in pKa on the mAb 

retention, chromatography experiments will be performed at intermediate pH values such as 5.25 

and 5.5. These experiments will provide further insights into the nature of selectivity in these MM 

CEX systems that varied in surface presentation of the same functional groups.  

7.2.2.2 Quantification of Patches on the Protein Surface at Different pH Conditions 

This work also presented interesting selectivity patterns for the retention of the FC and Fab 

domains on various MM systems at different pH conditions. The chromatography retention results 

were qualitatively compared with the protein surface property maps to get insights into the 

important interactions sites on protein. Recent work in our group was focused on quantifying the 
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patches on protein surface maps which were then employed to explain the mAb retention behavior 

as a function of pH [103]. The future work in this project will focus on quantifying the hydrophobic 

and charged patches on the protein surface as a function of pH. The changes in the size of these 

patches would be monitored with changes in pH, which will also help us to develop a heuristic 

understanding of how shifts observed in chromatographic retention are a function of protein 

surface properties. This work will also be important to propose a set of rules for defining a patch 

for protein binding in MM systems. Finally, this combined experimental and computational 

approach will also help in answering questions such as: how does the regional distribution of 

positive charge and hydrophobic patches affect binding in MM CEX systems and how does the 

change in pH affect the relative contributions from charge and hydrophobicity?      

7.2.3 Future Work in the NMR Space 

The work performed in Chapters 4 and 5 motivates several additional projects that can 

further answer some of the fundamental questions that we have been investigating in our group. 

While the work described in Chapters 4 and 5 was focused at pH 5, first we will evaluate the effect 

of pH change on binding regions. The FC domain we presented in this thesis was a homodimer and 

thus the NMR peaks were available for monomer due to chemical equivalence of the two chains. 

The future work will extend the NMR approach we have developed in Chapter 5 to more complex 

proteins such as Fab domain. Finally, while this thesis work evaluated protein binding for Capto 

MMC and Nuvia cPrime at the high and low ligand densities, the future work will explore a wide 

variety of ligand chemistry and density as discussed below.  
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7.2.3.1 Investigation Into the MM Binding Regions on the FC as a Function of pH 

NMR experiments that are presented in Chapters 4 and 5, were all performed with the 

isotopically 15N-labeled FC at pH 5. The chromatographic retention of the FC exhibited interesting 

selectivity trends on various MM CEX systems as a function of pH. While the FC domain was 

completely retained on some of the resins at pH 5, it flowed through from all resins at pH 7. In this 

proposed project, we will evaluate the shift in the MM binding region on the FC as a function of 

pH. First, the NMR experiments will be carried out with FC in buffers at increasing pH values 

between 5-6. TROSY spectra at different pH values will be assigned in order to obtain a fully 

assigned protein at different pH conditions. Ligand-induced CSP will be performed with various 

MM ligands in both free solution and on surfaces to determine the binding region at different pH 

conditions. We will also generate EP maps of the FC at these experimentally employed pH values. 

The results from NMR experiments will then be compared with EP maps in order to provide 

insights into how the binding region changes with changing positively charged patches on the FC 

at different pH. 

7.2.3.2 Extension of NMR Experiments to the 15N-Labeled NIST Fab 

The NMR and chromatography work presented in this thesis was primarily focused on 

evaluating the binding of FC in various MM CEX chromatographic systems. As was discussed in 

Chapter 3, the chromatographic retention behavior of the NIST Fab showed very interesting 

retention behavior on various MM CEX systems as a function of pH. The Fab domain eluted from 

all resins during linear salt gradients at pH 5 except for the Prototype 5 resin, which was designed 

to exhibit higher hydrophobicity. Even amongst resins where the Fab did elute, it was retained 

more on Capto MMC as compared to Nuvia cPrime or Prototype 4. In order to further investigate 

these selectivity differences, we will carry out NMR experiments using isotopically labeled NIST 
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Fab domain with different MM ligands. It would be of great interest to identify the differences in 

interaction sites on the Fab for binding of Capto MMC, Prototype 4 and Prototype 5 resins. Further, 

we will also carry out MD simulations with the free ligands in solution and compare the binding 

hotspots with the results obtained from NMR experiments. The results will also be connected to 

the differences in hydrophobicity which would be determined from the de-wetting behavior of 

these MM surfaces using In Direct Umbrella Sampling (INDUS) simulations. This is an ongoing 

research area currently being pursued by Mayank Vats in the Cramer lab. This project will provide 

significant insights into the relative contributions of charge and hydrophobicity towards binding 

of the Fab in MM systems. 

7.2.3.3 Identifying the Preferred Binding Regions of FC on Bio-Rad Prototype Resins 

In this thesis work, the binding of IgG1 FC domain was evaluated on MM CEX systems 

using chromatography (Chapter 3) and NMR (Chapters 4 and 5). While the NMR experiments 

provided significant insights into the binding regions on the FC in Capto and Nuvia systems, the 

chromatography experiments revealed interesting retention behavior of the FC on different MM 

CEX systems. As was observed in Section 3.3.2, the FC domain was completely retained on Capto 

MMC, Prototype 4 and Prototype 5 resins. The NMR experiments presented in Chapters 4 and 5 

provided significant insights into the binding of FC to Capto and Nuvia systems. As was observed 

in Section 5.3.2.1, the binding of Nuvia was more diffused and electrostatic in nature as compared 

to the Capto, which correlated well with the overlapping regions of hydrophobicity and positive 

charge. We believe that there is a fundamental difference in the way the FC interacts with these 

resins which creates unique windows of selectivity in these MM CEX systems. This project will 

be focused on identifying the binding regions on the surface of FC for Prototypes 4 and 5 resins. 
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First, we will identify the binding region on FC using ligands that are representative of Prototype 

resins. Structures of the ligands to be employed in this experiment are presented in Figure 7.2. 

Further, the NMR experiments will also be performed with the gold nanoparticles functionalized 

with these ligand head groups at different ligand densities. The representative gold nanoparticle 

based systems for Prototypes 4 and 5 are presented in Figure 7.3. This project will provide 

significant insights in to the selectivity observed in these systems. Since these two Prototype resins 

were designed to be more hydrophobic than the Nuvia cPrime resin, the differences in the binding 

regions will shed some light on the nature of hydrophobic interactions in these systems. Finally, 

Figure 7.2: The ligands to be employed in future NMR experiments to represent the chromatographic resins; 

(a) Prototype 4, (b) Prototype 5.   

Figure 7.3: Representative images for gold nanoparticles coated MM ligands to mimic (a) Prototype 4 and (b) 

Prototype 5 resins. 
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we will also perform MD simulations with these ligands in free solution and identify binding 

hotspots. This will also validate the technique which can then be applied to other protein-ligand 

systems. 

7.2.3.4 Effect of Ligand Density on the Preferred Binding Region in MM CEX Systems 

The work presented in Chapter 5 was focused on evaluating the binding regions on FC at 

high and low ligand density MM surfaces using NMR. The ligand densities evaluated (~1 and 0.3 

ligands/nm2) were comparable to the commercially available Capto and Nuvia resins. As was 

discussed in Sections 5.3.2.1 and 5.3.2.2, the results from NMR experiments indicated that there 

was a shift in the important interaction sites on FC when transitioning from high to low ligand 

density. Further, recent work in our lab has shown that the Capto ligand has a tendency to self-

associate at higher ligand density resulting in formation of hydrophobic clusters on the surface as 

shown in Figure 7.4 [104]. As can be seen in the Figure, the clustering behavior was highly 

Figure 7.4: Density distributions of different functional groups on a SAM surface for Capto MMC at (a) high 

and (b) low ligand densities. Purple and red colors denote the phenyl ring and carboxylic acid groups, 

respectively, and green color indicates the point of location of the base atom of MM linker of the SAM. 

Reprinted with permission from [104]. Copyright 2019 American Chemical Society.  
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dependent on the ligand density. The future work will focus on evaluating the effect of ligand 

density on protein binding using NMR and MD simulations.  

While the NMR experiments discussed in Chapter 5 were performed with NPs at the high 

and low ligand densities, we propose to carry out these binding experiments with a series of NPs 

that sequentially vary in ligand density. The residue specific KD determination will allow us to 

measure a shift in the interaction sites and binding affinity as a function of ligand density. These 

NPs will be synthesized using the protocol as discussed in Section 5.2.2. Further, MD simulations 

will also be carried out at the ligand densities employed in experiments to evaluate clustering. The 

research work currently being carried out in our group is also trying to quantify these hydrophobic 

clusters as a function of ligand density. Comparison of the results from NMR experiments with 

those from MD simulations will help us to develop a heuristic understanding of the shifts in binding 

region as a function of ligand density. This work will also provide significant insights into the co-

operativity and avidity effects which are important protein binding in chromatographic systems. 

7.2.4 Employing Covalent Labeling and LC/MS for a Variety of Applications 

A major portion of this thesis was focused on investigating the molecular basis of protein 

ligand interactions in MM CEX systems. To this end, we employed NMR experiments that were 

conducted with 15N-labeled FC domain. In order to overcome limitations in size, isotopic label as 

well as NMR assignments of the protein, we successfully demonstrated a proof of concept study 

that employed covalent labeling and LC/MS based approach to identify preferred binding regions 

in MM CEX systems. This proof of concept opened up many research avenues, which were 

previously either limited to the size of the protein or dependent on the hypothesis were generated 

from computational studies. The covalent labeling and LC/MS based approach can be employed 
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for understanding interactions in multiple protein-ligand (e.g. mAbs, Fabs, bispecific Abs with 

MM CEX/AEX systems) as well as protein-protein (e.g. mAb-host cell protein (HCP)) systems. 

A few research projects based on this approach are discussed below. 

7.2.4.1 Extension of the Proof-of-Concept Study to Different MM CEX Chromatographic Systems 

The covalent labeling and LC/MS based approach was successfully demonstrated for 

identification of preferred binding regions of ubiquitin in the Capto MMC system (Chapter 6). 

Previous NMR studies with ubiquitin and MM ligand functionalized NPs had suggested that while 

both Capto and Nuvia NPs interacted with the same face of ubiquitin, the binding of Nuvia was 

more diffused as compared to that of the Capto NPs [108]. It would be of great interest to confirm 

this result with a parallel technique such as DEPC based covalent labeling and LC/MS. Further, 

recent work in our group with libraries of model proteins, Fabs and mAbs have shown very 

interesting selectivities between Capto MMC, Nuvia cPrime, Prototype 4 and Prototype 5 resins 

[57,115,142]. The proposed project for this phase of the work will focus on identifying binding 

regions on the surface of ubiquitin for interactions with Nuvia cPrime, Prototype 4 and Prototype 

5 resins. Further, current MD simulations work being performed by Mayank Vats in our lab has 

shown some interesting differences in interactions of ubiquitin with Capto MMC and Capto MMC 

ImpRes surfaces. This proposed project will also evaluate the differences in binding of the two 

Capto systems. As shown in Chapter 6, the binding regions on ubiquitin for interactions with Capto 

MMC were identified only at pH 6 conditions. The future work will also focus on evaluation of 

the binding region on ubiquitin at other pH conditions. 

7.2.4.2 Identification of Interaction Sites on Two Industrial mAbs for Binding to MM CEX Resins 

The two industrial mAbs discussed in Chapter 2 showed interesting retention behavior in 

MM CEX systems. The thermodynamic investigation suggested that while the enthalpic 



135 

 

contributions were important for mAb binding at low salts, the mAb binding was driven by 

entropic contributions at higher salts. Interestingly, while the negative heat capacity data at low 

salts indicated that desolvation of polar/charged groups was important in the higher ligand density 

Capto MMC resin, the positive ∆Cp,ads data suggested that desolvation of non-polar groups was 

more important with the lower ligand density Capto MMC ImpRes resin. In order to 

experimentally test this hypothesis, the interaction sites on the mAb surface for binding to both 

these resins will be evaluated using the covalent labeling and LC/MS based approach. These 

labeling experiments will be performed at pH 6 with mAbs A and C bound to the Capto MMC and 

Capto MMC ImpRes resins and the results will be connected to thermodynamic trends. In addition, 

the thermodynamic trends revealed that at higher salt concentrations, both the Capto resins 

exhibited positive ∆Cp,ads indicating interactions with the non-polar residues on the mAb. Future 

work will also focus on evaluating the efficacy of DEPC labeling in presence of varying 

concentrations of NaCl. If the DEPC labeling id effective at higher salts, residues interacting with 

the resins will be identified that will provide further insights into the selectivity patterns observed 

in these Capto systems. Further, by comparing results from the In-Solution and On-Resin labeling 

experiments, we can also evaluate any conformational changes of the protein upon adsorption.  

7.2.4.3 Identification of the Preferred Binding Regions on NIST Fab in MM CEX Systems 

NIST mAb and its domains exhibited very interesting selectivity patterns in MM CEX 

systems as a function of pH (Chapter 3). While the retention of all proteins decreased with pH, the 

two domains exhibited interesting retention behavior when transitioning from pH 5 to 7. At pH 5, 

the FC was retained more than the Fab. In contrast, at pH 7 the FC flowed through while the Fab 

was still bound to the resin. Based on these results, we hypothesized that while the FC contained 

most important sites for mAb in MM CEX systems at pH 5, the Fab contained the most important 
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binding regions on the mAb at pH 7. Even though these subtle differences in retention are based 

on elution the elution salt concentration, we believe that identification of preferential interaction 

sites at binding conditions will also provide insights that can help advance our understanding of 

selectivity in these systems. Further, Chapters 4 and 5 focused on evaluating the preferred MM 

binding regions on the FC at pH 5. Hence, the first phase of this project will be focused on 

identification of interaction sites on the Fab domain in MM CEX systems between pH 5 and 7 

using covalent labeling and LC/MS approach. The results from the labeling experiments will be 

connected to protein surface maps that will help us develop a heuristic understanding of how these 

shifts were a function of patches on the protein surface. Even though the identification of preferred 

binding regions on FC or Fab would be valuable, these proteins would also be associated with the 

exposed hinge region on their surface that might interfere in our analysis. To this end, we propose 

that we will also experimentally determine the MM binding regions on the NIST mAb at different 

pH conditions using this covalent labeling approach. The results from this project will provide rich 

insights into the binding regions in MM CEX systems which will guide future biophysical 

experiments as well as help validate the results from MD simulations. Finally, the insights gained 

into the binding patches will be very important for complex biologics like mAbs since they are 

currently computationally very expensive to be evaluated using MD simulations.  

7.2.4.4 Identification of the Preferred Binding Regions on FC Domain Using Functionalized NPs 

Up until this point, we have evaluated the binding regions on FC using either NMR or MD 

simulations. The NMR studies with the isotopically labeled FC and MM functionalized NPs 

showed differences in the way the Capto MMC and Nuvia cPrime surfaces interacted with the FC. 

While this DEPC labeling based proof-of-concept study was focused on ubiquitin, we believe that 

this approach can be easily extended to other protein-surface systems. Further, it would be critical 
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to demonstrate the successful application of this approach to more complex proteins such as the 

FC. Since the NMR experiments were carried out with MM functionalized NPs, the proposed 

project based on DEPC labeling and LC/MS will also employ these NPs to make a direct 

comparison between the two techniques. Figure 7.5 shows a schematic of this proposed covalent 

labeling based approach that employs MM functionalized NPs and FC. In this study, the 

chromatographic resin will be replaced by a pseudo solid state resin that we have developed. The 

results from this approach can then be directly compared with the NMR results for FC. 

Demonstration of successful application of this technique for FC and achieving comparable results 

from NMR studies would be of great value for future biophysical experiments. This would suggest 

that we would have a handle over two parallel approaches that can be employed for identification 

of the preferred binding regions. 

Figure 7.5: Workflow for DEPC labeling and LC/MS for identification of the preferred binding regions on FC 

using MM functionalized NPs.  
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7.2.4.5 Extending the DEPC Labeling and LC/MS Based Approach Beyond Chromatography 

mAbs are generally expressed in Chinese hamster ovary (CHO) cells which are also known 

for expressing thousands of HCPs that contaminate the target product [192]. Most of the HCPs are 

removed during the downstream step, however, low levels of HCP remain associated with the final 

mAb product. The leftover HCPs in the drug product are generally benign, however, certain HCPs 

may be problematic or pathological; they may be immunogenic, may degrade the product or may 

degrade the formulation components [193–195]. This is one of the biggest challenges in the 

downstream processing of mAbs [15]. Recent work from our group employed a combination of 

computational and experimental tool to identify the binding regions of a problematic HCP, 

cathepsin-D on an industrial mAb [28]. The information regarding the binding regions of the HCPs 

to mAbs can be very valuable as they can guide designing of efficient chromatographic steps as 

well as wash steps that can be aimed at breaking the mAb-HCP interactions. To this end, in this 

project we propose that the binding regions of few problematic HCPs (e.g. cathepsin-D, 

peroxiredoxin and phospholipase B) on mAbs will be identified using the covalent labeling and 

LC/MS based approach. The covalent labeling will be performed at pH conditions where the HCP 

shows binding to the mAb.  Like the resin experiments discussed earlier, the DEPC labeling 

experiments will be carried out with both proteins in the bound and unbound state to identify the 

interacting regions. Further, computational studies like protein-protein docking will also be 

performed to identify interacting clusters on both proteins. Finally, the results from docking will 

be connected to experimental results in order to get an in depth understanding of the mAb-HCP 

interactions. The learnings from this project would be readily applicable to other mAb-HCP 

systems, which would further enable us to design efficient downstream polishing steps during mAb 

purification.  



139 

 

7.2.5 The Vision: Can We Bring it All Together? 

The advancement in discovery of complex biotherapeutics demands their production with 

high purities, which can be accomplished by employing efficient bioseparation processes. To this 

end, knowledge about their nature of interactions with various chromatographic systems is very 

crucial for process development. While there have been significant advances in our knowledge of 

protein binding in chromatographic systems, there is still a need to develop a deeper molecular 

level understanding of these complex interactions. The work presented in this thesis is focused on 

providing fundamental insights into the selectivity observed in chromatographic systems. Even 

though this thesis relies heavily on experimental approaches, the ultimate goal of this work is eyed 

towards guiding the computational tools for improved biomanufacturability. With this vision, 

Figure 7.6: Proposed workflow for designing efficient bioseparation processes for improved 

biomanufacturability.  
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Figure 7.6 presents the iterative workflow that is ultimately aimed at designing efficient separation 

processes for novel complex biotherapeutics.  

As the first step (1 in Figure 7.6), we propose to employ biophysical tools to develop a 

deeper molecular level understanding of protein binding in chromatographic systems. While we 

showed some interesting results with the NMR approach, it can also become quiet complex for 

larger proteins. To address the limitations of NMR technique for our applications, this thesis 

developed a covalent labeling and LC/MS based alternative approach to investigate protein 

binding at a molecular level.  

The next step (highlighted as step 2 in the Figure) would focus on obtaining more insights 

into the learnings from biophysical tools. While the current MD simulations based approaches are 

limited to the size of the protein due to the limitations of computational time and expense, some 

binding information from the biophysical tools can guide few targeted MD simulation 

experiments. For example, if we know that the binding of a mAb is driven by the CDR loops, then 

the targeted MD simulations can focus on the FV region which can be easily accomplished with 

the current resources available for MD simulations. The MD simulations would shed further light 

on the nature of these interactions by elucidating their binding mechanisms.  

While the targeted MD simulations would be dependent on the biophysical tools for the 

starting point, we believe that with the advances in computational resources and improved 

knowledge of protein binding in chromatographic systems, MD simulations will be able to predict 

the chromatographic binding regions on the protein surface (loop 2-3 in Figure 7.6). We will then 

employ biophysical tools to validate our predictions of binding. This iterative experimental and 
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simulations approach can provide significant insights into the selectivity observed in 

chromatographic systems (step 4 in Figure 7.6).  

In addition to providing significant insights into selectivity, this combined experimental 

and simulations approach would generate a fundamental understanding of how proteins interact 

with different ligands. This approach would further provide insights into the effects of ligand 

chemistry, ligand density, and geometrical presentation of functional groups on resin surface to 

protein binding. Finally, the learnings from this approach would enable us to develop a novel set 

of ligands for highly selective and orthogonal separations of complex biotherapeutics (1-2-5-6 loop 

in Figure 7.6). Eventually, this iterative process of employing experimental and computational 

tools would enable us to develop efficient bioseparation processes for improved 

biomanufacturability.   
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