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Abstract 

This work elucidates the molecular interactions that are responsible for protein unfolding 

and aggregation on the surface of certain cation exchanger resins. The chromatographic behavior 

of a monoclonal antibody (mAb) that exhibits a two-peak elution behavior is studied for a range 

of strong cation exchange resins and with varying load buffer pH and composition. The two-peak 

elution behavior is very pronounced for the tentacle and polymer-grafted resins, but is essentially 

absent for hydrophilic macroporous resins. Confocal Laser Scanning Microscopy (CLSM) shows 

that this behavior is related to the unique kinetics of protein binding in the tentacle-type resin 

Fractogel. Hydrogen-Deuterium Exchange Mass Spectrometry (HXMS) proves that the two-peak 

elution behavior is tied to conformational changes that occur when the mAb binds. Circular 

dichroism suggests that the propensity of different mAbs to form stabilizing intermolecular 

structures can be related to their chromatographic behaviors. Another mAb exhibiting a three-

peak elution behavior on the CEX resin POROS XS was also investigated. Dynamic Light 

Scattering (DLS) shows that the third peak contains significant levels of aggregates formed in the 

column that only slowly revert to monomeric species after elution. Circular dichroism and 

HXMS analyses of the eluted fraction, in-line fluorescence detection, and bound-state HXMS 

analysis indicate that the aggregates are generated by a destabilized, unfolded intermediate that is 

slowly formed on the resin.  The two early eluting peaks observed regardless of hold time are 

shown to comprise exclusively monomeric species and form as a result of the presence of weak 

and strong binding sites on the resin having, respectively, fast and slow binding kinetics. This 

work has important practical implications in downstream processing for the industrial production 

of biopharmaceuticals as well as broad scientific value from a biomolecular perspective. 
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Chapter 1  

Motivations and Background

 

Monoclonal antibodies (mAbs) have gained widespread recognition as 

biopharmaceuticals as a result of their safety, efficacy, and consistent quality [1]. Although 

mAbs are generally more stable compared to other proteins, they can still undergo a variety of 

chemical and physical transformations both within the bioreactor and during downstream 

processing, including deamination, oxidation, fragmentation and unfolding [2]. The latter is a 

special concern as unfolding is often a key precursor to aggregation, which has been recognized 

as a major potential safety concern and as a critical factor in the storage stability of mAb 

formulations ([3][4]). As a result, understanding the factors that control the stability or lack 

thereof of mAbs during downstream processes is an important concern [5].  

Ion-exchange chromatography (IEX) plays a major role in mAb purification. Although 

initial capture is most commonly carried out with high selective protein A-based adsorbents, 

increasing product titers and a desire to reduce costs are stimulating increasing interest in using 

IEX and, particularly, cation exchange chromatography (CEX) as an alternative for capture. 

Although the selectivity is lower, the protein binding capacity and chemical stability of CEX 

resins are much higher compared to that of protein A adsorbents resulting in more manageable 

column sizes and lower costs [6]. Additionally, unlike protein A adsorbents, CEX affords the 

ability to separate charge variants and other isoforms and to resolve soluble aggregates from 

monomeric species [7]. 



2 
 

An important advantage often attributed to CEX resins is that they tend not to 

significantly affect protein conformation [8]. In contrast, quite different results are generally 

obtained for adsorbents that rely on hydrophobic interactions such as reverse phase (RPC) and 

hydrophobic interaction chromatography (HIC) resins. In this case, interaction with hydrophobic 

residues has been shown to cause unfolding leading to the appearance of multiple elution peaks 

in step or gradient elution processes. Karger and Blanco [9], for example, demonstrated that 

protein-surface interactions were responsible for conformational changes of "-lactoglobulin A, 

which resulted in multiple peaks during gradient elution from an HIC column. McNay and 

Fernandez [10] demonstrated, using hydrogen-exchange NMR, that hen egg white lysozyme 

(HEWL) unfolds on RPC surfaces. Jungbauer et al. [11] showed that resin-induced unfolding 

results in a larger hydrophobic surface area, which, in turn, facilitates stronger binding, 

suggesting that binding and unfolding are inherently connected in these systems. Several models 

have also been proposed to describe protein adsorption and unfolding on HIC resins. For 

instance, Xiao et al. [12] proposed a four state model where native and unfolded species can 

adsorb to and desorb from the surface. Muca et al. [13] and Marek et al. [14] used a three-state 

model to describe a band splitting behavior of model proteins on HIC resin Butyl Sepharose 4FF. 

Accordingly, they postulated the existence of an unfolded species on the surface of the HIC resin 

that is strongly bound and elutes only at low concentration of kosmotrope. More recently, 

molecular simulation has been used to predict protein unfolding on hydrophobic chromatography 

surfaces. Zhang et al. [15], for instance, predicted, using molecular dynamic simulation, 

conformational transitions of a 46-bead "-barrel model protein on a hydrophobic charge 

induction chromatography resin. Their simulation showed that strong hydrophobic interaction 

strengthened adsorption, but caused protein unfolding. On the other hand, weak hydrophobic 
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interactions were able to maintain native protein conformation, while still resulting in relatively 

strong binding.  

Although, as noted earlier, IEX is inherently less likely to cause unfolding, a few recent 

studies suggest that protein conformational changes can also occur as a result of protein-surface 

interactions on these resins. Even though the underlying mechanisms are likely to be quite 

different from those involved in hydrophobic adsorption, their empirical manifestations are 

analogous, in some cases, to those observed for hydrophobic adsorption, including the 

appearance of multiple peaks during elution and the on-column formation of aggregates. Voitl el 

al. [16], for example, reported a two-peak behavior when pure human serum albumin was loaded 

and then eluted from the two strong CEX resins Fractogel EMD SO3- and Fractogel EMD SE 

Hicap. Since the same species was found in both early and late eluting peaks, these authors 

hypothesized that the transition from one orientation of the protein relative to the 

chromatography surface to another resulted in two different binding states that required different 

salt concentrations for elution.  

Gillespie el al. [17] showed that a two-peak elution behavior could also be observed with 

CEX resins, including Fractogel EMD SO3-, when an aglycosylated IgG1 antibody was loaded 

on the column and then eluted with a salt gradient. However, unlike the results of Voitl et al. [16], 

in this case while the early eluting peak was comprised of monomer only, the late eluting peak 

was a mixture of monomer and aggregated species. Using hydrogen-deuterium exchange and 

Fourier transform infrared spectroscopy (FTIR), Gillespie et al. showed that conformational 

changes resulting in greater exposure of the protein to the solvent occurred during the binding 

step. These changes, characteristic of an unfolding behavior, resulted in the formation of the late-
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eluting, strongly bound aggregated species together with a fraction of co-eluting monomeric 

species. 

Although glycosylated mAbs are expected to be more stable than their aglycosylated 

counterparts [2], recent work has shown that conformational changes upon binding to CEX 

resins can also occur for these molecules. Luo and co-workers [18][19] showed the occurrence of 

distinct two-peak elution behaviors for two different glycosylated mAbs. For the first of these 

mAbs [18], the two-peak elution behavior occurred on both strong and weak CEX resins and was 

attributed to a resin-induced reversible self-association which resulted in aggregate formation. 

For the second mAb [19], no aggregates were formed in the column and the two-peak elution 

behavior was attributed to the slow protonation of a histidine residue, which, in turn, resulted in 

un-protonated and protonated forms with different binding strength on the CEX surface. 

In a recent study, Marek et al. [20] considered the isolation of a mAb from cell culture 

supernatant using a process that integrates HIC and CEX. These authors noted that, dependent on 

conditions, a fraction of the loaded mAb could not be desorbed from the CEX column. Recovery 

was strongly affected by pH, salt type and concentration, and by the duration of the adsorption 

period and attributed these effects to the formation of a hypothesized unfolded mAb species 

formed on the chromatographic surface. A three-state model, comprising the native protein in 

solution, the bound native protein, and a more strongly bound unfolded species, was used by 

these authors to describe incomplete recovery of the mAb. The model provided accurate 

description of the mAb elution behavior using equilibrium and rate parameters obtained by data 

fitting for the inter-conversion of the protein between the three states.  
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The overall goal for this project is to understand unfolding and aggregation mechanisms 

of mAbs on various CEX resins. Chapter 2 will explore the elution behavior of a pure 

glycosylated antibody on the CEX resin Fractogel EMD SO3-, including characterizing the 

nature of the aggregates and investigating a connection between unfolding/aggregation behavior 

and the tentacle architecture of the Fractogel resin. Chapter 3 will seek a molecular level 

understanding of the unfolding/aggregation behavior using hydrogen-deuterium exchange mass 

spectrometry (HX-MS) to determine peptide-level conformational changes caused by binding 

and/or elution on the Fractogel resin. Chapter 4 will expand the previous studies into a broader 

range of CEX resins with different types of surface extenders and different pores sizes, and will 

determine whether a correlation exists between the intrinsic stability of the protein and protein 

unfolding/aggregation behavior on CEX columns using two additional mAbs as model systems. 

Chapter 5 will investigate the three-peak elution behavior of a fourth mAb on the CEX resin 

POROS XS including using a number of biophysical measurements to characterize the system 

and elucidate the molecular mechanisms and protein-surface interactions that are  responsible for 

this complex elution behavior.  
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Chapter 2  

Chromatography elution and batch adsorption behavior

 

2.1. Introduction 

This chapter has three principal objectives. The first is to explore the elution behavior of 

a pure glycosylated antibody on the CEX resin Fractogel EMD SO3- in a direct follow-up to the 

study of Gillespie et al. [17]. Glycosylation is expected to improve stability of the mAb 

([21][22]). Since many commercially relevant mAbs are glycosylated, it is important to 

determine if on-column aggregation is also observed for these proteins and under what 

conditions. The second objective is to characterize the nature of the aggregates formed using 

Size Exclusion Chromatography (SEC) and Dynamic Light Scattering (DLS) and to determine 

how their formation depends on buffer pH, hold time before elution, loading salt concentration, 

loading flow rate, and protein mass load. The third is to investigate a potential connection 

between unfolding/aggregation behavior and the tentacle architecture of the Fractogel resin, 

particularly with respect to the very high binding capacities and unique diffusional mass transfer 

kinetics that are often associated with polymer-functionalized ion exchangers ([23][24][25]). For 

this purpose, confocal laser scanning microscopy (CLSM) is used to determine the evolution of 

intraparticle protein concentration profiles during the load, hold, and elution steps. For 

comparison purposes similar experiments are conducted for a CEX resin with backbone similar 

to that of the Fractogel resin but with an open-pore structure and without grafted polymers. In 

Chapter 3 we seek a molecular level understanding of the unfolding/aggregation behavior using 

hydrogen-deuterium exchange mass spectrometry (HDX-MS) to determine peptide-level 

conformational changes caused by binding and/or elution on the Fractogel resin. 
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2.2. Materials and Methods 

2.2.1. Materials 

The cation exchange resin Fractogel EMD SO3 (M) used in this work was obtained from 

EMD Millipore (Darmstad, Germany). According to the manufacturer, the resin is based on a 

polyacrylate backbone functionalized with charged polymers, called “tentacles”, designed to 

facilitate interaction with the protein. The resin is a strong cation exchanger with sulfonic acid 

groups. The particle size distribution of the sample used in this work was obtained from 

microphotographs and spanned the range 40-110 µm with a volume-average particle diameter of 

74 µm. Another strong cation exchange resin also with sulfonic acid groups, UNOsphere Rapid S, 

was obtained from Bio-Rad Laboratories (Hercules, CA, USA) and used for comparison. 

According to its manufacturer, this resin is based on acrylic and vinyl polymers. However, unlike 

the Fractogel resin, UNOsphere Rapid S has an open pore structure without any grafted polymers 

or tentacles. The backbone chemistry and internal structure of UNOsphere Rapid S are similar to 

those of UNOsphere S as reported in Refs. [25][26], but contains only a small amount of weak 

acid groups [27][28]. The antibody binding capacity of UNOsphere S has been reported to be 

around 120 mg/mL of resin particle [25][26]. 

The monoclonal antibody principally used in this work was provided by Amgen (Seattle, 

WA, USA) and is a glycosylated IgG2 antibody with molecular mass ~150 kDa and a pI of 8.7 

theoretically calculated based on its amino acid sequence. Porcine pepsin, sodium acetate, 

sodium sulfate, ethanolamine were purchased from Sigma-Aldrich (St. Louis, MO, USA). Acetic 

acid, sodium chloride, potassium phosphate, ammonium sulfate, sodium citrate, sodium 

cyanoborohydride, ethylenediaminetetraacetic acid (EDTA), citric acid, formic acid, and 

trifluoroacetic acid (TFA) were purchased from Fisher Scientific (Houston, TX, USA). 
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Guanidine hydrochloride (GdnHCl) was purchased from MP Biomedicals (Solon, OH, USA). 

Tris(2-carboxyethyl)phosphine hydrochloride (TCEP) was purchased from Thermo Scientific 

(Rockford, IL, USA). Deuterium oxide was purchased from Cambridge Isotope Laboratories, Inc. 

(Andover, MA, USA). All experiments were conducted at room temperature (22±2 !) unless 

otherwise indicated. 

2.2.2. Methods 

2.2.2.1. Chromatographic experiments 

All chromatography runs were conducted on an AKTA Explorer 10 unit from GE 

Healthcare (Piscatawy, NJ, USA). The resin samples were packed into 0.5 cm # 5 cm Tricorn 

columns from GE Healthcare (Piscataway, NJ, USA) with actual packed bed volume of 0.982 

and 1.07 mL for the Fractogel and UNOsphere resins, respectively. Table 2.1 shows the baseline 

conditions for the column chromatography experiments. In all cases, the column was first 

equilibrated with 5 column volumes of loading buffer (40 mM NaCH3COO adjusted to pH 4.9 to 

5.1 with acetic acid) and then loaded with 0.5 mL of 2 mg/mL mAb. After loading, the flow was 

stopped and the column was held idle for different time periods. Two column volumes of loading 

buffer were then supplied followed by a 20 CV gradient to 1 M sodium chloride in 40 mM 

NaCH3COO at the same pH. Step-wise elution experiments were also conducted comprising first 

a step to 0.33 M NaCl, also in 40 mM NaCH3COO, followed by a second step to 1 M NaCl. UV 

absorbance at 280 nm and conductivity were monitored and 1 to 2-mL effluent samples collected 

for offline analyses using a model Frac-900 fraction collector from GE Healthcare (Piscataway, 

NJ, USA). All chromatograms were normalized to a total peak area proportional to the amount of 

protein injected per unit of column volume in order to account for small changes in actual protein 

feed concentration and thus facilitate comparisons between runs. 
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Table 2.1. Baseline conditions for CEX column chromatography experiments. 

Step Duration 
(min) Buffer Flow rate 

(mL/min) 
Protein mass 

load (mg/mL)(a) 

Load 0.5 40 mM NaCH3COO at pH 5.0 1 1 

Hold 1000 Same as load 0 - 

Wash 2 Same as load 1 0 

Elution 20 0 to 1 M NaCl in 40 mM NaCH3COO 
at pH 5.0 in 20 CV 1 0 

 
(a) obtained by loading 0.5 mL of 2 mg/mL mAb. The mass load is expressed in mg of protein 

loaded per mL of column volume. 

2.2.2.2. Size exclusion chromatography 

Size exclusion chromatography (SEC) was performed with a 30 cm # 0.78 cm Yarra 3u 

3000 column obtained from Phenomenex (Torrance, CA, USA) using a AKTA Explorer 10 unit 

from GE Healthcare (Piscataway, NJ, USA). 0.5 mL samples from fractions obtained from CEX 

chromatography run were injected into the SEC column and eluted at a flow rate of 1 mL/min in 

40 mM NaCH3COO at pH 5.0. 

2.2.2.3. Dynamic light scattering 

Dynamic light scattering (DLS) measurements were conducted on a Dynapro Nanostar 

instrument from Wyatt (Santa Barbara, CA, USA) in batch mode at 20 °C. For this purpose, 

fractions from the CEX column runs were filtered through a 0.22-µm syringe filter directly into 

the instrument cell for analysis. Mean hydrodynamic radii were determined as z-averages using a 

cumulant fit of the autocorrelation function, which corresponds to a single exponential decay 

[29]. Attempts to determine the molecular size distribution of the components in these fractions 
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provided inconclusive results since the difference between fitting the data with either a single 

exponential decay or multiple ones was not statistically significant. 

2.2.2.4. Batch experiments 

Adsorption isotherms were obtained by mixing known amounts of resin samples and 

protein solutions at different initial concentrations. The resin samples pre-equilibrated with the 

load buffer were centrifuged at 5000 rpm for 20 min in a filter centrifuge tube to remove the 

extraparticle liquid. Different amounts of resins, estimated to yield a 50% drop in protein 

concentration between initial and final values, were dosed gravimetrically and added to the 

protein solutions in 1.5 mL tubes which were slowly rotating end-over-end for 24 h.  The 

supernatant protein concentration was then measured by UV absorbance at 280 nm with a 

Nanovue spectrophotometer (GE Healthcare, Piscataway, NJ) and the amount of protein bound 

was determined by mass balance. Finally, the resin mass was converted to resin volume using a 

hydrated resin particle density of 1.11 g/mL determined with a pycnometer in order to express 

the adsorbed protein concentration, q, as mg of protein bound per mL of resin bead volume. 

Transient batch uptake experiments were performed as described in Ref. [30] to 

determine the mAb binding kinetics. For this purpose a known amount of hydrated particles (99 

mg), centrifuged to remove the extraparticle liquid, was added to a glass vessel containing 20 mL 

to 2 g/L protein solution agitated with a paddle stirrer at about 300 rpm. A stream of the solution 

was rapidly recirculated through a UV detector to determine the residual protein concentration in 

solution from the UV absorbance at 280 nm. The adsorbed protein concentration as a function of 

time was then calculated by mass balance. 



11 
 

Batch experiments were also conducted to determine the effects of protein load on the 

formation of late eluting species. Unlike the chromatographic runs where the protein load was 

varied only over a limited range, these experiments explored a broad range of loads all the way 

to complete saturation of the binding capacity. Moreover, unlike the chromatography 

experiments where, as a result of slow binding kinetics, the local protein load likely varied from 

particle to particle along the column length, these experiments provided data for particles having 

all the same protein load.  For this purpose, 10 mg samples of hydrated resin were mixed with 

200 µL of protein solution with initial protein concentration in the range between 0.5 and 15 

mg/ml (corresponding to 10 to 300 mg per g of hydrated resin) in 2 mL centrifuge filter tubes. 

The tubes were agitated at 300 rpm for 1000 min on an orbital shaker and then centrifuged at 

5000 rpm for 1 min to remove the extraparticle liquid and the resin washed three times with 0.5 

mL of the load buffer (40 mM NaCH3COO at pH 5). After washing, each resin sample was 

eluted batch wise by first adding 0.33 M NaCl in 40 mM NaCH3COO at pH 5 and equilibrating 

for 45 min and then, after removing the 0.33 M buffer, adding 1 M NaCl also in 40 mM 

NaCH3COO at pH 5 and equilibrating for another 45 min. The protein concentration in solution 

was measured at the end of each step with the Nanovue spectrophotometer to determine, by 

material balance, the amount of protein initially bound and the amounts of protein desorbed in 

the first and second elution buffers. 

2.2.2.5. Confocal microscopy 

Confocal laser scanning microscopy (CLSM) was used to determine the distribution of 

the bound protein within the particles at the end of the batch loading and desorption steps with 

protocol and equipment described in refs. [26][31]. For this purpose, the mAb was conjugated 

with Rhodamine RedTM-X dye by incubating a mixture of the two with a dye-to-protein molar 
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ratio of 1:3 in a pH 8.5 sodium bicarbonate buffer for 1 h at room temperature. A PD 10 

desalting column from GE Healthcare (Piscataway, NJ, USA) was then used to separate the 

unreacted dye from the protein. An average labeling ratio of 0.15 was determined using UV-Vis 

spectrophotometry. In order to test if conjugation with the dye affect protein binding to the resin, 

the labeled mAb mixture was injected in a 0.5 cm diameter x 5 cm long Fractogel column and 

eluted in 40 mM NaCH3COO at pH 5.0 with a linear gradient form 0 to 1 M NaCl and detection 

at both 280 nm and 570 nm, which are absorbance maxima of the mAb and dye-conjugated mAb, 

respectively. The results showed essentially identical retention for the unlabeled mAb, the 

unconjugated mAb in the labled mAb mixture, and the dye-conjugated mAb, confirming that, for 

these conditions, the dye does not significantly affect interactions of the mAb with the resin. 

Similar results have been obtained previously for the same dye with different mAbs [26][31]. 

CLSM was carried out using a Zeiss LSM 510 microscope with a Plan-Apochromat 

63#/1.4 NA oil objective (Carl Zeiss MicroImaging, LLC, Thornwood, NY, USA). All 

measurements were made in batch mode. In order to follow the evolution of intraparticle protein 

concentration during batch adsorption, the labeled protein mixture was first diluted with 

unlabeled protein in a 1 to 40 ratio to produce a solution containing 2 g/L of total protein. A 

small sample of the resin particles was then incubated in 10 mL of this solution in a test tube 

rotated end-over-end on a rotator. At different times, 300 µL samples were taken from the tube 

and rapidly centrifuged to separate particles from protein solution at time intervals. The 

separated particles were then placed in a drop of 40% sucrose prepared in the load buffer and 

imaged by CLSM. As shown in refs. [26][31], the sucrose reduces the refractive index difference 

between particles and solution making the particles nearly transparent and allowing collection of 

images with little or no attenuation of fluorescence intensity. 
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A similar procedure was used to image the distribution of protein in the resin beads at the 

end of the hold step and after the desorption steps. In the first case, a 2 mg sample of the resin 

was mixed with 500 µL of the 2 g/L protein solution containing the labeled mAb for 1 min in a 2 

mL filter centrifuge tube. The protein solution was then removed and the resin sample washed 

with the load buffer for three times, after which the protein loaded resin sample was held in 

protein-free load buffer for different times and finally imaged by CLSM. In the second case, 

after holding the protein-loaded resin for 1000 min in the protein-free load buffer, the particles 

were desorbed in a two-step process, first with an excess volume of 40 mM NaCH3COO at pH 5 

containing  0.33 M NaCl for 45 min and then with 40 mM NaCH3COO at pH 5  containing  1 M 

NaCl for another 45 min, imaging the intraparticle protein concentration profile after each step 

by CLSM. 

2.3. Results 

2.3.1. Chromatographic behavior 

Fig. 2.1 shows the gradient elution chromatographic behavior of the mAb on the 

Fractogel column at different pH values as a function of the hold time. A single peak is obtained 

at all three pH values with a zero hold time. The position of this peak shifts slightly to lower 

conductivities as the pH increases indicating that the binding strength becomes slightly weaker. 

As the hold time is increased from 0 to 1000 min, an increasingly pronounced two-peak elution 

behavior is observed. The trends with regards to hold time are qualitatively the same at each pH 

value, but a much greater fraction of the protein elutes at high conductivity at lower pH values. 

In each case, the second peak becomes increasingly broader with the peak maximum shifting to 

higher conductivities as the hold time is increased. All along, however, the early eluting peak 

retains both the same retention time and breadth. Since pH appears to affect the magnitude of the 
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two-peak behavior but not its general trends, the mechanisms leading to these effects are likely 

the same. Thus, the remainder of the experiments was conducted at pH 5.0. For these conditions 

the hold times that result in a large second peak are relatively long, which allows us to gain 

insight on the independent effects of protein load and elution. 
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Figure 2.1. Effects of pH and hold time on elution profile of the mAb on the Fractogel column (a) 

pH 4.9, (b) pH 5.0, (c) pH 5.1. Other conditions are as given in Table 2.1. The percentages of 

protein eluting in the second peak were 0, 31, 72, and 92% for 0, 60, 270, 1000 min hold times in 

(a), 0, 18, 48, and 87% in (b), and 0, 11, 30, 53% in (c) for hold times of 0, 60, 270, 1000 min, 

respectively. 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0

20

40

60

80

100

C
onductivity (m

s/cm
)N

or
m

al
iz

ed
 a

bs
or

ba
nc

e

0 min

60 min
270 min
1000 min

(a) pH 4.9

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0

20

40

60

80

100

N
or

m
al

iz
ed

 a
bs

or
ba

nc
e C

onductivity (m
s/cm

)

0 min

60 min

270 min

1000 min

(b) pH 5.0

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0

20

40

60

80

100

5 10 15 20 25
CV

N
or

m
al

iz
ed

 a
bs

or
ba

nc
e C

onductivity (m
s/cm

)

0 min

60 min
270 min
1000 min

(c) pH 5.1



16 
 

Fig. 2.2 illustrates the chromatographic behavior of the mAb on the Fractogel column for 

the following conditions: (a) at pH 5.0 with two different Na+ concentrations in the load buffer 

and a 270 min hold time; (b) for gradient elution from 0 to 1 M NaCl (top) and for two-step 

elution with the first step at 0.33 M NaCl and the second at 1 M NaCl (bottom); (c) for different 

protein mass loads; and (d) for different flow rates in the load step. All other conditions were 

kept constant in each experiment according to Table 2.1. As seen in Fig. 2.2a, increasing the Na+ 

concentration in the load buffer dramatically reduces the fraction of protein eluting in the second 

peak while, as seen in Fig. 2.2b, nearly identical results are obtained for the fraction eluted in the 

second peak whether linear gradient elution or a two-step elution protocol is implemented. These 

results, taken together, suggest that the two-peak behavior is caused by the load conditions and is 

not affected substantially by the way elution is carried out. Further evidence suggests that this is 

the case is given by Fig. 2.2c, which shows that the fraction of protein eluting in the second peak 

is nearly independent of the protein mass load, and by Fig. 2.2d, which shows that the load flow 

rate has a large effect on the fraction eluted in the second peak. It should be noted that the mass 

loads used for the experiments in Fig. 2.2c were quite low, approximately 75 to 300 times lower 

than the column equilibrium binding capacity, which, as shown below is on the order of 200 

mg/mL. Thus, for any of these experiments most of the resin particles were far from saturation. 

In this range of operating conditions, a much more important effect is that of the load flow rate. 

Since the load volume was fixed at 0.5 mL, both the residence time during the load step and the 

load time varied in inverse proportion to the flow rate, spanning the ranges 1 to 200 min and 0.5 

to 100 min for the residence time and load time, respectively. 
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Figure 2.2. Chromatographic behavior of the mAb on the Fractogel column at pH 5.0. (a) Effect 

of Na+ concentration in load buffer with a hold time of 270 min. (b) Comparison of linear 

gradient elution and two-step elution at 0.33 M followed by 1 M NaCl with 1000 min hold time. 

(c) Effect of protein mass load with 1000 min hold time. (d) Effect of load flow rate with a 2 

mg/ml protein mass load and 1000 min hold time. Other conditions are as given in Table 2.1. 

The percentage of protein eluted in the second peak was 48 and 13% for 40 and 75 mM Na+, 

respectively, in (a), 88 and 86% for LGE and two-step elution, respectively, in (b), 87, 88, and 
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84% for 1, 0.5, and 0.25 mg/mL protein mass loads, respectively, in (c), and 87, 53, 35, and 31% 

for 1, 0.1, 0.01, and 0.005 mL/min load flow rates, respectively, in (d). 

Fig. 2.3 shows the percentage of high molecular mass species, obtained by SEC, and the 

mean hydrodynamic radius, obtained by DLS, for fractions collected from a gradient elution run 

with the Fractogel column for the conditions in Table 2.1 but with a hold time of 270 min. For 

these conditions, the mAb elutes in two distinct peaks with peak maximum at about 11 and 14.5 

CVs, respectively. The SEC results show that the early eluting peak contains little or no high 

molecular mass species. However, the percentage of these species increases dramatically for the 

late eluting peak. Representative SEC chromatograms are given in Fig. 2.4a and show that the 

late eluting peak consists of a mixture of monomeric species, eluting about 8.8 mL from the SEC 

column, and a range of high molecular mass species eluting between 6 and 8.3 mL. The 

percentage of these species increases along the late peak eluting from the CEX column. The DLS 

results shown in Fig. 2.3 indicate that the mean hydrodynamic radius, !!, increases along the 

CEX gradient together with the percentage of high molecular mass species, from a minimum of 

about 5 nm, which is characteristic of monomeric IgG [32][33][34] to a maximum slightly above 

10 nm, which corresponds to aggregated IgG [33]. Assuming that the aggregates are fractal 

objects, the number of monomer units in the aggregates formed can be estimated as 

 where !!!!  and !!!!  are the radii of the aggregates and of the monomer, 

respectively, and d is the fractal dimension [35][36][37]. Values of d for protein aggregates have 

been reported to be in the range 1.7 to 2.7 with a value of 2.5 typical for antibodies [35][37]. A 

value of 2.5 yields Nm between 1.4 and 5.2 for the fractions collected between 13.4 and 17.4 CV, 

which corresponds to the late eluting peak, indicating that the aggregates in these fractions are 

relatively small oligomers. The !!-values measured for these fractions at different times after 

Nm ! rh,a rh,m( )d
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their collection are shown in Figure 2.4b. As seen in this figure, there is no change in !! for the 

monomer species collected from the early eluting peak. Conversely, !! decreases slowly with 

time, apparently leveling off after about 300 min. This slow decrease suggests that aggregation is 

at least partially reversible. 

 

Figure 2.3. Percentage of high molecular mass species and mean hydrodynamic radius for 

fraction collected during elution from the Fractogel column following a 270 min hold time for 

the baseline conditions summarized in Table 2.1. The conductivity profile is omitted from the 

figure but is as in Fig. 2.1b. 
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Figure 2.4. SEC (a) and DLS (b) analyses of fractions collected during elution from the 

Fractogel column following a 270 min hold time for the baseline conditions summarized in Table 

2.1. The CV-labels in both (a) and (b) correspond to the CV-values at which fractions were 

collected for the run in Fig. 2.3; (b) shows the mean hydrodynamic radius for these fractions as a 

function of the time elapsed after collection. 

Fig. 2.5 shows a comparison of the mAb elution behavior for the Fractogel column with 

that observed for the UNOsphere column with 0 and 1000 min hold times. With a zero hold time, 

both columns give a single, early eluting peak with essentially 100% recovery. Although this 

peak is somewhat broader for the UNOsphere column compared to the Fractogel column likely 

as a result of the larger mean particle diameter of the latter (100 µm for UNOsphere vs. 74 µm 

for Fractogel), the elution times are similar for the two columns suggesting that for these low 

protein loads, protein-surface interactions are similar during elution for the two resins. However, 

with 1000 min hold time the late eluting peak is seen only with the Fractogel column. A possible 

explanation is that the tentacle structure of the Fractogel resin, which is absent in UNOsphere, 
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affects the protein behavior. Another is that the binding strength at the load conditions is actually 

different for the two resins even though the salt concentration required for elution is nearly the 

same.  

 

Figure 2.5. Comparison of mAb elution behavior in Fractogel (solid line) and UNOsphere 

(dashed line) columns for the baseline conditions summarized in Table 2.1 with 0 and 1000 min 

hold times. The elution peaks at 0 and 1000 min hold times for the UNOsphere column are 

virtually coincident. The percentages of protein eluting in the second peak with 1000 min hold 

time were 88 and 0% for the Fractogel and UNOsphere column, respectively. 

2.3.2. Batch adsorption behavior 

Batch adsorption experiments were conducted with the Fractogel resin to determine the 

mAb equilibrium binding capacity and kinetics and to study the two-peak elution behavior at 

protein loadings much higher than those used in the chromatographic experiments. An important 

consideration is the fact that, because of mass transfer limitations, protein loading in the column 
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(prior to hold and elution steps) was likely not uniform along the column length. As a result, the 

chromatographic results averaged out the contributions of different particles along the column 

length. Batch experiments remove this concern, as all particles will have the same protein load 

prior to hold and desorption steps. 

Fig. 2.6 shows the 24 hour binding capacity and batch adsorption kinetics of the mAb on 

the Fractogel resin. As seen in Fig. 2.6a, the binding capacity achieved in 24 hours is 215±9 

mg/mL of resin particle volume and is essentially independent of protein solution concentration 

in the range 0.2-2.3 mg/mL. As seen in Fig. 2.6a, the relationship between adsorbed protein 

concentrations, q, and solution protein concentrations, C, can be represented by the Langmuir 

isotherm,  with qm=215 mg/mL and K=150 mL/mg. In practice, the isotherm 

can be treated as rectangular for these conditions. As seen in Fig. 2.6b for the same conditions, 

the adsorption kinetics is relatively slow. Only about 85% of the 24 hour binding capacity is 

achieved in 200 min. An apparent effective diffusivity, De, was determined from these data by 

fitting the pore diffusion model with a rectangular isotherm based on eqs. A16-A18 in ref. [38], 

which account for the particle size distribution of the resin. Since the binding kinetics is slow, 

external mass transfer resistances were neglected in these calculations. A value of De = 

(1.7±0.2)x10-8 cm2/s was obtained by matching data and numerically computed model results. 

This value corresponds to a ratio ~ 0.04, where D0 = 4x10-7 cm2/s is the free solution 

diffusivity of the mAb obtained by DLS, indicating that mAb transport in the Fractogel resin is 

severely hindered for these conditions. As seen in Fig. 2.6b, although not perfect, the pore 

diffusion model provides a reasonable description of the batch uptake data. 

q = qmKC 1+KC( )

De D0
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Figure 2.6. Batch adsorption behavior of Fractogel resin in 40 mM NaCH3COO buffer at pH 5.0. 

(a) amount of mAb adsorbed at 24 h; (b) batch uptake curve for 2 mg/mL initial mAb 

concentration. The solid lines are based on the Langmuir isotherm model fitted to the data with 

qm = 215 mg/mL and K=150 mL/mg in (a) and the pore diffusion model with De = 1.7x10-8 cm2/s 

in (b). 

Fig. 2.7 shows the mAb batch desorption behavior for Fractogel resin that was loaded 

with different amounts of protein in batch mode and held for 1000 min followed by a two-step 

desorption process, first in 0.33 M NaCl and then 1 M NaCl. The data, spanning fractional 

loadings between about 0.05 to 1 relative to the binding capacity, qm, show that the percentage of 

protein desorbed in the second step decreased as the fractional protein load increased. In fact, for 

completely saturated beads, virtually all the protein (> 98%) was desorbed in 0.33 M NaCl. This 

result suggests that the molecular interactions that are responsible for the two-peak 

chromatographic elution behavior are strongly influenced by the protein load in the particles. 

Fogle et al. [39] observed analogous behavior of model proteins on HIC media, showing that 
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increasing mass load decreased the extent of surface-induced unfolding. They concluded that 

crowding on the surface and protein-protein repulsive interactions helped prevent unfolding at 

high protein loads. Haimer et al. [40] also observed that increasing protein loads resulted in a 

reduced two-peak elution behavior of "-lactoglobulin on a butyl-type HIC resin and explained 

this behavior using the surface spreading model of Lundstrom [41]. Accordingly, the protein is 

hypothesized to undergo a conformational change that causes spreading on the surface, which is 

lessened at higher protein loads. The spreading model also was used by McCue et al. [42] to 

explain irreversible binding on HIC surfaces and by Yang and Etzel [43] to explain the tailing 

behavior of breakthrough curves observed for proteins on ion-exchange membranes. On the 

other hand, Sane et al. [44] observed the opposite behavior for lysozyme on reversed phase 

resins, with higher protein loads causing more conformational change of the protein. Thus, it is 

evident that these effects cannot be generalized and are both, likely, protein and surface structure 

speci$c.  
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Figure 2.7. Percentage of mAb desorbed in 1 M NaCl following desorption in 0.33 M NaCl 

plotted as a function of the initial average adsorbed concentration  normalized by the binding 

capacity qm = 215 mg/mL. All data are in 40 mM NaCH3COO buffer at pH 5.0. 

2.3.3. Confocal microscopy results 

CLSM was used to determine the distribution of the mAb in the Fractogel resin beads 

during batch adsorption, hold, and desorption steps. Fig. 2.8 shows representative images of the 

intraparticle protein concentration for batch adsorption from a 2 mg/mL mAb solution in 40 mM 

NaCH3COO at pH 5. As seen in the images, a fairly sharp adsorption front is established in the 

particles at very short times and progresses slowly toward the center of the particle. Note that 

because of the need to place the particles in the sucrose refractive index matching solution, each 

image is for a different particle. Particles of similar sizes are thus shown in order to facilitate 

their comparison. The sharp front behavior observed suggests that the pore diffusion model with 

a rectangular isotherm can also be used to describe these data. Accordingly, the dimensionless 

q
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front position in the particles, , where rs is the radial position of the adsorption front 

and rp is the particle radius, is given by [45]: 

                                                      (2.1) 

Fig. 2.8 also shows a plot of both the  values determined from the CLSM images and 

of the corresponding values of the function  vs. . As seen from this 

graph, the  plot is linear (R = 0.987), indicating conformance with eq. 2.1. Its slope gives 

De = (1.9±0.1)x10-8 cm2/s, which is in approximate agreement with the value obtained by fitting 

the batch uptake data. 
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Figure 2.8. CLSM images of Fractogel particles during transient adsorption of 2 mg/mL mAb in 

40 mM NaCH3COO at pH 5 at 1, 10, 40 and 80 min. Actual particle diameters are 65, 63, 63, 

and 69 µm from top left to bottom right. The graph on the right hand side shows plots of the 

dimensionless position of the adsorption front, , and the function  vs. the reduced time 

. 

Fig. 2.9 shows the intraparticle mAb concentration profiles at different hold times shown 

for each image, following adsorption of the mAb from a 2 mg/mL solution for 1 min. Results are 

shown for both the Fractogel resin (top) and for the UNOsphere resin (bottom). In both cases, 

after the 1-min adsorption time, the particles were placed in the protein-free load buffer and held 

there at room temperature. The results are dramatically different for the two resins. In both cases, 

we start with a thin protein-saturated layer near the particle surface. This layer remains 

unchanged for the UNOsphere resin (b) even after 1000 min. However, in the case of Fractogel, 

the layer spreads toward the center of the particles becoming increasingly diffuse. Because of the 

highly favorable nature of the binding isotherm, virtually no protein left the particles during the 

!s f !s( )

t rp
2
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hold period (no protein was indeed found in solution based on A280 measurements). However, it 

is apparent that the protein was redistributed within the Fractogel beads attaining local adsorbed 

intraparticle concentrations much lower than the saturation capacity qm. These results indicate 

that while the protein is essentially immobile after adsorption in the UNOsphere resin, it retains 

some degree of diffusional mobility in the Fractogel resin, which allows the protein to be 

redistributed across the particle volume over sufficiently long times. 

 

Figure 2.9. CLSM images of Fractogel (a, top) and UNOsphere (b, bottom) particles at hold 

times of 20, 270, 510, and 1000 min following adsorption of  2 mg/mL mAb for 1 min. All data 

in 40 mM NaCH3COO at pH 5. Actual particle diameters were, from left to right, 74, 82, 78, and 

82 µm for Fractogel and 81, 88, 90, and 84 µm for UNOsphere. 

Figures 2.10a and b shows representative CLSM images of Fractogel particles initially 

loaded for 1 and 20 min, respectively, from a 2 mg/mL mAb solution in 40 mM NaCH3COO at 

pH 5, held in the protein-free buffer for 1000 min, and then subjected to a two-step desorption 

process, first in 0.33 M NaCl and then in 1 M NaCl, both in the same 40 mM buffer. Images are 

shown at the end of each step. As discussed previously, at the end of the 1000 min hold step the 
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protein appears to be redistributed somewhat uniformly over the particle volume even though 

both 1 and 20 min load times are sufficient to saturate only a relatively thin layer of the particle 

near its external surface (cf. Fig. 2.8). As seen in both Fig. 2.10a and 2.10b, the protein left over 

in the particle at the end of the 0.33 M NaCl desorption step is uniformly distributed over the 

particle volume and its concentration, based on the fluorescence intensity, was apparently the 

same whether the partciels were initially loaded with protein for 1 min or for 20 min. Finally, the 

last image in each row shows that little if any protein was left in the particles at the end of the 1 

M NaCl desorption step. These results are qualitatively consistent with both the two-peak 

chromatographic elution behavior and with the batch two-step desorption behavior. Striking, 

however, the residual protein found at the end of the first desorption step is uniformly distributed 

across the particle. 
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Figure 2.10. CLSM images of Fractogel particles after a 1000 min hold following (a) adsorption 

of 2 mg/mL mAb for 1 min and (b) adsorption of 2 mg/mL mAb for 20 min. Images are shown 

at the end of the hold period (left), after desorption in 0.33 M NaCl (middle), and after 

desorption in 1 M NaCl. All data is in 40 mM NaCH3COO at pH 5. Actual particle diameters 

were, from top left to bottom right, 67, 67, 64, 67, 68, and 63 µm. 

2.4. Discussion 

The chromatographic behavior observed in our work for our glycosylated IgG2 is in 

many ways consistent with the observations of Gillespie et al. [17] for an aglygosylated IgG1. 

Although the effects are, in general, less pronounced at comparable times for the glycosylated 

IgG2, likely because of its inherently greater stability, both systems exhibit a two-peak elution 

behavior in the Fractogel column the magnitude of which is strongly correlated with pH 

(increasing as the pH decreases), hold-time before elution (increasing as the hold time increases), 

and load buffer concentration (increasing as the load buffer concentration decreases). The effect 

is similar whether elution is carried out with a linear NaCl gradient or with a two-step process. 
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The effect of protein mass load on the two-peak elution behavior also has trends similar to those 

observed by Gillespie et al., being relatively insensitive in both cases in column experiments at 

low protein loads. Newly observed in this work is the effect of flow rate (or residence time) 

during the load step. We found that loading the column with the same amount of protein but at 

lower flow rates dramatically reduced the two-peak elution behavior. Since protein mass transfer 

within the particles has been shown in our work to be highly limiting, it is likely that these load 

flow rate effects are caused by the different distribution along the column length of the initially 

loaded protein. 

Unlike prior work, we have also explored the batch adsorption behavior both 

macroscopically, through adsorption-desorption experiments, and microscopically, using CLSM 

to determine the distribution of adsorbed protein within the particle at the end of loading, hold, 

and desorption steps. The results of these studies clearly show that the two-peak elution behavior 

is dramatically reduced at protein loads that approach the resin’s saturation binding capacity. For 

these conditions we observed that virtually all the protein is desorbed at relatively low salt 

concentrations. However, increasingly greater amounts of protein can be desorbed from the resin 

as the protein load is reduced. This behavior is confirmed by the CLSM results. Additionally, 

these results showed that the bound protein retained diffusional mobility over long time scales in  

Fractogel particles, likely provided by the polymer-grafted architecture of this resin. By 

comparison, a macroporous cation exchanger showed no movement of the mAb within the 

particles after binding and no evidence of the formation of multiple bound protein forms that can 

only be desorbed at high salt concentration. Thus, it appears that the two-peak elution behavior 

and the resin architecture are interdependent. 
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What then is the mechanism that explains the two peak elution behavior? We hypothesize 

that the two-peak elution behavior is caused by the formation of a strongly bound unfolded 

intermediate caused by strong interactions with the resin’s tentacles. We next hypothesize that its 

formation is “catalytic” in the sense that it is facilitated by the polymer grafts and occurs as a 

function of time. Further, we hypothesize that its formation is dependent on the local bound 

protein concentration, increasing as the local bound protein concentration decreases. Finally, we 

hypothesize that upon desorption, the destabilized unfolded intermediate in part refolds to the 

native monomer and in part forms aggregates. Figure 2.11 shows the behavior expected based on 

these hypotheses for low and high average protein loads. In both cases, since as seen 

experimentally, the isotherm is highly favorable and the adsorption front in the particle is sharp, 

the protein is initially adsorbed at a bound concentration equal to the binding capacity but over 

different depths of penetration into the particle dependent on the protein load level. During the 

hold period the protein migrates from the saturated layer and is redistributed across the particle. 

At low initial protein loads, low levels of local saturation are attained which lead to the 

formation of the unfolded intermediate as a result of strong interactions with the grafted 

polymers. At high initial protein loads, the average adsorbed concentration at the end of the hold 

period is higher causing a smaller fraction of the bound protein to unfold. In 0.33 M NaCl, only 

the native mAb is desorbed, while the unfolded intermediate is retained. In 1 M salt, the 

destabilized, desorbed unfolded intermediate in part refolds to the native mAb and in part 

aggregates resulting in a late eluting peak, which as seen experimentally is a mixture of 

monomer and aggregates.  
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Figure 2.11. Schematic illustrating the hypothesized path leading to the two-peak elution 

behavior at low (a) and high (b) protein loads. In both cases, the protein is initially bound at an 

adsorbed concentration equal to the binding capacity but over layers with different depths of 

penetration into the particle. The protein migrates during the hold period and is redistributed 

across the particle. At low initial protein loads, low levels of local saturation are attained which 

lead to the formation of an unfolded intermediate as a result of strong interactions with the 

grafted polymers. At high initial protein loads, the average adsorbed concentration at the end of 

the hold period is higher causing a smaller fraction of the bound protein to unfold. In 0.33 M 

NaCl, only the native mAb is desorbed, while the unfolded intermediate is retained. In 1 M salt, 

the destabilized, desorbed unfolded intermediate in part refolds to the native mAb and in part 

aggregates resulting in a late eluting peak, which is a mixture of folded monomer and aggregates. 

The percentage of aggregates in the combined elution pool decreases with protein load since, 
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according to this conceptual model, the amount of protein that unfolds remains the same while 

the total protein bound increases. 

Based on the conceptual model described above, if unfolding only occurs for protein 

molecules that are bound at adsorbed protein concentrations below a threshold value for which 

interactions with the grafted polymers are sufficiently strong to destabilize the protein structure, 

the amount of protein unfolded would be expected to be relatively independent of protein load 

provide the hold time sufficiently long to allow the protein to diffuse through particle. In this 

case, the percentage of protein unfolded and, thus, the percentage of the bound protein in the late 

eluting peak should decrease (as seen experimentally in the batch experiments) as the total 

protein load increases. Since, as seen experimentally, adsorption of the mAb on the Fractogel 

resin occurs by a shrinking core mechanism (cf. Fig. 2.8), we conjecture that the amount of 

protein that unfolds is proportional, for a given hold time, to the volume of the free core, based 

on the assumption that as protein molecule diffuse in this area during the hold step are rapidly 

unfolded. Accordingly, the fraction of adsorbed protein that is unfolded and, thus, elutes at high 

salt is given by: 

                                                                                               (2.2) 

where k is a dimensionless rate constant dependent on the hold time and the ability of the 

Fractogel surface to catalyze the formation of the unfolded intermediate and  is the average 

bound protein concentration. Figure 2.7 shows a comparison of this equation with the batch 

experimental data at 1000 min hold times. As seen in this figure, the equation provide a 

reasonable description of the data with k = 0.023.   

A final consideration is whether the conceptual model described above can also explain 

the dependence of the percentage of protein eluting in the second peak on the flow rate during 
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the protein load step in the chromatographic experiments with the Fractogel column. In order to 

establish the reasons for this relationship, one must consider the distribution of the protein at the 

end of the load step. As seen in Fig. 2.6b, the binding kinetics is slow, requiring over 200 min to 

achieve saturation in a batch experiment with 2 mg/mL mAb concentration. However, the 

column experiments were done at flow rates between 1 and 0.005 mL/min, which, for the 0.5 mL 

feed volume used correspond top load times between 0.5 and 100 min, all shorter than needed to 

saturate the resin beads. Thus, it is apparent that the protein loaded was distributed along the 

column length to a different degree, dependent on the load flow rate. As a result, different initial 

particle-average protein loads existed along the column length during the hold step and, thus, 

different degrees of formation of the unfolded intermediate could be expected as a function of 

load flow rate. In order to quantify these effects, we used the solution of Weber and Chakraborty 

[46] to describe the position of the adsorption front at the end of the load step within the particles 

at different distances from the column entrance. The model assumes pore diffusion with a 

rectangular isotherm and is consistent with the models used in this work to describe the batch 

and CLSM adsorption behavior of the mAb on the Fractogel resin. Calculations were carried out 

using the average De = 1.8x10-8 cm2/s of the values of obtained in this work from batch and 

CLSM experiment, respectively, and with the experimental extraparticle column porosity 

! = 0.38determine from the retention of blue dextran. The results are shown in Fig. 2.12 for the 

highest and lowest flow rates used in our column experiments. At the highest flow rate, the 

residence time in the column is very short (~1 min) which causes the protein loaded to be 

initially distributed over a relatively large section of the column. As a result, for all the particles 

in this section, at the end of the load step the protein is concentrated in a very thin layer near the 

particle surface. Migration of the protein in the initially extensive empty core occurs during the 
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hold step, resulting in a high fraction of the protein loaded converted to the unfolded 

intermediate. On the other hand, at the lowest flow rate used, the residence time in the column is 

sufficiently long (~100 min) to result in a relatively sharp breakthrough front and thus, a 

relatively high protein load for the particles in the top section of the column. The high protein 

load results in a small protein-free core for most particles, which, in turn results in a small 

fraction of protein unfolded. 
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Figure 2.12. Predicted adsorbed protein concentration profiles in the Fractogel column as a 

function of distance from the entrance at the end of the protein load step based on the pore 

diffusion model at highest and lowest load flow rates used experimentally in Fig. 2.2d. The 

position of the adsorption front inside the particles for the two cases is shown at representative 

distances from the column entrance. 

2.5. Conclusions 

A two-peak elution behavior is observed for a glycosylated IgG2 on a Fractogel CEX 

column. This behavior is accompanied by the formation of mAb aggregates with various sizes, 

which elute only at high salt concentrations (e.g. 1 M NaCl) in a mixture with monomeric mAb. 

Aggregate formation in this column increases as the binding strength increases (lower pH and 

lower load buffer concentration), and as the load %ow rate increases. Batch experiments at higher 

protein loads show that aggregate formation decreases rapidly as protein mass load increases and 
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is nearly completely suppressed if the Fractogel particle are initially completely saturated with 

protein. CLSM experiments have shown that the two-peak elution behavior is correlated with the 

unique protein binding kinetics in the Fractogel resin. Studies with a macroporous CEX resin 

without “tentacles” or grafted polymers showed no evidence of two-peak elution behavior or 

aggregate formation and no evidence of movement of the protein within the beads during the 

hold step. This suggests that either the tentacle structure or differences in binding strength during 

loading for the two resins is responsible for the two-peak behavior. In either case, a conceptual 

model is advanced according to which unfolding occurs when protein molecules slowly migrate 

to regions of the particle that are initially protein free. For these conditions, interactions of the 

protein with the resin’s tentacles are expected to be strongest leading to conformational changes 

that lead to unfolding and, eventually, aggregate formation when the destabilized unfolded 

intermediate, which is more strongly bound than the native monomer, is eluted at high salt. 

While the model is semi-quantitatively consistent with the experimental observations, its 

molecular basis is tenuous. Thus, Chapter 3 uses hydrogen-deuterium exchange mass 

spectrometry (HDX-MS) to probe the conformational changes hypothesized in this work and to 

obtain a molecular scale explanation of the catalytic effect of the Fractogel surface on 

destabilizing the bound protein. From the practical viewpoint, it is apparent that conditions 

where protein binding is weaker (higher salt or higher pH) tend to reduce aggregate formation 

and the ensuing two-peak elution behavior. However, this needs to be balanced against reduced 

binding capacity and, perhaps, selectivity. 
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Chapter 3  

Protein structure effects by hydrogen deuterium exchange mass spectrometry

 

3.1. Introduction 

In Chapter 2, we have examined the binding and elution behavior of a glycosylated IgG2 

mAb on a “tentacle” type Fractogel CEX column. The mAb exhibited a two-peak elution 

behavior when loaded at low pH and eluted with a salt gradient. The early eluting peak was 

shown to consist exclusively of monomeric species whose retention was the same as that of the 

native mAb. The later eluting peak, on the other hand, was shown to consist of a mixture of 

monomeric species and mAb aggregates. The percentage of protein eluting in the second peak 

was found to increase when conditions favored stronger initial binding of the antibody, when the 

hold time prior to elution was longer, when the initial protein mass load was lower, and when the 

load flow rate was higher. Confocal laser scanning microscopy (CLSM) was used to examine the 

kinetics of protein adsorption on the resin and the intraparticle distribution of bound protein at 

the end of the load, hold, and elution steps. We showed that, for typical conditions, the protein 

loaded to the column is initially distributed entirely within a thin layer near the resin particle 

surface, where it attains a locally high bound protein concentration. However, over time the 

initially loaded protein becomes redistributed throughout the particle volume eventually attaining 

a locally low bound protein concentration. An inverse relationship was thus established between 

the local bound protein concentration and the percentage of protein in the aggregate-containing, 

late eluting peak. A conceptual model was developed to describe the mechanisms leading to 

aggregate formation in the Fractogel resin. According to this model, the bound protein is 

destabilized, to an extent that depends on the hold time and mobile phase conditions, when 
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present below a threshold value of the bound-protein concentration forming a strongly-bound, 

unfolded intermediate. Following load and hold steps, as the salt concentration is increased either 

in a gradient or in a two-salt step elution scheme, the more weakly retained native protein elutes 

first, while the unfolded intermediate remains bound. Upon further increasing the salt 

concentration the destabilized intermediate eventually elutes in part by refolding to the native 

conformation and in part forming aggregates. While this conceptual model was qualitatively 

consistent with the observed experimental trends, molecular-level insight is needed to ascertain 

its validity. 

The goal of this chapter is thus to establish a molecular basis to determine what protein 

conformational changes, if any, are involved in these processes and how they lead to the 

formation of aggregates. The approach used is based on hydrogen-deuterium exchange mass 

spectrometry (HX-MS). The method depends on the fact that amide hydrogens on the protein 

backbone are exchangeable for deuterium to an extent that depends on their exposure to the 

solvent. Amide hydrogens associated with residues that are completely exposed to the solvent 

exchange quickly, while others associated with buried residues exchange very slowly or not at all.  

The method can be used either to differentiate between native and unfolded species based on the 

total deuterium content, or to determine local unfolding by performing MS following digestion 

of the protein and establishing which peptides along the protein backbone had greater deuterium 

content and, thus, became more solvent exposed. As recently reviewed by Brock [47] and Iacob 

and Engen [48], the method has been used extensively to study protein stability in solution in 

response to various factors including glycosylation [22], oxidative stresses [49], freeze-thaw 

stresses [50], and salt type and concentration of additives commonly used in formulation 

[51][52]. 
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HX-MS has also been proposed as a tool for screening protein stability in 

chromatography and a general protocol has been presented by Fogle and Fernandez [53] for this 

purpose. Applications of this approach to chromatography have thus far focused primarily on 

hydrophobic stationary phases. Jones and Fernandez [54], for example, used HX-MS to elucidate 

the two-peak elution behavior exhibited by &-lactalbumin on a SOURCE Phenyl HIC column. 

Whole protein HX-MS was used to differentiate between native and unfolded forms in the two 

peaks and MS following proteolytic fragmentation of the eluted protein was used determine the 

stability of different domains in the protein tertiary structure. Fogle et al. [39] and Xiao et al. [55] 

extended this work to different HIC resins with varying hydrophobicity using whole protein HX-

MS to determine the effects of protein load and kosmotrope concentration of the stability of 

bound apo-&-lactalbumin. Stability of this protein, as measured by differences in solvent 

accessibility, was found to increase dramatically with protein load and was nearly undetectable 

when the stationary phase was nearly completely saturated. The results were used to develop a 

thermodynamic framework to describe surface and kosmotrope effects on protein conformation. 

Stability of other proteins, including &-chymotrypsinogen A, &-lactoglobulin B, holo-&-

lactalbumin, bovine !-lactoglobulin, and human serum albumin was also studied using HX-MS 

on a variety of HIC stationary phases by Deitcher et al. [56] and Gospodarek et al. [57]. 

Despite the many HX-MS studies on protein stability in HIC, only recently has HX-MS 

been used to elucidate protein stability in stationary phases for ion exchange chromatography. 

Gillespie et al. [17] used whole-protein on-column HX-MS to differentiate between native and 

unfolded forms of their aglycosylated IgG1 antibody eluting from a Fractogel EMD SO3- CEX 

column. Their HX-MS results confirmed that species present in the late eluting peak, which 

comprised a mixture of monomeric and aggregated mAb, experienced more solvent exposure 
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while bound to the column than the species the early eluting peak, suggesting that 

conformational changes were induced by interactions with the CEX resin. However, since only 

the global deuterium content was determined, detailed information about local unfolding with 

peptide-level structural resolution could not be obtained.  

In this chapter, we apply HX-MS coupled with proteolytic fragmentation to understand 

the mechanisms leading to the two-peak elution behavior of a pure glycosylated antibody on the 

CEX resin Fractogel EMD SO3- described in Chapter 2. Our first objective is to determine the 

conformation of the species eluted from the CEX column relative to the native protein. For this 

purpose, size exclusion chromatography is used to separate aggregates and monomers from 

fractions collected from the two CEX peaks. The separated species are then labeled with D2O, 

proteolytically digested, and then subjected to MS analysis to determine changes in solvent 

exposure relative to the native protein. Our second objective is to determine the conformation of 

the mAb bound to the resin by performing on-column hydrogen-deuterium exchange, followed 

by elution, proteolytic digestion, and MS. 

3.2. Materials and Methods 

3.2.1. Materials 

The cation exchange resin, Fractogel EMD SO3- (M), used in this work was from EMD 

Millipore (Darmstad, Germany). The monoclonal antibody used was provided by Amgen 

(Seattle, WA, USA). Both the resin and the mAb are the same as those used in Chapter 2. The 

Fractogel resin is “tentacle” type, containing charged polymeric surface extenders designed to 

facilitate interactions with the protein. The mAb is a glycosylated IgG2 antibody with molecular 

mass ~150 KDa and a pI of 8.7 theoretically calculated based on its amino acid sequence. 
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Porcine pepsin, Sodium acetate, sodium sulfate, ethanolamine were purchased from Sigma-

Aldrich (St. Louis, MO, USA). Acetic acid, sodium chloride, potassium phosphate, ammonium 

sulfate, sodium citrate, sodium cyanoborohydride, ethylenediaminetetraacetic acid (EDTA), 

citric acid, formic acid, and trifluoroacetic acid (TFA) were purchased from Fisher Scientific 

(Houston, TX, USA). Guanidine hydrochloride (GdnHCl) was purchased from MP Biomedicals 

(Solon, OH, USA). Tris(2-carboxyethyl)phosphine hydrochloride (TCEP) was purchased from 

Thermo Scientific (Rockford, IL, USA). Deuterium oxide was purchased from Cambridge 

Isotope Laboratories, Inc. (Andover, MA, USA). All experiments were conducted at room 

temperature (22±2 !) unless otherwise indicated. 

3.2.2. Methods 

3.2.2.1. Chromatographic experiments 

All chromatography runs were conducted using an AKTA Explorer 10 unit from GE 

Healthcare (Piscatawy, NJ, USA). The resin was packed in a 0.5 cm # 5 cm Tricorn column from 

GE Healthcare (Piscataway, NJ, USA) with an actual packed bed volume of 0.982 mL as 

described in Chapter 2. The column was first equilibrated with 5 column volumes (CVs) of 

loading buffer (40 mM NaCH3COO adjusted to pH 5.0 with acetic acid) and then loaded with 0.5 

mL of 6 mg/mL mAb. After loading, the flow was stopped and the column was held idle for 

1000 min. Two CVs of loading buffer were then supplied followed by a two-step elution 

protocol comprising first a step from 0 to 0.33 M NaCl, also in 40 mM NaCH3COO, followed by 

a second step to 1 M NaCl. UV absorbance at 280 nm and conductivity were monitored and 1-

mL effluent samples collected for offline analyses using a model Frac-900 fraction collector 

from GE Healthcare (Piscataway, NJ, USA). 
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3.2.2.2. Collection of mAb samples for HXMS analysis in solution 

Figure 3.1 shows the procedure used to generate samples for HX-MS analysis obtained 

from a single CEX two-step elution run. Two 1-mL fractions were collected at 4.1 and 13.7 CV, 

respectively, as shown in the top panel of Fig. 3.1 and each was concentrated to about 1 mg/mL 

with 10 kDa microcentrifuge filter tubes from Millipore Corporation (Billerica, MA, USA). Each 

CEX fraction was then separated by size exclusion chromatography (SEC) using a 30 cm # 0.78 

cm Yarra 3u 3000 SEC obtained from Phenomenex (Torrance, CA, USA) with an AKTA 

Explorer 10 unit from GE Healthcare (Piscataway, NJ, USA). For this purpose 500 µL samples 

of the CEX fractions were injected into the SEC column and eluted at 1 mL/min in 40 mM 

NaCH3COO at pH 5.0. Fractions were collected from the SEC runs at 6.7 and 8.7 mL as 

indicated in Fig. 3.1, corresponding, respectively, to the elution of aggregated and monomeric 

species, and concentrated to about 1 mg/mL by ultrafiltration with 10 kDa micrcentrifuge tubes. 

Batch dynamic light scattering (DLS) analyses conducted according to the procedure described 

in Chapter 2 gave hydrodynamic radii of 5.2 ± 0.1 and 8.6 ± 0.3 nm, respectively, for the late and 

early SEC peaks. Virtually identical radii were obtained before and after ultrafiltration. In total, 

four mAb samples were thus obtained:  

(A) A sample containing the monomer present in CEX fraction 1 eluting in 0.33 M 

from the Fractogel column, referred to as the “early eluting monomer”; 

(B) A sample containing the monomer present in CEX fraction 2 eluting in 1 M NaCl 

from the Fractogel column, referred to as the “late eluting monomer”;  

(C) A sample containing the aggregates present in CEX fraction 2 eluting in 1 M 

NaCl from the Fractogel column, referred to as the “late eluting aggregates”; and 
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(D)  A sample obtained by dissolving 1 mg/mL of the mAb without contact with the 

Fractogel resin in 40 mM NaCH3COO at pH 5.0, referred to as the “native monomer”. 
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Figure 3.1. Two-step elution of the mAb loaded on the Fractogel column (top panel) and SEC 

analyses of the eluted fractions (bottom panels). Load was 0.5 mL of 6 mg/mL mAb in 40 mM 

NaCH3COO at pH 5.0. After loading, the flow was stopped and the column was held idle for 

1000 min. Elution was first with 0.33 M NaCl and then with 1 M NaCl in 40 mM NaCH3COO at 

pH 5.0. The percentages of the loaded protein eluted in 0.33 and 1 M NaCl were 40 and 60%, 

respectively. See text for SEC conditions. Shaded areas show the fractions collected. 
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3.2.2.3. HXMS analysis of eluted samples 

The four mAb samples outlined in Section 3.2.2.2 were prepared for HX-MS analysis 

according to the following protocol adapted from Gospodarek et al. [57]. For this purpose, a 20-

µL volume of each mAb sample was mixed with 180 µL of D2O containing 40 mM NaCH3COO 

at pH 5.0 (the pH value for D2O buffer was directly from pH meter reading without correction 

for the deuterium isotope effect). After a predetermined labeling time, the solution was chilled in 

an ice batch and mixed with 50 µL of ice-chilled 150 mM potassium phosphate at pH 1.5 to 

bring the pH down to 2.6 and quench the hydrogen-deuterium exchange [58]. 100 µL of 8 M 

GdnHCl containing 100 mM TCEP and 25 mM EDTA at pH 2.6 were then added in order to aid 

the subsequent pepsin digestion step. Finally, after 2 min in the ice bath, 200 µL of a solution 

containing 95% water, 5% ACN, 0.1% formic acid, and 0.01% TFA at pH 2.6 was added 

bringing the GdnHCl concentration down to approximately 1.5 M.  

A 500 µl volume of each mAb sample prepared as described above was loaded into a 

sample loop and pumped into an immobilized pepsin column at 0.1 mL/min with a Series I pump 

from Lab Alliance (Syracuse, NY, USA). The pepsin column was prepared according to the 

method of Wang et al. [59], by first immobilizing pepsin on an Applied Biosystems POROS-

20AL resin (obtained from Life Technologies, Grand Island, NY, USA). For this purpose, 25 mg 

of pepsin were dissolved in 4 mL of 50 mM sodium citrate at pH 4.4. 0.66 mL of 1 M sodium 

cyanoborohydride were then added, followed by the slow addition of 2.3 mL of 1.5 M sodium 

sulfate. A 1.4 g sample of the POROS-20AL resin was added, followed by the addition of 4.6 

mL of 1.5 M sodium sulfate with a syringe pump at a rate of 2.3 mL/hr. The resin suspension 

was then incubated at 4 ! for 17 h with gentle agitation. 1 mL of 0.1 M ethanolamine was then 

added to quench the reaction. After incubating the solution for another 5 h, the residual free 
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pepsin was removed by first washing with 50 mL of 50 mM sodium citrate at pH 4.4, then with 

20 mL of 1 M NaCl in 50 mM sodium citrate at pH 4.4, followed by adding 50 mL of 50 mM 

sodium citrate at pH 4.4. The POROS resin containing the immobilized pepsin was packed in 

two 0.21 cm x 3.0 cm HPLC columns by suspending the resin in 50 mL of 50 mM sodium citrate 

at pH 4.4 to form a 50:50 slurry and pumping the slurry into the column at flow rates increasing 

gradually over about 20 min from 0.5 mL/min until the pressure reached 48 bar. The two 

columns prepared in this manner were connected in series to improve digestion efficiency.  

The effluent from the pepsin columns flowed directly into a 0.1 cm x 0.8 cm C8 reversed 

phase chromatography column from Michrom BioResources (Auburn, CA, USA) in order to 

capture and desalt the peptides. After 9 min, the bound peptides were eluted with an acetonitrile 

gradient delivered by a Surveyor MS pump from Thermo Finnigan (San Jose, CA, USA) at 0.1 

mL/min into a 0.21 cm x 10 cm Kinetex C18 column from Phenomenex (Torrance, CA, USA), 

connected in series with the C8 capture/desalting column, in order to separate the peptides 

formed by pepsin digestion. Two different gradients were used for elution. A long gradient from 

5 to 40% ACN in 31 min followed by a 5 min gradient to 90% ACN was used for peptide 

identification in blank runs without hydrogen exchange. A shorter gradient from 30% ACN to 

60% ACN in 17 min followed by a 2 min gradient to 90% ACN was used to determine the extent 

of hydrogen-deuterium exchange for the peptides identified. The shorter time was used to 

minimize deuterium-hydrogen back exchange.  

The peptides eluted from the C18 columns were sent directly to an LTQ linear ion trap 

mass spectrometer from Thermo Finnigan (San Jose, CA, USA). Data were collected in a 

positive ion, profile mode with an ESI voltage of 4.3 kV, a capillary temperature of 250°C, and 

sheath gas flow rate of 15 units. Peptide matching was done using Proteome Discoverer software 
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from Thermo Scientific (Rockford, IL, USA) based on the amino acid sequence of the mAb 

provided by Amgen (Seattle, WA, USA). 240 peptides providing 78% coverage of the known 

sequence, were identified by the Proteome Discoverer software as candidate reporter peptides. 

HDExaminer software from Sierra Analytics (Modesto, CA, USA) was then used to select 

peptides with high signal-to-noise from the short gradient run as the final reporter peptides. 

Ultimately, 29 peptides providing 49% coverage of the mAb sequence were selected as the final 

reporter peptides. 

A statistical analysis of the MS results was done following the method outlined in Houde 

et al. [22] in order to determine the confidence limits of the determination of differences in 

peptide mass between a sample and the corresponding reference. For this purpose, three replicate 

experiments were done with a 10 min labeling time giving a 99% confidence limit of ±0.43 Da. 

3.2.2.4. HXMS analysis of bound protein 

Batch adsorption experiments were used to determine whether conformational changes 

resulting in altered solvent exposure occur while the protein is bound to the Fractogel resin. For 

this purpose, a 10-mg sample of resin was incubated for 1000 min with 200 µL of a 40 mM 

NaCH3COO solution at pH 5.0 with initial mAb concentration of 0.5 mg/mL (corresponding to 

10 mg of protein per g of resin) in a 2 mL microcentrifuge filter tube agitated at 300 rpm for on a 

Model Lab Companion SI-300 orbital shaker (Gasan-Dong, Geumcheon-Gu, Seoul, Korea) and 

then centrifuged at 5000 rpm for 1 min to remove the extraparticle liquid. Since, as shown in 

Chapter 2, protein binding is extremely favorable for these conditions, most of the mAb initially 

in solution (> 98%) was bound to the resin as indicated by mass balance using the initial and 

final UV absorbance of the supernatant. The bound protein was then desorbed batch-wise in two 

steps by first adding 0.33 M NaCl in 40 mM NaCH3COO at pH 5 and equilibrating for 45 min 
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and then adding 1 M NaCl in the same buffer also for 45 min. As shown in Chapter 2, for these 

conditions approximately 70% of the total protein bound is desorbed in the first step while the 

remaining 30% is desorbed in the second.  These percentages were shown to be consistent with 

the column gradient and two-step elution results for comparable hold times and local protein 

loads. In order to generate a control sample, the same procedure was repeated by incubating resin 

and protein for 30 min instead of 1000 min, which would result in essentially all of the protein 

eluting in 0.33 M NaCl. 

HX-MS analyses were conducted for these two resin-bound protein samples as follows.  

After the incubation period, 10 µL of 40 mM NaCH3COO at pH 5 in H2O and 90 µL 40 mM 

NaCH3COO at pH 5 in D2O were added to the resin in the microcentrifuge filter tube and mixed 

for different periods of time. 25 µL of ice-cold quench buffer (150 mM potassium phosphate at 

pH 1.5) was then mixed with the resin, which was then centrifuged at 8900 rpm for 30 s to 

remove the liquid. 100 µL of the dissociation buffer (8 M GndHCl, 100 mM TCEP, 25 mM 

EDTA, at pH 2.6) was then added to the resin and mixed under ice for 2 min during which most 

of the protein (>90%) was desorbed. Finally, the desorbed protein was collected by centrifuging 

at 8900 rpm for 30 s in a new microcentrifuge tube, mixed with 450 µL of a solution containing 

95% water, 5% ACN, 0.1% formic acid, and 0.01% TFA at pH 2.6, fragmented by pepsin 

digestion, separated by HPLC, and analyzed by MS as described in Section 3.2.2.3. 

3.3. Results 

Table 3.1 provides a listing of the 29 reporter peptides identified in this work, which 

cover 49% of the actual mAb sequence. Greater coverage could be obtained by using a longer 

gradient capable of greater resolution. However, a longer gradient also results in greater 

hydrogen-deuterium back exchange, which would compromise the determination of unfolded 
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regions. In order to obtain an estimate of the location of these peptides in the protein structure, 

we followed the homology modeling approach of Majumdar et al. [51] using human IgG1 

(Protein Data Bank entry 1HZH) as a template. Because of the high degree of primary amino 

sequence homology of human IgG subclasses [60], nearly all of the reporter peptides could be 

aligned with this structure.  A coverage map showing the reporter peptides relative to the mAb 

template visualized using PyMOL software (Schrodinger LLC, Portland, OR, USA) is shown in 

Fig. 3.2. Although the structure shown is only an approximation, 24 of the 29 reporter peptides 

could be aligned. As seen in Fig. 3.2, all three mAb domains are represented by the reporter 

peptides so that meaningful structural information can be obtained despite the modest degree of 

coverage.  
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Table 3.1. Reporter peptides identified in short gradient HPLC-MS. Residues from 1 to 215 are 

from the light chain of the antibody, and those from 216 to 659 are from the heavy chain. The 

peptides cover 49% of the sequence. 

Peptide Start End Sequence 
1 34 47 LAWHQQKPGQAPRL 
2 76 84 ISRLEPEDF 
3 117 126 FIFPPSDEQL 
4 137 144 LNNFYPRE 
5 145 162 AKVQWKVDNALQSGNSQE 
6 163 179 SVTEQDSKDSTYSLSST 
7 220 232 LESGGGLVQPGGS 
8 247 251 YVMSW 
9 251 261 WVRQAPGKGLE 
10 262 274 WVSSISGSGLGSY 
11 275 283 YADSVKGRF 
12 284 294 TISRDNSKNTL 
13 299 308 RSLRAEDTAV 
14 362 371 VKDYFPEPVT 
15 372 390 VSWNSGALTSGVHTFPAVL 
16 401 413 VVTVPSSNFGTQT 
17 454 464 LFPPKPKDTLM 
18 478 489 VSHEDPEVQFNW 
19 519 530 TVLHQDWLNGKE 
20 531 545 YKCKVSNKGLPAPIE 
21 561 577 YTLPPSREEMTKNQVSL 
22 569 577 EMTKNQVSL 
23 581 588 VKGFYPSD 
24 593 610 WESNGQPENN 
25 603 610 YKTTPPML 
26 611 616 DSDGSF 
27 617 622 FLYSKL 
28 623 635 TVDKSRWQQGNVF 
29 643 658 ALHNHYTQKSLSLSPG 
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Figure 3.2. Three-dimensional coverage map of reporting peptides identified in short gradient 

HPLC-MS runs. The mAb structure is obtained by homology modeling using human IgG 1 

(1HZH in the Protein Data Bank) as a template. The blue regions in both views show the location 

of the 24 of the 29 reporter peptides covering 49% of the sequence, which were found in the 1 

HZH structure. Green regions represent the missing coverage. Peptides 17 and 19, shown in 

magenta and red, respectively, exhibited the greatest differences in hydrogen-deuterium 

exchange between late eluting aggregate and an unfolded intermediate relative to the native 

protein. 

Figure 3.3 shows a mass difference plot for the 29 reporter peptides based on solution 

HX-MS with a 10 min labeling time comparing the early eluting monomer (sample A) to the 

native mAb (sample D). The dashed lines represent the 99% confidence limits on the mass 

difference values. A seen from these data, none of the reporter peptides exhibit a significant 
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difference in mass suggesting that the early eluting monomer and the native mAb have the same 

conformation. This result is, of course, expected since, as shown in Chapter 2, the elution 

behavior of the early eluting monomer was the same regardless of the hold time and of the 

percentage of protein that eluted at high salt. Figure 3.4 compares the mass differences of the 

reporter peptides for the late eluting monomer (sample B) with those of the native monomer 

(sample D). Although some slight differences are seen, none of these differences are significant 

at 99% confidence level with either 2 or 10 min labeling time. This result suggests that the late 

eluting monomer has the same conformation as the early eluting and native monomer species.  
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Figure 3.3. Difference between the masses of the 29 reporter peptides in the early eluting 

monomer (sample A) and those in the native monomer (sample D) with a 10 min labeling time. 

The dashed lines represent the 99% confidence limit for the mass difference values. The 

horizontal axis represents the peptides numbers, which are sorted in ascending number based on 

the midpoint of their sequences. Positive vertical bars suggest increased solvent exposure in 

early-eluted monomer compared with native monomer, and negative vertical bars suggest 

decreased solvent exposure. 

  

-0.5

0

0.5

1

1.5

1 6 11 16 21 26

M
as

s 
di

ffe
re

nc
e 

(D
a)

Peptide number



56 
 

 

 
Figure 3.4. Difference between the masses of the 29 reporter peptides in the late eluting 

monomer (sample B) and those in the native monomer (sample D) with (a) 2 min labeling time, 

and (b) 10 min labeling time. The dashed lines represent the 99% confidence limit for the mass 

difference values. The horizontal axis represents the peptides numbers, which are sorted in 

ascending number based on the midpoint of their sequences. 

Figure 3.5 compares the mass differences of the reporter peptides for the late eluting 

aggregates (sample C) with those of the native monomer (sample D). Although many of the 

peptides appear to exhibit a mass increase, which would indicate increased solvent exposure and, 

thus, localized unfolding, two, in particular, peptides 17 and 19, exhibit differences that are 

clearly significant at the 99% confidence level. The increased mass suggests that the aggregates 

are comprised of locally unfolded protein. Interestingly, none of the peptides exhibit statistically 

significant solvent protection (which would be characterized by a negative mass difference larger 

than the 99% confidence limit) indicating that the aggregates are likely to be relative loose 
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structures. As seen in Fig. 3.2, peptides 17 and 19 happen to be in the Fc region of the mAb. We 

do not know the specific reasons why this is the case, but other authors [3][61][62][63] have also 

found that the Fc fragment of different IgGs is, for example, more sensitive to low pH 

denaturation, indicating that this region may be intrinsically less stable and, therefore, more 

susceptible to conformational changes caused by binding to the CEX resin. 

 

Figure 3.5. Difference between the masses of the 29 reporter peptides in the late eluting 

aggregates (sample C) and those in the native monomer (sample D) with (a) 2 min labeling time, 

and (b) 10 min labeling time. The dashed lines represent the 99% confidence limit for the mass 

difference values. The horizontal axis represents the peptides numbers, which are sorted in 

ascending number based on the midpoint of their sequences. 

Some additional insight about the unfolding behavior affecting peptides 17 and 19 can be 

obtained from the data in Figs. 3.6 and 3.7. Figure 3.6 shows the mass gain due to deuterium 

uptake by the two peptides as a function of labeling time for the native monomer (sample D) and 
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for the late eluting aggregates (sample C). It can be seen that it takes only about 2 to 10 min of 

labeling time for either peptide to exchange two hydrogens for deuterium when they in aggregate 

form, while it takes between 50 and 120 min when they are in monomer form, suggesting that 

these two peptides are highly solvent exposed in the aggregates compared to native monomer. 

Figure 3.7 shows the mass gain due to deuterium exchange of peptides 17 and 19 in the late 

eluting aggregates as a function of the time elapsed since collection of the fractions from the 

CEX column, compared to the values for the same peptides in the native monomer. In Fig. 2.4b 

of Chapter 2, using DLS, we showed that the late eluting aggregates are relatively unstable, 

partially reversing to monomer, with a concomitant decrease in average hydrodynamic radius, 

over long time scales (order of 100’s of seconds). The change in deuterium uptake as a function 

of collection time follows the same qualitative trend as the change in hydrodynamic radius and 

over the same time scale suggesting that the aggregates slowly refold to the native monomer 

conformation as they reverse to monomer. By comparison, the monomer was virtually 

indefinitely stable once place in solution. 
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Figure 3.6. Mass increase of peptides 17 (a) and 19 (b) as a function of labeling time for native 

monomer (sample D) and late eluting aggregates (sample C). 
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Figure 3.7. Mass increase of peptides 17 and 19 as a function of time after collection from the 

CEX column for late eluting aggregates using a 10 min labeling time. 

Figure 3.8 shows the results for HX-MS for the protein labeled while in the bound state 

according to the procedure in Section 3.2.2.4. The figure compares the results obtained for the 

protein that remained bound following 0.33 M NaCl desorption with a 1000 min hold time and 

those obtained when the protein was adsorbed for just 30 min. As shown in Chapter 2, 30 min is 

not sufficient to generate a significant percentage of late eluting protein. Thus, it seems 

reasonable to assume that the 30 min-hold sample is representative of protein bound in its native 

conformation. The comparison shows that several peptides had increased solvent accessibility 

indicating that local unfolding occurred. Peptide 19, in particular, has a relatively large mass 

increase which is significant at the 99% confidence level. This peptide is also among those that 
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showed the greatest mass difference for the late eluting aggregates subject to hydrogen-

deuterium exchange in the solution phase. This similarity suggests that the late eluting 

aggregates are related to the unfolded species that exists in the bound state after 1000 min of 

incubation. Interestingly, none of the peptides in the bound protein exhibited a statistically 

significant negative mass difference indicating that any unfolding that occurred when the protein 

was held for a long time in the bound state did not result in increased solvent protection, which 

one might have expected since the unfolded species is much more tightly bound than the native 

monomer.  
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Figure 3.8. Difference between the masses of the 29 reporter peptides for the bound protein held 

on the resin for 1000 min and those for the bound protein held on the resin for 30 min with 10 

min (a) and 30 min (b) labeling time. The dashed lines represent the 99% confidence limit for the 

mass difference values. The horizontal axis represents the peptides numbers, which are sorted in 

ascending number based on the midpoint of their sequences. Positive vertical bars suggest 

increased solvent exposure in 1000 min hold time protein sample compared with 30 min hold 

time protein sample, and negative vertical bars suggest decreased solvent exposure. The 30 min 

hold time did not result in a significant percentage of late eluting protein. 

3.4. Discussion 

In Chapter 2, it was hypothesized that the two-peak elution behavior exhibited by a 

glycosylated IgG1 monoclonal antibody on a tentacle-type Fractogel CEX column was caused by 

the resin-catalyzed formation of a strongly-bound unfolded intermediate. Upon elution with a 

linear salt gradient to 1 M NaCl or with two salt steps, the first to 0.33 M and the second to 1 M 
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NaCl, the protein was to shown to elute in two different forms – an early eluting monomer and a 

late eluting mixture of monomeric and aggregated forms. HX-MS with peptide level resolution 

was performed in this work in order to identify the nature of the eluted species with regards to 

varied solvent exposure and, thus, local unfolding, caused by binding, hold, and elution steps. 

The HX-MS results show that the early eluting monomeric species are consistent with the native 

monomer structure. Their elution behavior is the same regardless of the hold time, even though 

the proportion of early eluting species decreases as the hold time (i.e. the time the protein spends 

bound to the resin) increases. The monomeric species co-eluting with aggregates in the late 

eluting fraction are also consistent with the native protein in terms of solvent exposure. On the 

contrary, the aggregate species in this fraction exhibit substantially greater localized solvent 

exposure. The key question is now why do we find native-like monomeric species in the late 

eluting fraction? Comparing HX-MS results for the bound protein following elution of the more 

weakly retained native-like fraction provides the answer. It appears that an unfolded intermediate 

is indeed formed on the resin over relatively long times. As shown in Chapter 2, this unfolding 

appears to occur as the protein migrates during the hold step from regions of the particle where 

the initial bound protein concentration is close to saturation to regions where the bound protein 

concentration is zero. As this occurs a fraction of the protein unfolds, likely because of 

interactions with the resin’s tentacles, which are strongest at the lowest extent of surface 

coverage, forming a strongly-bound unfolded intermediate. Upon further increasing the salt 

concentration the unfolded intermediate is rapidly desorbed either refolding to a native-like 

structure or forming aggregates. Since the peptides that were identified to have the greatest of 

solvent exposure, as measured by HX-MS, are the same for the fraction of protein that strongly 

bound to the resin as for the aggregates, we can conclude that the aggregates are directly related 
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to the unfolded intermediate. Interestingly, we found no evidence that a monomeric species with 

the same pattern of unfolding as the unfolded intermediate is present in any of the eluted fraction, 

indicating that, upon desorption, the unfolded intermediate follows two rapid parallel paths – 

refolding to the native structure and aggregate formation. Figure 3.9 shows the mechanism that is 

consistent with our comprehensive observations for the load conditions used in this work. It 

should be noted, however, that, as shown in Chapter 2, increasing the salt concentration or 

increasing the pH during load, will decrease the strength of protein binding and, thus, likely 

reduce the extent of unfolding during the hold step. 

 

Figure 3.9. Mechanism leading to two-peak elution behavior. N, U, and Un represent native, 

unfolded, and aggregated forms of the mAb. Overbars denote resin bound species. Step 1 is the 

diffusion-controlled adsorption of the native mAb. Step 2 is desorption of the native mAb at 

intermediate salt concentrations. Step 3 is the slow, surface-catalyzed unfolding of the mAb 

leading to an unfolded intermediate. Step 4 is desorption in high salt leading to elution of a 

mixture of refolded and aggregated species. 
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3.5. Conclusions 

HX-MS studies with peptide level resolution confirm that an unfolded intermediate that is 

strongly held by the Fractogel resin is responsible for the two-peak elution behavior and for the 

formation of on-column generated aggregates when a glycosylated mAb is bound at low salt 

concentrations and eluted with either a slat gradient or with two salt steps at increasing salt 

concentrations. The strongly bound intermediate has a pattern of unfolding consistent with that 

of the aggregates, but no monomeric species in the eluted fraction are found to have the same 

pattern indicating that upon desorption from the resin the intermediate either refolds or forms 

aggregates leading to a late-eluting peak that is a mixture of the two. Two peptides of the mAb 

were identified as being more solvent exposed than the native protein in both the bound unfolded 

intermediate and in the aggregates. Based on homology modeling using the known structure of a 

model human antibody as a template, both peptides were found to be in the Fc region of the mAb, 

seemingly corresponding to "-helical elements. One issue that chapter 2 and 3 do not allow to 

resolve is whether the tentacles cause unfolding through specific interactions or whether they just 

increase the strength of protein binding. We are going to explore a broader range resins and load 

conditions in Chapter 4 to answer this question. 
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Chapter 4  

Effects of resin type, load buffer, and protein stability

 

4.1. Introduction 

In Chapter 2 and Chapter 3, we reported a two-peak elution behavior of a glycosylated 

IgG2 on a Fractogel SO3 (M) column. In our study, we found that the percentage of the protein 

that eluted late was higher when the initial protein binding strength was greater, which occurred 

either at a lower pH or at a lower salt concentration, when the hold time between load and 

elution steps was longer, when the protein load was smaller, and when the load flow rate was 

higher. The late eluting peak was found to be a mixture of monomers and higher molecular mass 

species that appeared to be fairly stable over long periods of time. The CEX resin structure was 

also found to affect this behavior. For example, while the “tentacle type” Fractogel SO3 resin 

gave a strong two-peak elution behavior, only one peak eluted from a macroporous CEX resin 

without tentacles (UNOsphere Rapid S) for otherwise identical conditions. Confocal laser 

scanning microscopy (CLSM) observations of protein binding in individual resin particles 

revealed that protein binding in the Fractogel and UNOsphere resins occurred by different 

mechanisms. While the bound protein remained immobilized in an area near the outer edge of 

the UNOsphere particles during the hold step after partial loading of the resin, the protein 

appeared to retain diffusional mobility after binding on the Fractogel resin, which resulted in a 

redistribution of the protein throughout particle prior to elution. This redistribution resulted in a 

low local bound protein concentration, which, in turn, was shown to facilitate protein 

conformational changes. Hydrogen-deuterium exchange mass spectrometry (HX-MS) coupled 

with proteolytic fragmentation was used to determine the conformation changes involved in this 
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process. The results showed that a strongly-bound unfolded intermediate, characterized by 

greater solvent exposure of residues in the Fc region of the mAb, was formed gradually as a 

function of time following binding to the Fractogel resin. During elution, the native protein, 

which was shown to bind more weakly, eluted at low salt concentration while the destabilized 

unfolded intermediate eluted only at high salt concentrations, in part refolding to the native 

protein conformation and in part forming aggregates with unfolding pattern similar to that of the 

bound intermediate.  

This chapter has four primary objectives. The first is to extend our studies to a broader 

range of resin structures including CEX resins that contain different types of surface extenders 

and different pores sizes and pore size distributions. The second objective is to determine how 

load and elution conditions affect conformational changes of the bound protein and the ensuing 

two-peak elution behavior. While our previous data were limited to a few different load salt 

concentrations, which affected the protein binding strength, the type of counterion used in the 

load buffer can also have significant effects in this regard. Perez-Almodovar et al. [34], for 

example, showed that different protein binding strengths resulted when using acetate buffers 

prepared with tetra-n-butylammonium (TBAH), arginine, or calcium instead of sodium. By 

studying the counterion effect we can separate the effects of ionic strength from those that result 

from specific ion exchange interactions. Moreover, arginine has been suggested as a mean of 

suppressing protein aggregation and improving recovery in different types of chromatography, 

including affinity chromatography [64], HIC [65], and multimodal chromatography [66]. 

Gillespie et al. [17] also reported that arginine reduced the percentage of protein eluting late and 

hypothesized that arginine prevented protein unfolding by decreasing protein binding strength in 

the load/wash step and by facilitating refolding and inhibiting aggregation during the elution step. 
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Luo et al. [18] also observed that arginine reduced the percentage of the late eluting peak, but, 

unlike Gillespie et al., they hypothesized that arginine worked only by inhibiting reversible self-

association (RSA) induced by high NaCl concentrations. Arakawa [67] and Das [68] provide 

mechanistic explanations of the arginine effects on preventing aggregate formation in 

concentrated mAb solutions, but it is unclear whether these mechanisms are at play in the resin-

induced aggregation. Thus, establishing the effects of arginine on the structure of the bound 

protein and chromatographic behavior can help establish the dominant mechanism. 

The third objective is to determine the effects of resin type and load conditions on 

conformational changes using, as shown in our prior work, HX-MS coupled with proteolytic 

fragmentation. As previously discussed, this method is based on the dependence of the exchange 

of deuterium for amide hydrogen on the degree of their solvent exposure. Since buried amides 

exchange very slowly or not at all while solvent exposed amides exchange quickly, determining 

the degree of deuterium exchange provides a measure of unfolding. When coupled with 

proteolytic fragmentation and HPLC separation of the ensuing peptides, the method also 

provides information about which regions of the protein structure are affected 

[49][50][51][52][53][54][56][57][69]. 

The fourth and final objective is to extend our previous work to other mAbs and to 

determine whether a correlation exists between the intrinsic stability of the protein and the 

surface-induced conformational changes that lead to the two-peak elution behavior and on-

column aggregate formation.  For this purpose, CEX gradient elution experiments are conducted 

with two additional mAbs. Circular dichroism (CD) is used to determine their stability both by 

measuring their melting temperature and by analyzing the patterns of change of the CD spectra 

as a function of temperature [35][63][70][71][72]. 
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4.2. Materials and Methods 

4.2.1. Materials 

The resins used in this work were obtained as follows. Fractogel EMD SO3- (M) and 

Eshmuno S were obtained from EMD Millipore (Darmstad, Germany). According to the 

manufacturer, both of these two resins have a polyacrylate backbone grafted with charged 

polymers or “tentacles” to facilitate binding with proteins. Nuvia S and UNOsphere Rapid S 

were obtained from Bio-Rad Laboratories (Hercules, CA). Both these resins are based on an 

acrylamide polymeric backbone but while Nuvia S is grafted with polymeric surface extenders, 

UNOsphere Rapid S does not contain grafted polymers. POROS HS 50 and Source 30 S were 

obtained from Applied Biosystems (Life Technologies Corporation, Grand Island, NY) and GE 

Healthcare (Piscataway, NJ, USA), respectively. Both resins are based on a poly(styrene-divinyl 

benzene) backbone and are macroporous. POROS HS 50 has a bi-modal pore size distribution, 

with large pores as well as small pores [73]. The relevant physical properties of the above six 

resins are summarized in Table 4.1. 

Three monoclonal antibodies were used in this work. mAb A is a glycosylated IgG2 

antibody with molecular mass of 150 kDa and a pI of 8.7 theoretically calculated based on its 

amino acid sequence and is the same mAb used in our prior work [74][75]. The other two mAbs 

(mAb B and mAb C) have similar molecular mass and pI, as determined by SEC and isoelectric 

focusing, but, as shown in this work, exhibit different thermal stability. L-arginine, sodium 

acetate, acetic acid, sodium chloride, sodium phosphate, potassium phosphate, tetra-n-

butylammonium hydroxide (TBAH), ethylenediaminetetraacetic acid (EDTA), formic acid, 

trifluoroacetic acid (TFA), guanidine hydrochloride (GdnHCl) were obtained from Fisher 

Scientific (Houston, TX, USA). Tris(2-carboxyethyl)phosphine hydrochloride (TCEP) was 
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purchased from Thermo Scientific (Rockford, IL, USA). Deuterium oxide was obtained from 

Cambridge Isotope Laboratories, Inc. (Andover, MA, USA). All experiments were conducted at 

room temperature (22±2 !) except otherwise noted.    

Table 4.1. Mean particle diameter and charge density of resin samples. 

 
Fractogel 
SO3 (M) 

Eshmuno 
S 

Nuvia  
S 

UNOsphere 
rapid S 

POROS 
HS 50 

Source 30 S 

Mean particle 
diameter (µm) 

74a 85b 85c 90d 52d 30d 

Charge densityd 
(µeq/mL) 70-110 50-100 90-150 140 135 N/A 

 

a. Ref. [74] 
b. Ref. [76] 
c. Ref. [26] 
d. Manufacturer values 

4.2.2. Methods 

4.2.2.1. Chromatographic experiments 

All chromatography runs were conducted on an AKTA Explorer unit from GE Healthcare 

(Piscataway, NJ, USA). The resins were packed into 0.5 cm diameter # 5 cm long Tricorn 

columns from GE Healthcare (Piscataway, NJ, USA) with an actual packed bed volume of 

1.00±0.04 mL. Each column was first equilibrated with 5 column volumes (CV) of load buffer 

prepared by titrating 40 mM NaCH3COOH with acetic acid and then loaded with 0.5 mL of 2 

mg/mL mAb. After loading, the flow was stopped and the column was held idle for different 

time periods. Two column volumes of load buffer were then supplied followed by a 20 CV 

gradient to 1 M sodium chloride also in 40 mM NaCH3COOH titrated to the same pH with acetic 

acid. Arginine acetate and TBAH acetate were also used as load buffers instead of sodium 
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acetate. These buffers were prepared starting with 40 mM arginine or 40 mM TBAH in free base 

form and titrating to pH 5.0 with acetic acid. UV absorbance at 280 nm and conductivity were 

monitored. All chromatograms, except those obtained for mAb C after 1000 min hold on the 

Fractogel resin, were normalized to a total peak area proportional to the amount of protein 

injected per unit of column volume in order to account for small differences in actual protein 

feed concentration and column volumes and thus facilitate comparisons between runs. 

4.2.2.2. HXMS analysis of bound protein 

Batch adsorption experiments were conducted to determine conformational changes for 

the bound protein as described in our previous work [75]. Briefly, a 10-mg sample of the resin 

was first mixed with a 200 µL sample of 0.5 mg/mL mAb in the load buffer and allowed to 

equilibrate for 1000 min. The resin sample was then mixed with 500 µL of either 250 or 330 mM 

NaCl in the load buffer and mixed for 45 min to desorb any native mAb species that corresponds 

to the early elution peak. The resin sample was then placed in a mixture containing 10 µL of the 

load buffer in H2O and 90 µL of the same buffer in D2O for different periods of time, after which 

the hydrogen-deuterium exchange process was quenched by adding 25 µL of ice-cold buffer 

containing 150 mM potassium phosphate at pH 1.5 to the resin. 100 µL of the dissociation buffer 

(8 M GdnHCl, 100 mM TCEP, 25 mM EDTA, at pH 2.6) was then added to the resin under ice 

for 2 min that resulted in desorption of essentially all of the residual bound protein. The 

supernatant was then mixed with 450 µL of an aqueous solution containing solution 5% ACN, 

0.1% formic acid, and 0.01% TFA at pH 2.6 to bring the GdnHCl concentration down to 

approximately 1.5 M. All of the steps described above were conducted in a 2 mL 

microcentrifuge filter tube slowly rotated end-over-end which allowed washing the resin and 

removing the supernatant by centrifugation at 8600 rpm in a few minutes. 
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Table 4.2 summarizes the conditions for the four experiments conducted in this manner. 

Note that for UNOsphere with the sodium acetate load buffer and for Fractogel with the arginine 

acetate the first desorption step was omitted since, for these two cases, all of the protein bound 

would have eluted. In all four cases, following the on-resin deuterium labeling process described 

above, 500 µL of the mAb sample was loaded into a sample loop and pumped into an 

immobilized pepsin column at 0.1 mL/min with a Series I Pump from Lab Alliance (Syracuse, 

NY, USA). The pepsin column was prepared as in our previous work [75], based on the protocol 

of Wang et al. [59]. After pepsin digestion, the peptides were pumped into a 0.1 cm diameter # 

0.8 cm long C8 reversed phase column from Michrom BioResources (Auburn, CA, USA) for 

trapping and desalting. After 9 min, the adsorbed peptides were eluted with an acetonitrile 

gradient delivered by a Surveyor MS pump from Thermo Finnigan (San Jose, CA, USA) at 0.1 

mL/min into a 0.21 diameter # 10 cm long Kinetex C18 column from Phenomenex (Torrance, 

CA, USA) to separate the peptides. Two different gradients were used to elute those peptides. A 

long gradient from 5 to 40% ACN in 31 min followed by a 5 min gradient to 90% ACN was used 

to identify peptides in blank runs without hydrogen exchange. A short gradient from 30 to 60% 

ACN in 17 min followed by a 2 min gradient to 90% ACN was used for the hydrogen exchange 

studies. The shorter time was used to minimize the back exchange from deuterium to hydrogen 

during acetonitrile gradient elution. An LTQ linear ion trap mass spectrometer from Thermo 

Finnigan (San Jose, CA, USA) was used to determine the mass of the eluted peptides. Data were 

collected in a positive ion, profile mode with an ESI voltage of 4.3 kV, a capillary temperature of 

250 !, and sheath gas flow rate of 15 units. Proteome Discover software from Thermo Scientific 

(Rockford, IL, USA) was used to identify the peptides and HDExaminer software from Sierra 

Analytics (Modesto, CA, USA) was used to select the identified peptides with high signal-to-
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noise ratio. Finally, 29 peptides with 49% coverage of the mAb A sequence were selected as the 

reporter peptides.  

The difference between the mass of each deuterated peptides obtained from a particular 

mAb sample and the mass of the corresponding peptide obtained for the same mAb under a 

reference condition was used to assess conformational changes. A statistical analysis based on 

the method described in Houde et al. [22] was done to determine the confidence limits of the 

differences in peptide mass. Accordingly, the 99% confidence limit was calculated to be ± 0.43 

Da based on replicate experiments with a 10 min labeling time.  
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Table 4.2. Experimental conditions used for adsorbed HXMS experiments with mAb A. 

Experiment Resin Load buffer First desorption 
buffer after 1000 

min hold 

Labeling buffer 

1 Fractogel 
SO3 (M) 

40 mM NaCH3COO, 
pH 5.0 in H2O 

330 mM NaCl in 40 
mM NaCH3COO, 

pH 5.0 

40 mM NaCH3COO, 
pH 5.0 in D2O 

2 Nuvia S 20 mM NaCH3COO, 
pH 4.8 in H2O 

250 mM NaCl in 20 
mM NaCH3COO, 

pH 4.8 

20 mM NaCH3COO, 
pH 4.8 in D2O 

3 UNOsphere 
rapid S 

40 mM NaCH3COO, 
pH 5.0 in H2O 

N/A 40 mM NaCH3COO, 
pH 5.0 in D2O 

4 Fractogel 
SO3 (M) 

40 mM Arginine 
acetate, pH 5.0 in 

H2O 

N/A 40 mM Arginine 
acetate, pH 5.0 in 

D2O 

 

4.2.2.3. Circular dichroism 

Circular dichroism measurements were performed with a Model 410 circular dichroism 

spectropolarimeter from Aviv Biomedical (Lakewood, NJ, USA) operated in the far-UV range. 

For this purpose, each mAb was dissolved at a 0.3 g/L concentration in 50 mM sodium 

phosphate at pH 7. Full CD spectra were collected with 0.2 cm path-length cuvettes at room 

temperature while the CD ellipticity, !, at 215 nm was recorded as a function of temperature 

from 25 oC to 95 oC at 2 oC increments. The equilibration time at each temperature was 2 min. 

The CD signal was averaged with 1 s and the bandwidth was 1 nm. The buffer signal was 

subtracted to obtain the final value. In order to compare the behavior of the different mAbs, the 
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CD ellipticities as a function of temperature were normalized for each mAb with the following 

equation: 

                                                         f = ! !!0
! f !!0

"100%                                               (4.1) 

where ! is the normalized CD signal, !0  and ! f  are the initial and final 215 nm ellipticities, 

corresponding to the folded and melted states, respectively. 

4.3. Results 

4.3.1. Chromatographic behavior 

Figure 4.1 shows the chromatograms for mAb A with a 20 CV gradient from 0 to 1 M 

NaCl for the six resins considered in this work. The load buffer used in these runs was 40 mM 

NaCH3COOH at pH 5.0 for Fractogel and 20 mM NaCH3COOH at pH 4.8 for the other resins. 

The reason for this difference is that all of the mAb eluted in the second peak when the Fractogel 

column was operated at pH 4.8 as a result of the strong tendency of this resin to induce 

conformational changes. The elution flow rate was also different. We used 0.3 mL/min for 

Eshmuno and Nuvia in order to increase the resolution of the two peaks and 1 mL/min for the 

other resins. As seen in Fig. 4.1, for the conditions chosen, all of the protein elutes in a single 

peak when elution starts immediately after loading and washing the column (0 min hold time). 

On the other hand, different patterns of elution are seen for the different resins with a 1000 min 

hold before wash and elution. In this case, a pronounced two-peak elution behavior is seen for 

Fractogel, Eshmuno, Nuvia, and POROS, each with a different percentage of protein eluting in 

the second peak. In each case, the first peak has the same retention as the protein eluted with a 

zero hold time. Source and UNOsphere obviously behave differently from the other resins with a 
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1000 min hold time. For Source, most of the protein elutes early in a narrow peak followed by a 

small, but rather broad late eluting portion. For UNOsphere, all of the protein elutes early in the 

same manner as the zero-hold time result.  

The two-peak elution behavior seen above appears to be related to the resin structure as 

certain common traits can be noted. Fractogel, Eshmuno, and Nuvia contain grafted polymers 

that are designed to enhance binding capacity. In these materials, binding is not restricted to 

monolayer coverage, but is believed to occur throughout the grafted polymer layer [26][77]. All 

of these resins gave a distinct two-peak elution behavior with a relatively large fraction of the 

protein eluting late. Source and UNOsphere, on the other hand, have an open pore structure, 

reportedly without grafted polymeric extenders, but different particle sizes. UNOsphere showed 

no evidence of two-peak elution while Source, which gave a sharper peak as a result of its 

smaller particle size, gave only a small, broad second peak. The behavior of POROS, which has 

a bi-modal pore size distribution and, reportedly no grafted polymeric extenders, also gave a 

distinct two-peak elution behavior. It is possible that this occurs because most of the protein 

binds in the small pores present in this material in a manner analogous to binding on a grafted 

polymer layer. 
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Figure 4.1. Chromatographic behavior of mAb A on columns packed with (a) Fractogel, (b) 

Eshmuno, (c) Nuvia, (d) POROS, (e) Source, and (f) UNOsphere resins. For Fractogel (a), the 

load buffer was 40 mM NaCH3COOH at pH 5.0 while for the other five resins, the load buffer 

was 20 mM NaCH3COOH at pH 4.8. The elution flow rate was 0.3 mL/min for (b) and (c) and 1 

mL/min for (a), (d), (e), and (f). Other conditions are described in Section 4.2.2.1. The 

percentage of protein eluting in the second peak with 1000 min hold time was 87%, 44%, 73%, 

51%, 14%, and 0% for (a), (b), (c), (d), (e), and (f), respectively. 

Figure 4.2 shows the chromatograms obtained for mAb A for different salt concentrations 

and pH in the load buffer for columns packed with (a) Fractogel SO3 (M), (b) Eshmuno S, (c) 

Nuvia S, and (d) UNOsphere rapid S, all with a 1000 min hold time prior to elution. As in the 

previous case, the elution flow rate was 0.3 mL/min for Eshmuno and Nuvia and 1 mL/min for 

Fractogel and UNOsphere. As seen in this figure, only one peak is observed for UNOsphere 
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regardless of load conditions. On the other hand, for the other three resins, the two-peak elution 

behavior appears to be correlated with the expected trends of protein binding strength, becoming 

more pronounced at lower sodium ion concentrations or lower pH. Table 4.3 summarizes this 

trend quantitatively. Of these three resins, the effect is most pronounced for Fractogel and least 

pronounced for Eshmuno.  

Table 4.3 summarizes the percentage of protein eluting in the second peak for these runs 

along with the Na+ concentration at which the peaks elute, CNa+
E , in the gradient elution runs. As 

seen from this table, despite the fact that under the same load condition (e.g. 20 mM 

NaCH3COOH, pH 4.8), the value of CNa+
E of the first peak is higher for UNOsphere (300 mM) 

than for Eshmuno (240 mM) and Nuvia (240 mM), which, in turn, suggests a greater binding 

strength for UNOsphere, there was no evidence of a two-peak elution behavior for this resin 

while the effect was significant for both Eshmuno and Nuvia. This result suggests that the resin 

structure, in addition to the protein binding strength during load, has an effect on the resin-

induced two-peak elution behavior.  
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Figure 4.2. Effects of load buffer pH and sodium ion concentration on the elution profile of mAb 

A on columns packed with (a) Fractogel, (b) Eshmuno, (c) Nuvia, (d) UNOsphere. The hold time 

was 1000 min. The elution flow rate was 0.3 mL/min in (b) and (c), and 1 mL/min in (a) and (d). 

Other conditions are described in Section 4.2.2.1. The percentage of protein eluting in the second 

peak is given in Table 4.3 for each case.  
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Table 4.3. Effects of pH and Na+ concentration in the load buffer on the two-peak elution 

behavior of mAb A with a 1000 min hold. 

Resin Load buffer 
C
Na+
E  for early 

eluting peak* 

(mM) 

C
Na+
E  for late 

eluting peak* 
(mM) 

% of second peak 

Fractogel 
SO3 (M) 

40 mM Na+, pH 5.1 280 460 53 

40 mM Na+, pH 5.0 300 480 87 

40 mM Na+, pH 4.9 320 500 92 

Eshmuno S 

40 mM Na+, pH 5.0 210 N/A 0 

40 mM Na+, pH 4.8 240 320 8 

20 mM Na+, pH 4.8 240 320 44 

Nuvia S 

40 mM Na+, pH 5.0 210 N/A 0 

40 mM Na+, pH 4.8 240 310 13 

20 mM Na+, pH 4.8 240 330 73 

UNOsphere 
rapid S 

40 mM Na+, pH 5.0 250 N/A 0 

40 mM Na+, pH 4.8 300 N/A 0 

20 mM Na+, pH 4.8 300 N/A 0 
POROS HS 

50 20 mM Na+, pH 4.8 310 460 51 

Source 30 S 20 mM Na+, pH 4.8 230 330 14 

 
*C

Na+
E   is the Na+ concentration at peak maximum 

Figure 4.3 compares the chromatograms obtained for mAb A on Fractogel using TBAH 

and arginine as counterions in the acetate load buffer at pH 5 with those obtained using sodium 

as the counterion for otherwise identical conditions. Hold times in these runs were 1000 min for 

arginine and 270 min for TBAH. The shorter time was chosen for TBAH to highlight the two-
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peak elution behavior since, in this case, with a 1000 min hold all of the protein eluted in the 

second peak. In all cases, elution was in 40 mM NaCH3COOH pH 5 buffer with NaCl 

concentration increasing from 0 to 1 M in 20 CV. As seen in this figure, substituting arginine for 

sodium in the load buffer dramatically reduced the percentage of protein eluting late from the 

87% value obtained with sodium to a value of 0%. TBAH, on the other hand, dramatically 

increased this percentage form the value of 48% obtained with sodium as the load counterion at 

270 hold time to a value of 84%. Based on frontal analysis experiments, cycling the column 

between sodium acetate and arginine or TBAH acetate at the same pH and counterion 

concentration, Perez-Almodovar et al. [34] found that for Nuvia S the preference of these 

counterions for the resin’s charged sulfonic acid ligands varies in the order of TBAH < Na < Arg. 

On the contrary, the relative binding strength of a mAb was shown to decrease in the same order, 

which is expected based on the stoichiometric displacement or mass action law of ion exchange. 

These experiments were repeated for Fractogel in this work. The results (not shown for brevity) 

showed the same trends for this resin indicating that strongest protein binding is obtained with 

TBAH and the weakest with arginine, further supporting the hypothesis that the protein binding 

strength determines the magnitude of the resin-induced two-peak elution behavior.  

A further experiment was done to determine whether addition of relatively low 

concentrations of arginine to the elution buffer could result in a significant reduction of the two-

peak elution behavior. For this purpose the Fractogel column was loaded in 40 mM NaCH3COO 

at pH 5.0 and eluted with the same buffer containing 100 mM arginine acetate with a 0-1 M 

NaCl gradient in 20 CV following a 1000 min hold. These conditions reduced the percentage of 

protein eluting in the second peak from 87 to 78% (results not shown for brevity), suggesting 
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that low levels of arginine are insufficient to prevent the formation of aggregates induced by the 

destabilization of the protein during the hold step.  

 

Figure 4.3. Effects of load buffer counterion on elution profile of mAb A on the Fractogel 

column for hold times of 270 min (a) and 1000 min (b). Conditions are described in Section 

4.2.2.1. The percentage of protein eluting in the second peak was 48% and 84% for Na+ and 

TBAH+, respectively, in (a), and 87% and 0% for Na+ and Arg+, respectively, in (b). 

Figure 4.4 compares the chromatograms obtained for mAb B and C with those obtained 

for mAb A on the Fractogel column for otherwise identical conditions. A single peak is obtained 

for all three mAbs if elution is started immediately after the load/wash steps; i.e. with a zero hold 

time. However, the elution behavior with 1000 min hold time is dramatically different for the 

three mAbs. As shown previously, mAb A shows a pronounced two-peak elution behavior with 

87% of the protein eluting late. mAb B shows only a second peak accounting for only about 16% 

of the total mAb C, on the other hand, shows that only about 15% of the protein is eluted in the 

first peak, with the balance remaining irreversibly bound to the resin. Cleaning the column with 
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500 mM NaOH was, however, able to remove most of the residual protein suggesting that this 

mAb is either mostly denatured while held on the resin in the load buffer or forms large 

aggregates during the elution step that remain trapped within the resin and that cannot be 

removed without harsh cleaning conditions. Interestingly, among the three mAbs, the salt 

concentration at which the first peak elutes was also greatest for mAb C (320 mM) and smallest 

for mAb B (250 mM), indicating a trend where the mAb least strongly bound is also the one that 

leads to the smallest two-peak elution behavior. 

 

Figure 4.4. Chromatographic behavior of (a) mAb A, (b) mAb B and (c) mAb C on the 

Fractogel column with 0 and 1000 min hold times. Conditions are described in Section 4.2.2.1. 

The percentage of protein eluting in the second peak was 87% in (a) and 16% in (b). The yield of 

protein for 1000 min hold time in (c) was 15%.  

4.3.2. HX-MS analysis of bound protein 

Figure 4.5 shows the difference between the mass of each of the 29 reporter peptides 

obtained for the bound mAb A held on the resin for 1000 min and the mass of the corresponding 

peptide obtained for the bound protein held on the resin for only 30 min. As shown in our 
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peak for these conditions on Fractogel suggesting that the protein is likely still in its native 

conformation after 30 min hold time. As discussed in Section 4.2.2.2., for Fractogel and Nuvia, 

deuterium labeling was done after desorbing the more weakly bound protein species (presumably 

corresponding to the first elution peak in the LGE experiments) using either 250 or 330 mM 

NaCl. This step was omitted for UNOsphere since all of the protein eluted at this salt 

concentration. As seen in Fig. 4.5, many peptides derived from the protein bound on either 

Fractogel or Nuvia exhibit an appreciable mass increase indicating increased solvent exposure. 

Peptides 17 and 19, found in the Fc region of the mAb (as seen in Fig. 3.2), in particular, exhibit 

large mass differences, which are statistically significant at the 99% confidence level. This result 

suggests that localized unfolding occurs in the bound state after 1000 min incubation on both 

Fractogel and Nuvia. Interestingly, the same peptides and, hence, region of the molecule appear 

to be involved in the conformational change that occurs for both resins. As reported by other 

authors for different mAbs ([61][62][63]), the Fc region is often the most sensitive region to 

various stresses (e.g. low pH denaturation). Our results suggest that the same region may also be 

most affected by stresses caused by strong binding on the CEX resin surface. By comparison, 

few of the 29 reporter peptides showed an appreciable mass change when the protein was bound 

on UNOsphere resin and none of the peptides, including peptides 17 and 19, showed a difference 

significant at the 99% confidence level.  
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Figure 4.5. Difference between the mass of each of the reporter peptides obtained for the bound 

protein held on the resin for 1000 min and that of the corresponding peptides obtained for the 

bound protein held on the resin for 30 min. Results are shown for Fractogel, Nuvia, and 

UNOsphere and with labeling times of 10 min (a) and 30 min (b). The dashed lines represent the 

99% confidence limits for the mass difference values. The peptides are sorted in ascending 

number along the protein sequence. Positive vertical bars suggest increased solvent exposure in 

bound protein held on the resin for 1000 min compared with bound protein held on the resin for 

30 min. The conditions are given in Table 4.2. The 30 min hold time did not result in a 

significant percentage of late eluting protein. 
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Figure 4.6 compares the mass difference results for the 29 reporter peptides obtained for 

Fractogel resin with the 40 mM NaCH3COO pH 5.0 load buffer with those obtained substituting 

arginine for sodium in the load buffer for otherwise identical conditions. In both cases, the 

peptide masses obtained for the protein held in the bound state for only 30 min are subtracted 

from the masses obtained with a 1000 min hold. As seen from this figure, when arginine is the 

counterion in the load buffer, only a few peptides show appreciable mass differences and none 

shows differences significant at the 99% confidence level, including peptides 17 and 19. This 

result clearly points to the stabilizing effect of arginine as a counterion in the load buffer. This 

effect appears to be related primarily to the weakened binding of the mAb, which, in turn, 

prevented the conformational changes that led to the formation of a destabilized bound 

intermediate that, ultimately, led to the two-peak elution behavior with sodium as a counterion.  
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Figure 4.6. Difference between the mass of each of the reporter peptides obtained for the bound 

protein held on the resin for 1000 min and that of the corresponding peptides obtained for the 

bound protein held on the resin for 30 min. Results are shown for acetate load buffers preparaed 

with 40 mM Na+ and 40 mM arginine and with labeling times of 10 min (a) and 30 min (b). The 

dashed lines represent the 99% confidence limit for the mass difference values. The peptides are 

sorted in ascending number along the protein sequence. Positive vertical bars suggest increased 

solvent exposure in bound protein held on the resin for 1000 min compared with bound protein 

held on the resin for 30 min. The conditions are given in Table 4.2. The 30 min hold time did not 

result in a significant percentage of late eluting protein. 
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4.3.3. Circular dichroism analysis 

As discussed in Section 4.2.2.3, circular dichroism measurements were made to assess 

the inherent stability of the three mAbs used in this work and determine if a correlation can be 

established between these CD measurements and two-peak elution tendency. For this purpose, 

CD spectra were obtained at 2 oC intervals between 25 and 95 oC.  Figure 4.7 shows the results. 

While large differences were seen between the three different mAbs considered in this work with 

regards to the effect of temperature over the entire range of wavelengths studied (205 to 260 nm), 

for simplicity, Fig. 4.7 only shows the results at 215 nm. All three mAbs show a strong ellipticity 

at this wavelength at 25 oC, suggesting that all three mAbs are rich in "-sheets, which normally 

give the strongest signal in this part of the CD spectrum. As Fig. 4.7 shows, for all three mAbs, 

the normalized ellipticity remains essentially constant up to about 65 oC. Above this temperature, 

mAb C shows a sharp rise indicating a melting temperature of about 69 oC. mAb A, on the other 

hand, shows a large dip in the normalized CD signal with a strong minimum at 75 oC, followed 

by a sharp rise indicating a melting temperature of about 78 oC. The behavior of mAb B appears 

to be intermediate, exhibiting only a modest minimum also around 75 oC, but also a sharp rise at 

78 oC.  

Results analogous to those shown in Fig. 4.7 have been observed previously for different 

antibodies [35][63][71][72]. It has been suggested that a strong dip in the 215 nm CD signal is 

caused by the formation of inter-molecular "-sheets to stabilize the protein before precipitation at 

the melting temperature.  

A quantitative relationship between the CD results and the chromatographic behavior of 

the three mAbs cannot be expected since the conditions are obviously different in the two types 

of experiments. However, a qualitative relationship between CD measurements and trends 
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observed in the chromatography appears to exist. Based on this work and our previous results 

[74][75], it is evident that mAb A had tendency not only to undergo a significant resin-induced 

conformational change, but also a tendency to form stable aggregates that are seen in the late 

eluting peak. On the other hand, mAb C, which has the lowest melting temperature and no 

evidence of stabilizing inter-molecular "-sheets, could not be eluted to a large extent after a 1000 

min hold. Finally, mAb B, which had a relatively high melting temperature and only a small 

tendency to form stabilizing inter-molecular "-sheets, as determined by the lack of a strong dip 

prior to melting, showed only a small two-peak elution behavior. While the molecular basis is 

still uncertain, we advance the hypothesis that a combination of native protein stability and 

tendency to form stabilizing inter-molecular "-sheets is responsible for the observed 

chromatographic behavior. Since CD provides a qualitative measure of native protein stability 

and unfolding behavior as a function of temperature, our experimental observations suggest that 

the molecular basis for the tendency to unfold and aggregate as a function of temperature may be 

the same as the tendency observed as a function of protein binding and elution on a CEX surface. 
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Figure 4.7. Normalized 215 nm CD signal as a function of temperature for mAb A, B, and C at a 

0.3 g/L concentration in 50 mM phosphate buffer at pH 7.0. 

4.4. Discussion and Conclusions 

A two-peak elution behavior has been shown to occur for a mAb on different CEX resins. 

The two-peak behavior is more pronounced for polymer-grafted resins including Fractogel, 

Eshmuno, and Nuvia and for POROS, which has bimodal pore size distribution including small 

pores where most of the protein binding takes place. This behavior is greatly diminished or even 
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concentration of the load buffer are higher or when arginine, which weakens protein binding, 

replaces sodium as the counterion in the load buffer. Replacing sodium with TBAH, which 

increases the protein binding strength, conversely, enhances the two-peak elution behavior. A 

quantitative determination of the protein binding strength was not made for the mAbs used in 

this work. A suitable approach would be to determine the protein effective charge (or number of 

binding sites) and binding equilibrium constant from linear gradient elution experiments, as 

shown, for example, Perez-Almodovar et al. [34]. These authors found that for a different mAb 

on Nuvia S at pH 5, the counterion type did not affect the effective charge significantly affecting 

instead the equilibrium binding constant. Unfortunately, these results cannot be easily extended 

to other mAbs, such as the one principally used in this work or to different resin types. For 

example, Pabst et al. [78] observed very different effective charge values for two different mAbs 

at pH 5 on the same CEX resin. Moreover, the two mAbs exhibited very different trends of the 

effective charge with resin type. For instance, one of the mAbs showed much higher effective 

charge on Fractogel SO3 and POROS HS 50 compared to UNOsphere rapid S, while the other 

showed very similar (but all substantially lower) value on all three resins. Neither of these two 

references indicated multiple peak elution behavior. Thus, it is not possible, without further study 

to predict, a quantitative relationship between unfolding of our mAb and either the effective 

charge or the value of the equilibrium binding constant. 

As shown by HX-MS with proteolytic fragmentation, the root of the two-peak elution 

behavior is a resin-induced protein conformational change that occurs gradually in time and 

affects principally the Fc region of the mAb. Fractogel and Nuvia were shown to cause increased 

solvent exposure, which are characteristic of localized unfolding, in this region of the mAb, 
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while no such changes occur when the same mAb is bound on UNOsphere for the same 

conditions or on Fractogel when arginine replaces sodium as the counterion in the load buffer.   

CD measurements appear to provide some clues regarding the chromatographic behavior 

of different mAbs. Although probably insufficient to establish a definitive molecular basis for the 

underlying phenomena, the chromatographic behaviors observed appear consistent with inherent 

stability of the native mAb structure and with the tendency of different mAbs to either precipitate 

directly or form stabilizing intermolecular structures before precipitation. Further work is needed 

to expand the measurements to a larger number of mAbs in order to be able to conclusively 

establish the general validity of these observations. 
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Chapter 5  

Three-peak elution behavior of a monoclonal antibody during cation exchange 

chromatography

 

5.1. Introduction 

In Chapter 2, Chapter 3 and Chapter 4, we reported a two-peak elution behavior for a 

glycosylated IgG2 mAb on various CEX resins including Fractogel SO3. In this case, the two-

peak elution behavior was accompanied by the on-column formation of more-strongly bound 

high molecular species. Based on solution-phase and on-column hydrogen deuterium exchange 

mass spectrometry coupled with proteolytic fragmentation (HXMS) it was found that a portion 

of the bound mAb became partially unfolded while bound to the resin resulting in specific areas 

of the Fc region that became more solvent exposed compared to the native protein. During 

elution, the native mAb eluted early in the gradient while the destabilized, unfolded bound 

species eluted late in the gradient, in part refolded to native monomer and in part in the form of 

aggregates. Further studies indicated that the two-peak elution behavior is dependent on the resin 

type, composition of the load buffer, and on the inherent stability of the mAb [79].  Aggregate 

formation was shown to be facilitated by CEX resins containing grafted polymers, such as 

Fractogel SO3, Eshmuno S, and Nuvia S, and on resins having a bimodal pore size distribution, 

such as POROS HS, while it was nearly absent for CEX resins with an open-pore structure and 

no grafted polymers, such as UNOsphere S and Source 30S. In general, weaker binding 

conditions, including higher pH, higher salt concentration, and replacing sodium with arginine, 

reduced or eliminate aggregate formation, while different elution conditions did not seem to have 

a significant effect. Different mAbs also had distinct elution behavior on the same resin under the 
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same operating conditions, and it was shown by circular dichroism (CD) that this effect appears 

to be correlated with the protein melting process when exposing the protein to increasing 

temperatures. In all cases, however, the two-peak elution behavior was directly correlated with 

the length of time that the protein remained bound on the resin indicating that the ensuing two-

peak elution behavior was surface catalyzed. 

In this chapter, we explore the behavior of a mAb that exhibits a two-peak elution 

behavior for short hold times and a three-peak elution behavior for longer hold times on the CEX 

resin POROS XS. To our knowledge such behavior has not been previously reported. A number 

of biophysical measurements are used to characterize this system, including off-line and in-line 

dynamic light scattering (DLS), circular dichroism (CD), in-line fluorescence spectroscopy, and 

HXMS. These measurements indicate that the two-peak behavior is associated with 

heterogeneous binding on the POROS XS resin likely due to existence of weak and strong 

binding sites. Three elution peaks are observed when the protein held on the stronger binding 

sites increasingly undergoes conformational changes, which ultimately results in the formation of 

late eluting aggregated species. The effects of flow rate and arginine replacing sodium as a 

counter-ion in the buffer are also studied along with the behavior of the same mAb on the open-

pore resin Nuvia HR-S. This resin reportedly contains neither grafted polymers nor a significant 

bimodal pore size distribution [80].  
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5.2. Materials and Methods 

5.2.1. Materials 

POROS XS was obtained from Applied Biosystems (Life Technologies Corporation, 

Grand Island, NY). According to the manufacturer [81], this resin is based on a crossed-linked 

poly(styrene-divinylbenzene) backbone with a polyhydroxyl surface coating functionalized with 

sulfopropyl groups. As shown in previous work, POROS resins have a bimodal pore size 

distribution, which includes large “throughpores”, about 500 nm in diameter, as well as small 

pores, about 22 nm in diameter [73][82]. The average particle size of the POROS XS resin used 

in this work is about 50 µm. Nuvia HR-S was obtained from Bio-Rad Laboratories (Hercules, 

CA, USA) and used for comparison. According to its manufacturer, this resin is based on a 

hydrophilic polyacrylamide backbone also functionalized with sulfopropyl groups. This resin 

also has an average particle size of about 50 µm. Basic properties of this resin can be found in ref. 

[80]. 

The monoclonal antibody used in this work was provided from Bristol-Myers Squibb 

(Hopewell, NJ, USA). The pI of the mAb, calculated based on the amino acid sequence, is 7 and 

the molecular mass is around 150 kDa. Size exclusion chromatography with in-line dynamic 

light scattering analysis showed that the mAb sample is essentially only monomer with a 

hydrodynamic radius of 5.3±0.2 nm (see Fig. 5.S1 in the Supplementary Material). L-arginine, 

sodium acetate, acetic acid, sodium chloride, tetra-n-butylammonium hydroxide (TBAH), 

ethylenediaminetetraacetic acid (EDTA), formic acid, trifluoroacetic acid (TFA), guanidine 

hydrochloride (GdnHCl) were obtained from Fisher Scientific (Houston, TX, USA). Tris(2-

carboxyethyl)phosphine hydrochloride (TCEP) was purchased from Thermo Scientific 

(Rockford, IL, USA). Deuterium oxide was obtained from Cambridge Isotope Laboratories, Inc. 
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(Andover, MA, USA). All experiments were conducted at room temperature (22±2 !) except 

otherwise noted.    
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5.2.2. Methods 

5.2.2.1. Chromatographic experiments 

Chromatographic experiments were conducted primarily with a Waters e2695 Alliance 

HPLC unit (Milford, MA, USA) interfaced with an in-line dynamic light scattering (DLS) 

instrument, DynaPro NanoStar with a fiber optics connections to a miniDAWN TREOS, 

obtained from Wyatt Technologies (Santa Barbara, CA, USA). Each resin was packed into 0.5 

cm diameter # 5 cm long Tricorn columns from GE Healthcare (Piscataway, NJ, USA) with 

actual packed bed volumes of 1.0 and 1.1 ml for POROS XS and Nuvia HR-S, respectively. 

Each column was first equilibrated with 5 column volumes (CV) of load buffer prepared by 

titrating 40 mM sodium acetate with acetic acid to pH 5. After that the column was loaded with 

100 µL of 5 g/L protein and washed with the load buffer for different periods of time from 0 to 

240 min at the same flow rate. This time period is referred to as the hold time. For 1000 min hold 

time, the flow was stopped after loading and restarted after 1000 min. In all cases, after the hold 

step, the protein was eluted with a 20 CV linear salt gradient from 0 to 1 M NaCl with each 

buffer in 40 mM sodium acetate at pH 5. The default load and elution flow rate was 0.5 ml/min 

but load and elution flow rates of 0.25 and 1 ml/min were also used. UV absorbance was 

monitored and the hydrodynamic radius of the eluted species was determined by fitting the 

correlation function of the DLS signal assuming a single exponential decay. A Shimadzu 20AB 

HPLC (Kyoto, Japan) fluorescence detector was used to obtain the in-line fluorescence signal of 

the eluted species. The excitation wavelength of the fluorescence detector was set at 295 nm and 

the emission signal at 335 nm. 

Some of the chromatography experiments were also conducted on an AKTA Explorer 10 

unit from GE Healthcare (Piscatawy, NJ, USA) to test the chromatographic behavior of protein 
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samples obtained from fractions eluted from the POROS XS column. For these experiments 1 to 

2 ml effluent samples were collected using a model Frac-900 fraction collector from GE 

Healthcare (Piscataway, NJ, USA) and re-injected into the POROS XS or Nuvia HR-S column 

after buffer exchange to the load buffer using a 30 kDa cut-off centrifugal filter units from EMD 

Millipore (Darmstad, Germany).  

Off-line DLS measurements of the eluted species were also made with the DynaPro 

Nanostar instrument in batch mode at 20 °C. Before analysis, the eluted fractions were filtered 

through a 0.22 µm syringe filter into the instrument cell. As for the in-line DLS measurements, 

the signal of the correlational function were processed with a cumulant fit corresponding to a 

single exponential decay [29].  

Far-UV CD spectra were collected for fractions eluted from the POROS XS column with 

a JASCO J-710 spectropolarimeter from JASCO (Easton, MD, USA). The path length of the 

cuvettes used was 0.1 cm. Full spectra were obtained from 200 to 260 nm with a step wavelengof 

1 nm. The signal from a buffer sample was deducted for each run and the final signal was an 

average of the results from three replicate measurements. To compare CD results for each 

individual eluted species with different concentration, the CD ellipticities for each mAb were 

normalized by dividing the observed ellipticities by the mAb concentration.  

5.2.2.2. HXMS analysis 

HXMS was conducted both on fractions eluted from the chromatographic column for 

conditions where either two or three peaks were obtained as well as with the bound protein with 

a protocol aimed at elucidating conformational changes of the protein in the adsorbed state. For 

the first set of measurements, fractions corresponding to the first and second peak eluted after a 0 
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min hold-time and a fraction corresponding to the third peak obtained after a 1000 min hold time 

were collected. Solutions were also prepared with protein concentrations matching that of the 

fractions using the fresh mAb sample without prior contact with the POROS XS. The method 

used to perform HXMS on these samples is the same as that described in prior publications 

[75][79]. Briefly, a 20 µL volume of each sample was mixed with 180 µL of D2O for 10 min, 

followed by quenching of the hydrogen-deuterium exchange with 50 µL of cold 150 mM 

potassium phosphate at pH 1.5 [58], and adding 100 µL of 8 M GdnHCl containing 100 mM 

TCEP and 25 mM EDTA at pH 2.6 to facilitate the subsequent pepsin digestion step. After 

dilution with 95% water, 5% ACN, 0.1% formic acid, and 0.01% TFA at pH 2.6 to bring down 

the GdnHCl concentration to 1.5 M, the sample was pumped into an immobilized pepsin column. 

The ensuing peptide mixture was first desalted with a C8 reversed phase column and then 

separated with a C18 UPLC column 5 to 40% ACN gradient. The effluent from the C18 column 

was finally analyzed with an LTQ linear ion trap mass spectrometer from Thermo Finnigan (San 

Jose, CA, USA). Data were collected in a positive ion, profile mode with an ESI voltage of 4.3 

kV, a capillary temperature of 250 °C, and sheath gas flow rate of 15 units. Proteome Discover 

software from Thermo Scientific (Rockford, IL, USA) was used to identify the peptides and only 

the peptides with high signal-to-noise ratio were selected for following analysis. HDExaminer 

software from Sierra Analytics (Modesto, CA, USA) was used to calculate the mass increase of 

each peptide due to hydrogen deuterium exchange. 23 peptides providing 50% coverage of the 

mAb were selected for further analysis.  

The difference between the mass of each deuterated peptide obtained from a particular 

mAb sample and the mass of the corresponding peptide obtained for the same mAb under a 

reference condition was used to assess conformational changes. A statistical analysis based on 
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the method described in Houde et al. [22] was done to determine the confidence limits of the 

differences in peptide mass. Accordingly, the 99% confidence limit was calculated to be ± 0.43 

Da based on replicate experiments with a 10 min deuterion labeling time. 

Batch adsorption experiments were conducted to determine conformational changes for 

the bound protein by HXMS. For this purpose, a 10-mg sample of the resin was first mixed with 

a 200 µL sample of 0.5 mg/ml mAb in the load buffer and allowed to equilibrate for 1000 min. 

The resin sample was then mixed with 500 µL of 240 mM NaCl in the load buffer and mixed for 

30 min to desorb the mAb species corresponding to the two early elution peaks. The resin sample 

was then placed in a mixture containing 10 µL of the load buffer in H2O and 90 µL of the same 

buffer in D2O for 10 min, after which the hydrogen-deuterium exchange process was quenched 

by adding 25 µL of ice-cold buffer containing 150 mM potassium phosphate at pH 1.5 to the 

resin. 100 µL of the dissociation buffer (8 M GdnHCl, 100 mM TCEP, 25 mM EDTA, at pH 2.6) 

was then added to the resin under ice for 2 min that resulted in desorption of essentially all of the 

residual bound protein. 450 µL of an aqueous solution containing solution 5% ACN, 0.1% 

formic acid, and 0.01% TFA at pH 2.6 was then added to the supernatant to bring the GdnHCl 

concentration down to approximately 1.5 M. All of the steps described above were conducted in 

a 2 ml microcentrifuge filter tube slowly rotated end-over-end which allowed washing the resin 

and removing the supernatant by centrifugation at 8600 rpm in a few minutes. Finally, the 

desorbed protein was fragmented by pepsin digestion, separated by UPLC, and analyzed by MS 

as described above.  



101 
 

5.3. Results and Discussion 

5.3.1. Three-peak elution behavior 

We report first on the chromatographic conditions that lead to a three-peak elution 

behavior and on the effects of various parameters including hold time in the bound state, resin 

type, and load buffer composition. Figure 5.1 shows the gradient elution behavior on the POROS 

XS column as a function of hold time. Essentially only two peaks are obtained with a zero-hold 

time (Fig. 5.1a). A third peak with peak maximum around 8 CV is barely visible for these 

conditions. Increasing the hold time to 10 min (Fig. 5.1b) already shows three peaks with 

maxima at about 5, 6, and 8 CV, respectively. As the hold time is increased further (Figs. 5.1c-f), 

the area of each of the three peaks as a fraction of the total area changes. The first peak decreases 

as the hold time increases and the third peak increases while the second peak first increases from 

0 to 10 min hold time, and then decreases as the hold time changes from 10 to 1000 min hold 

time. The position and breadth of the early two peaks remain exactly the same as the hold time is 

increased. However, the third peak becomes increasingly broader with the peak maximum 

shifting to somewhat higher CVs as the hold time increases. The right-hand scale of each graph 

in Fig. 5.1 shows the hydrodynamic radius obtained by in-line DLS. The hydrodynamic radius of 

the species in the two early eluting peaks is around 5.3 nm and is the same as that of the original 

monomeric species. The hydrodynamic radius starts to increase from the left to the right for the 

last peak, from about 5.3 nm in Fig. 5.1c to approximately 10 nm in Fig. 5.1f suggesting that the 

third peak contains increasing amounts of aggregates species that are eluted at higher salt 

concentrations.  
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Figure 5.1. Elution behavior for the POROS XS column with (a) 0 min, (b) 10 min, (c) 30 min, 

(d) 60 min, (e) 240 min, and (f) 1000 min hold time followed by a 20 CV 0-1 M NaCl gradient in 

40 mM sodium acetate at pH 5. For simplicity the gradient is not shown. Dots show the 

hydrodynamic radii obtained by in-line DLS. 

Figure 5.2 shows the batch DLS results and CD spectra for fractions collected from the 

experiment in Fig. 5.1d with a 60 min hold time at 5.2, 6, 8, and 9 CV. The first three of these 

fractions correspond to the maxima of the three elution peaks, while the last is beyond the third 

peak maximum. The batch DLS results in Fig. 5.2a show that the first two fractions remain 

relatively stable as a function of time after collection with a hydrodynamic radius of 5.5±0.5 nm 

even after 25 h at room temperature. On the other hand, both the third peak fraction and the 9 CV 

fraction slowly return to monomer over many hours from the time of collection (5 h and > 25 h, 
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respectively) indicating that there is significant reversibility of this resin-catalyzed aggregation 

process. CD spectra of the fractions at the three peak maxima obtained immediately after elution 

(Fig. 5.2b), show only minor changes indicating that only relatively small conformational 

changes, if any, occurred insufficient to be revealed by this global secondary structure 

measurement. In-line fluorescence measurements obtained with a 1000 min hold time for the 

conditions of Fig. 5.1f showed no difference between normalized UV and fluorescence signal for 

the first two peaks and only slight differences for the third peak suggesting minor conformational 

changes for the late eluting species, but no difference between the species in the first and second 

peaks (see Fig. 5.S2 of the Supplementary Material). 
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Figure 5.2. Characterization of fractions collected from the POROS XS column with a 60 min 

hold time followed by a 20 CV 0-1 M NaCl gradient in 40 mM sodium acetate at pH 5 
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(chromatogram in Fig. 5.1d) by (a) DLS and (b) CD. Fractions 1, 2, and 3 correspond to the 

maxima of the first, second, and third elution peak, respectively. Fraction 4 is collected at 9 CV. 

Figure 5.3 shows the solution HXMS results for the fractions of the first two peaks 

obtained with zero hold time and of the third peak obtained with a 1000 min hold time (Fig. 5.3a) 

as well as the bound-state HXMS for a 1000 min hold time (Fig. 5.3b). In our work we were able 

to reliably identify 23 peptides covering about 50% of the mAb sequence. The location of these 

reporter peptides is shown in Fig. 5.4, which was obtained by homology modeling using human 

IgG1 (Protein Data Bank Entry 1HZH) as a template and PyMOL as a visualization tool. For 

each of these reporter peptides, Fig. 5.3a and Fig. 5.3b show the difference between the mass 

after deuterium exchange and the mass of the same deuterated peptide derive from the protein in 

a reference state. The dashed lines show the 99% confidence limits for the mass differences 

based on replicate measurements. Positive values of the mass difference indicate greater solvent 

exposure while negative values indicate protection relative to the reference state. For the solution 

measurements in Fig. 5.3a, the reference state is the native mAb without any contact with the 

POROS XS resin while for the bound state measurement in Fig. 5.3b, the reference is the mAb 

held on the resin for 30 min during which only minor amounts of aggregates were seen in the 

elution (cf. Fig. 5.1c). As seen in Fig. 5.3a, none of the peptides derived from the first and 

second peak fraction show significant mass difference relative to the native monomer, suggesting 

that the species in the first and second peak have the same conformation as the native mAb, 

which is consistent with the CD and fluorescence measurements. On the other hand, peptides 15 

and 16 in the third peak fraction show statistically significant mass increase relative to the native 

monomer, indicating partial unfolding of the species eluted in the third peak. As seen in Fig. 5.4, 

these two peptides are located in the Fc region of the mAb. The partial unfolding behavior in the 
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Fc region of another mAb on strong cation exchange resins has been reported by our group 

[75][79]. Additionally, the Fc fragment of different IgGs has been reported to be less stable when 

exposed to other stresses such as low pH denaturation [61][62][63] suggesting that this 

characteristic may be a general phenomenon.  

As seen in Fig. 5.3b, the bound state HXMS results show that many of the peptides 

exhibit significant mass differences including peptides 3, 8, 12, 15, 16, 20, 21, 22, suggesting 

that in this state, after 1000 min hold on the resin, the mAb exhibits greater conformational 

changes resulting in more substantial solvent exposure. Since many of the peptides do not show 

such differences for the protein eluted in the third peak, we surmise that a majority of the 

unfolded regions refold quickly upon desorption from the resin. Peptides 15 and 16 still remain 

more solvent exposed when eluted suggesting that the refolding kinetics in this region of the 

mAb is slow. 
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Figure 5.3. Results for (a) solution and (b) bound state HXMS. (a) Shows the difference between 

the mass of each of the 23 reporter peptides obtained from fractions collected from the POROS 

XS column after 0 or 1000 min hold time followed by a 20 CV 0-1 M NaCl gradient (Fig. 5.1a 

and Fig. 5.1f) and the mass of the corresponding peptide obtained from the native mAb. 

Fractions 1, 2, and 3 correspond to the maxima of the first, second, and third eluted peak. (b) 

Shows the difference between the mass of each of the 23 reporter peptides obtained from the 

mAb held on the resin for 1000 min in batch mode and that of the corresponding peptide for the 
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mAb held on the resin for 30 min. In both cases, the dashed lines represent the 99% confidence 

limits for the mass difference values. The peptides are sorted in ascending number along the 

protein sequence. Positive vertical bars suggest increased solvent exposure in each eluted peak 

fraction, respectively, compared with the protein in the reference state. 

 

Figure 5.4. Map of reporter peptides identified for the mAb. The mAb structure is obtained by 

homology modeling with human IgG1 (1HZH in the Protein Data Bank) as a template. Blue 

regions show the location of the 23 reporter peptides. Green regions represent the missing 

coverage. Peptides 15 and 16, shown in red and magenta, respectively, exhibited the greatest 

solvent exposure in the aggregates of the third eluting peak. 

Figure 5.5 compares the mAb elution behavior obtained with POROS XS with that 

obtained for Nuvia HR-S with a 30 min hold time for identical conditions. While two- or three-

peak elution is observed for the mAb on POROS XS dependent on hold time, a single peak is 
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obtained for NUVIA HR-S regardless of hold time. The in-line hydrodynamic radius 

measurements confirm that the single elution peak obtained for Nuvia HR-S consists exclusively 

of monomeric species. Since the Nuvia HR-S has the same particle size as POROS XS and 

similar peak widths are obtained, the single peak elution behavior is not a result of different 

resolving power of the two resins. Rather, the distinct elution behaviors of the mAb on columns 

packed with the two resins indicate that the elution behavior is dependent on the resin properties. 

Based on this comparison it is evident that two distinct phenomena occurring over very different 

time scales determine how the mAb elutes from POROS XS. The first of these phenomena, 

occurring over a short time scale, results in the elution of two peaks both containing monomeric 

species, while the second, occurring over a relatively long time scale, result in the formation of 

aggregated species that elute late in the gradient. To further elucidate the second of these effects 

we conducted experiments in an arginine acetate load buffer since previous work with a different 

mAb has shown that replacing sodium with arginine as a counterion reduced or nearly 

completely eliminated on-column aggregate formation [79]. Arginine as a counterion has been 

shown to reduce the protein binding strength on CEX resins [34] and, in general, is thought to be 

a useful additive to control protein aggregation both in solution and during chromatographic 

separations [64][65][66][67][68]. Figure 5.6 shows results obtained by loading and holding the 

protein on POROS XS in a buffer containing 40 mM arginine acetate at the same pH. As seen in 

this figure, while the two-peak elution behavior persists, there is no evidence of a third peak 

indicating that replacing sodium with arginine in the load/hold buffer effectively prevents the 

formation of aggregates. Adding arginine to the NaCl elution buffer after having loaded the mAb 

in the sodium acetate buffer had no effect on aggregate formation. This result suggests that 

arginine’s modulating effect on the mAb binding strength [34] is likely responsible for 
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eliminating the conformational changes that ultimately cause aggregate formation upon elution 

[79]. 

 

Figure 5.5. Comparison of elution behavior of the mAb on columns packed with POROS XS 

and Nuvia HR S resins with a 30 min hold time followed by a 20 CV 0-1 M NaCl gradient in 40 

mM sodium acetate at pH 5. Dots show the hydrodynamic radii obtained by in-line DLS. 
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Figure 5.6. Comparison of POROS XS elution behavior obtained using a 40 mM sodium acetate 

load buffer with a 1000 min hold with the elution behavior obtained using a 40 mM arginine 

acetate buffer with 0 and 1000 min hold times. For both load buffers elution was with a 20 CV 0-

1 M NaCl gradient. 

5.3.2. Two-peak elution behavior 

The remainder of this work focuses on the two-peak elution behavior obtained for 

POROS XS when the protein is eluted immediately after loading, i.e. with zero hold time.  

Figure 5.7 shows the results obtained when fractions of the first and second peak 

obtained with the POROS XS column with zero hold time are dialyzed against the original load 

buffer (40 mM sodium acetate) and then individually re-injected to either the POROS XS 

column (Fig. 5.7a) or the Nuvia HR-S column (Fig. 5.7b). As seen in Fig. 5.7a, for POROS XS 
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re-injecting either the first or the second peak fraction gives exactly the same two-peak elution 

behavior as the fresh mAb sample suggesting that the underlying phenomenon that leads to 

elution of the mAb in two peaks is reversible. In principle, this behavior is consistent with either 

the elution of two different protein conformations (one more strongly retained than the other by 

the resin), with the altered conformation reverting back to the original one after elution, or with 

the presence of two different binding sites in the resin that bind the mAb with different strengths 

and at different rates. Based on the CD, in-line fluorescence, and HXMS results, which showed 

no difference between the first and second peak fractions, it appears that the last of these two 

possible mechanisms is more likely. For Nuvia HR-S (Fig. 5.7b) the same single peak is eluted 

regardless of which POROS XS produced fraction was re-injected, further indicating that both of 

the peaks eluted from the POROS XS column contain the same species. 
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Figure 5.7. Comparison of elution of fresh mAb sample with results obtained by re-injecting 

fractions from the POROS XS column with 0 min hold time followed by a 20 CV 0-1 M NaCl 

gradient in 40 mM sodium acetate at pH 5. (a) Results for samples injected into the POROS XS 
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column. (b) Results for samples injected into the Nuvia HR S column. Conditions are identical 

for all runs. 

Figure 5.8 provides additional information on the two-peak elution behavior of POROS 

XS by illustrating the effects of load and elution flow rates (Fig. 5.8a and 5.8b, respectively). As 

shown in this figure, the load flow rate had no effect (contrary to what we observed for another 

mAb on the resin Fractogel SO3 [74]), while the elution flow rate significantly affected the 

relative magnitude of the two peaks. In the latter case, while the breadth of the peaks decreased 

as the elution flow rate was decreased, as expected because of the increased residence time and, 

thus, increased plate number, a much greater portion of the protein eluted in the second peak. 

This result suggests that the distribution of the protein between the two peaks is kinetically 

controlled over time scales that are comparable to the elution times. 
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Figure 5.8. Effects of (a) load flow rate and (b) elution flow rate on elution behavior of the 

POROS XS column with 0 min hold time followed by a 20 CV 0-1 M NaCl gradient in 40 mM 

sodium acetate at pH 5.  
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5.3.3. Modeling of the two-peak elution behavior 

While developing a model to describe the unfolding/aggregation behavior is beyond the 

scope of this work, a mechanistic model was developed for the two-peak behavior with the intent 

of helping to elucidate the underlying causes. The model assumes that POROS XS contains two 

independent binding sites: weak binding sites (1) assumed to have fast on/off kinetics and strong 

binding sites (2) assumed to have slow on/off kinetics. The physical nature of the two assumed 

binding sites is not certain, but POROS resins are designed with a bi-modal pore size distribution 

[73][82] including very large pores, where protein molecules can presumably bind quickly but 

more weakly, and small pores where presumably protein molecules can bind more strongly but 

also more slowly. Accordingly, for each of the two types of binding sites i=1 and i=2, protein 

binding equilibrium is described by the mass action law model, which can be written as follows 

[83][84]: 

                                                        (5.1) 

where qi is the bound protein concentration, Ai is an equilibrium constant, zi is the effective 

protein binding charge,  is the Na+ concentration, and c is the protein concentration in the 

particle pores. The corresponding binding kinetics is described for each site type by the 

following equation: 

                                                       (5.2) 

where ki is a binding rate constant. 
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Equations (5.1) and (5.2) are coupled with the following equations and boundary 

conditions: 

                                                                           (5.3) 

                                                    (5.4) 

which describe, respectively, mass transfer in the particles and convective transport along the 

column length, x. In these equations, C is the protein concentration in the mobile phase outside 

the particles,  is the intraparticle porosity, De is the effective pore diffusivity, and rp is the 

particle radius. The Na+ concentration as a function of time and position in the column during the 

gradient was simulated neglecting any dispersion effects. The resulting set of partial differential 

equations was solved numerically by finite differences using 30 and 100 discretization points in 

the radial and axial direction, respectively, which were sufficient to eliminate any numerical 

dispersion effects. The resulting system of ordinary differential equation was integrated using 

MATLAB’s variable order solver routine ode15s. 

The parameters appearing in these equations were estimated as follows.  = 0.35 was 

obtained using the Carman-Kozeny equation from the column pressure drop. = 0.58 and De = 
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M NaCl) at different flow rates of the mobile phase as described in ref. [30]. Next we assumed 

that the weak binding sites have fast kinetics and used k1 = 100 s-1, which is sufficiently large to 

ensure that the simulated binding kinetics does not influence retention of the first peak. In this 

case, A1 = 5.37x1028 (mM)12.3 and z1 =12.3 for the weak binding sites could be determined with 

the method outlined in ref. [30] from the retention of the first peak as a function of gradient slope 

obtained in separate experimental linear gradient elution runs (see Fig. 5.S3 in the 

Supplementary Material). The remaining parameters  = 0.013 sec-1,  = 2.56x1049 (mM)20.6, 

and = 20.6 for the strong binding sites were estimated by regressing the data at varying salt 

gradients using MATLAB’s nonlinear least squares function, lsqnonlin. Figure 5.9 shows the 

modeling results illustrating the predicted dependence of the elution peaks for different values of 

the rate constant for adsorption on the strong binding sites (Fig. 5.9a) and the predicted 

dependence on the flow rate, using k2=0.013 s-1 (Fig. 5.9b) for the experimental conditions of 

Fig. 5.8b. As seen in Fig. 5.9a, a value of k2 = 0 obviously leads to a single early-eluting peak 

and a value of k2 = 0.1 s-1 leads to a single late-eluting peak. Intermediate values around 0.01 s-1 

obviously yield two peaks. As seen in Fig. 5.9b using the regressed values of k2 = 0.013 s-1, the 

model predicts a two-peak elution profiles that vary with flow rate in a manner consistent with 

the experimental results shown in Fig. 5.8b. In this case, as shown by the model at 1 ml/min, a 

majority of the protein elutes early as the elution time is too short to permit the protein’s full 

interaction with the strong, but slow binding sites. At 0.25 ml/min, more time is available for 

interaction with the strong binding sites, which end up dominating the elution process. 
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Figure 5.9. Elution profiles predicted by the model described in Section 5.3.3 for POROS XS 

with a 20 CV 0-1 M NaCl gradient. (a) Effect of varying 2k  while keeping 1k  = 100 s-1 at 0.25 
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ml/min. (b) Effect of elution flow rate for the conditions of Fig. 5.8b predicted with 1k  = 100 s-1 

and k2  = 0.013 s-1. Other model parameters are given in the text. 

5.3.4. Overall mechanism 

Figure 5.10 illustrates schematically the proposed overall mechanism leading to the 

mAb’s three-peak elution behavior on POROS XS. The first step in the process is binding to the 

resin on two different binding sites – one weak but with fast kinetics (step 1) and one strong but 

with slow kinetics (step 2). As noted earlier, the two binding sites may be associated with the bi-

modal pore size distribution of POROS XS, with weaker binding occurring in the larger pores 

and stronger binding in the small pores. The protein bound to the weak sites remains stable while 

the protein bound to the strong sites undergoes kinetically limited conformational changes that 

result in a destabilized surface species (step 3). If the salt gradient (step 4) begins immediately 

after loading, before the strongly bound protein has undergone significant conformational 

changes, two elution peaks are obtained. In this case, during gradient elution, the mAb molecules 

continue to interact with both binding sites. At high flow rates, when the time is short, elution is 

dominated by interaction with the weak and fast binding sites. At low flow rates, on the other 

hand, when the time is long, elution is dominated by interactions with the strong and slow 

binding sites. In either case, however, the same monomeric species is eluted in both peaks as 

confirmed by CD, in-line fluorescence, and HXMS. Re-injection of fractions collected from the 

POROS XS column results in exactly the same two peaks when the gradient elution conditions 

are the same since molecular properties are the same and interactions with the binding sites are 

reversible. Starting the gradient after a substantial hold time (e.g. 10 min), results in a third 

peak which contains a significant percentage of aggregates, which are generated upon elution of 

the destabilized surface species gradually formed while adsorbed on the strong binding sites. 

!
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Figure 5.10. Mechanism leading to two and three-peak elution behavior on POROS XS. N, U, 

and Un represent native, unfolded, and aggregated forms of the mAb. Overbars denote resin-

bound species. N1  and N2  represent native protein bound to the weak but fast sites and to strong 

but slow binding sites, respectively. Step 1: binding to weak/fast binding site during load; step 2: 

binding to strong/slow binding sites during load; step 3: kinetically limited unfolding on strong 

binding sites during hold step; step 4: salt gradient elution. Two-peaks are eluted if the gradient 

(step 4) starts immediately after loading (steps 1 and 2) while three peaks are eluted at increasing 

salt concentrations if the gradient begins after a prolonged hold step (step 3). 
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5.4. Conclusions 

A three-peak elution behavior has been observed when a mAb is loaded into a POROS 

XS resin column, held in the bound state for a period of time, and then eluted with a linear salt 

gradient. The percentage of protein eluting in each of the three peaks changes with hold time, 

with the first peak gradually decreasing, the second peak first increasing and then decreasing, 

and the third peak gradually increasing as the hold time is increased. We have determined that 

the first two peaks, which are also observed with zero old time, contain only monomeric species 

and likely result from the existence of different binding sites on the resin having both different 

binding strength and different binding kinetics. The third peak, observed even after a relatively 

short hold time, contains aggregated species that are formed as a result of protein conformational 

changes that increase in either magnitude or extent as the protein is held in the bound state for 

increasing lengths of time. Based on the changes in relative peak area as a function of hold time, 

it seems that the conformational changes are associated with binding to the strong, slow kinetics 

binding sites. From a more practical point of view, we have also verified some ways in which the 

three- and two-peak elution behaviors can be eliminated. Replacing sodium with arginine as a 

counterion in the acetate buffer is effective in essentially eliminating aggregate formation even 

after prolonged hold times. Based, in part, on prior observations [79], we believe that the effect 

of arginine is primarily to weaken protein-resin interactions that are responsible for generating 

destabilized surface intermediates. Arginine in the elution buffer, in fact, did not alter the amount 

of aggregates formed indicating that controlling the load buffer composition is critical. Arginine, 

however, does not remove the two-peak elution behavior observed for POROS XS without a 

hold time, as this behavior seems to be associated with the existence of multiple binding sites on 

the resin. On the other hand, replacing POROS XS with Nuvia HR-S and operating the column 
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under identical conditions completely removed both three- and two-peak elution behaviors, 

likely as a result of the more hydrophilic and more homogenous structure of this resin compared 

to POROS XS. 

  



124 
 

5.5. Supplementary Material 

 

Figure 5.S1. Size exclusion chromatography with in-line dynamic light scattering analysis of a 

fresh mAb. SEC was conducted with a TSKgel 3000SWXL column (Tosoh Bioscience LLC, 

King of Prussia, PA, USA) in 40 mM sodium acetate at pH 5 and a flow rate of 0.5 ml/min. 
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Figure 5.S2. Scaled UV detector signal (solid line) and fluorescence detector signals (dotted line) 

for elution form the POROS XS column with (a) 0 min and (b) 1000 min hold time followed by 

a 20 CV 0-1 M NaCl gradient in 40 mM sodium acetate at pH 5. The two detector signals are 

practically superimposed in (a).  
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Figure 5.S3. Elution profiles obtained for the POROS XS column with 0 min hold followed by 

0-1 M NaCl gradients with varying gradient durations at 0.5 ml/min in 40 mM sodium acetate at 

pH 5.  
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Chapter 6  

Conclusions and Recommendations

 

6.1. Conclusions 

The goal of this work was to elucidate protein conformational change and aggregation 

mechanism during cation exchange chromatography. Chapter 2 reports a two-peak elution 

behavior of a highly pure mAb during salt gradient elution on a chromatography column packed 

with the strong cation exchanger Fractogel SO3, whose backbone is grafted with polymers to 

enhance protein binding capacity and binding strength. SEC and DLS analysis show that while 

the early elution peak is consisted of pure monomer, the late elution peak is a mixture of 

monomer and higher molecular weight species. Further chromatography experiments suggest 

that the late elution peak becomes more prominent when the mAb stays bound to the resin for a 

longer time and when the mAb is loaded and held in the column at a lower pH and lower salt 

concentration. CLSM results reveal that the peak splitting behavior is related specifically to 

Fractogel’s unique resin structure, backbone grafted with polymer extenders, which allow 

protein to retain some diffusional mobility to redistribute throughout resin particles during the 

hold time, finally reaching a low local bound protein concentration. The latter, in turn, facilitates 

protein conformational change. In Chapter 3, solution HXMS experiments prove that both the 

monomer in the early elution peak and the monomers in the late elution peak have the same 

protein conformation as that of the native mAb, while the components of the aggregates found in 

the late eluting peak show significant structural difference compared with the native mAb. 

Specifically, two peptides in the Fc region of the mAb exhibit significantly unfolding. Adsorbed 
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HXMS experiments further suggest that the mAb unfolds while bound to the resin, with the same 

two peptides in the Fc region of the mAb showing largest unfolding.  

Based on the work of Chapter 2 and 3, a mechanism is proposed to describe what actually 

happens during protein binding, holding and elution on the cation exchange column. In the 

proposed mechanism, the protein first adsorbs on the resin through a diffusion-controlled mass 

transfer mechanism. While bound, the protein slowly and gradually unfolds, forming an unfolded 

intermediate on the resin. Finally, during salt gradient elution, a fraction of the unfolded species 

refolds to native monomers, while the rest form high molecular weight species in the late elution 

peak.  

Chapter 4 extends the previous studies to other mAb molecules and to other resins with 

different structures. Among all of the six cation exchange resins tested with a same mAb under 

similar operating conditions, CEX resins with grafted polymers, including Fractogel SO3, 

Eshmuno S and Nuvia S, and CEX resin with a bimodal pore size distribution, POROS HS, are 

shown to result in a two-peak elution behavior. On the other hand, CEX resins with a 

macroporous structure and no polymeric surface extenders, such as UNOsphere S and Source S, 

show almost no evidence of a second peak. For three different mAbs tested on the Fractogel SO3 

resin under the same operating conditions, one exhibits a prominent two-peak elution behavior, 

one shows a slight second peak, and the remaining one cannot be eluted even under very high 

salt (e.g. 1 M sodium chloride). A melting temperature study with Circular Dichroism suggests 

that the distinct elution behavior of the three mAbs could be correlated with their solution 

stability. Another interesting result in this Chapter is that replacing sodium with arginine as a 

counter-ion in the load buffer suppresses protein unfolding an aggregation on CEX resins. We 
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conclude that arginine reduces the protein binding strength on the resin preventing 

conformational changes that can ultimately lead to aggregate formation. 

In Chapter 5, we report a three-peak elution behavior for a fourth mAb during salt 

gradient elution after a period of hold time (>10 min), on a column packed with the CEX resin 

POROS XS. This resin has a macroporous structure with bimodal pore size distribution. DLS 

results suggest that the first two peaks contain exclusively monomeric species while the third 

peak contains a mixture of monomeric and multimeric species. A set of biophysical methods, 

including CD, in-line fluorescence and HXMS, prove that the two early elution peaks are 

conformationally identical to the native mAb, while the aggregates in the third peak contain 

some unfolding regions, especially with two peptides in the Fc region of the mAb showing 

significant more solvent exposure. Based on the results of chromatography experiments under 

different operating conditions, such as different loading counter-ions, different CEX resins, 

different hold time and elution flow rates, together with a mechanistic modeling study, we 

conclude that the two early-eluting peaks form as a result of interactions with two different 

binding sites present in the resin, one with weak but fast binding, and the other with strong but 

slow binding. The protein bound to the strong site gradually unfold during the hold time, finally 

forming aggregates in the third peak during high salt elution. 
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6.2. Recommendations for Future Work 

Several recommendations are given for future work based on evidence presented thus far 

on protein unfolding and aggregation behavior during cation exchange chromatography. 

In Chapter 2 the grafted polymers on the backbone of Fractogel SO3 were shown to 

facilitate protein movement and redistribution inside the resin particles thus lowering the local 

bound protein concentration, and finally, leading to protein conformational change. From a 

microscopic point of view, polymer-protein interactions can be studied to de-couple the mass 

transfer and adsorption effects. The binding strength between polymers and protein can be 

measured by surface plasmon resonance (SPR) [85] and the effects of polymers on protein 

stability can be investigated by HXMS. Both techniques should yield some insight into designing 

polymer-grafted resins which eliminate or mitigate protein conformational change. 

In Chapter 3 and 5, results from HXMS studies for two mAbs showed that during 

aggregates formation on CEX resins the largest local unfolding occurred in the Fc region of the 

mAbs. This evidence suggests the Fc region is a prime target for modification using protein 

engineering tools to improve the mAb stability when binding to CEX resins. As shown by Lee et 

al. [86] and Chennamsetty et al. [87], target mutation has been widely applied to enhance 

antibody resistance to aggregation. 

In Chapter 4, the melting point by circular dichroism (CD) analysis of three mAbs were 

shown to correlate with the mAbs’ elution behavior on cation exchange columns, which suggests 

the possibility of predicting the propensity of protein aggregation on chromatographic surface 

based on protein solution stability. For this purpose, a set of different biophysical methods can be 

applied to measure protein solution stability against a variety of stresses, such as protein 
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denaturation study in exposure to guanidine hydrochloride by CD, protein solvent exposure and 

flexibility at low pH by HXMS, and protein melting temperature study by Differential Scanning 

Calorimetry (DSC) and Differential Scanning Fluorimetry (DSF). 

Antibody stability on other types of chromatography can also be studied in the future. For 

instance, Zhang et al. [88][89] and Gagnon et al. [90][91] showed that some mAbs exhibit 

conformational change upon binding and elution during protein affinity chromatography, a 

widely used capture step in the pharmaceutical industry. HXMS and some other biophysical 

methods can be applied to establish molecular details of protein global and local structural 

instability. 
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