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Abstract of Dissertation 

Predicting the Physical Stability of Biopolymers 

by Self-Interaction Chromatography 

Biopolymers, including proteins and peptides, are increasingly taking the place of 

small molecules in manufacturing, health and home applications. The advantage 

of using biopolymers over small molecules for therapeutic applications include 

high activity, high specificity and low toxicity. The disadvantages of using 

biopolymers include large scale production, chemical instability and physical 

degradation. A biopolymer that shows promise for a specific application will not 

advance past early development if the protein lacks either chemical or physical 

stability. Of these two parameters, physical stability is often harder to predict 

and/or measure. The physical stability of a biopolymer can be improved by site-

directed mutagenesis, glycosylation, post-translational modification and adjusting 

the solvent/co-solvent system. Quantitatively measuring the change in the 

physical stability of a protein in different solvent/co-solvent systems can increase 

the number of early developmental stage proteins that advance to commercial 

scale. Physical stability of proteins can be described by protein-protein 

interactions and measured by the osmotic second virial coefficient (B). However, 

current methods used to measure B such as static light scattering are not 

practical for large screening studies because of large protein consumption, low 

throughput, method variability and analyte size limitations. An alternative method 

iii 



to measure B is Self-Interaction Chromatography (SIC), which requires less 

protein, shorter analysis time, allows for miniaturization and capable of 

measuring B for small size biopolymer. The ability of SIC to measure B for a 

therapeutic protein, a peptide and membrane proteins in different solvent/co-

solvent systems has been demonstrated in this dissertation. 

Robert W Payne 
Chemistry Department 

Colorado State University 
Fort Collins, CO 80523 

Spring 2008 
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1. 
Introduction 

1. Introduction. Biopolymers such as proteins and peptides are increasingly 

taking the place of small molecules in manufacturing and therapeutic agents.1"4 

The advantage of using biopolymers over small molecules for therapeutic 

applications include high activity, high specificity and low toxicity.5'6 The 

disadvantages of using biopolymers include challenges associated with large 

scale production, chemical instability and physical degradation.5,7 A biopolymer, 

such as a protein, that shows promise for a specific application will not advance 

pass early stage development if the protein lacks either chemical or physical 

stability. Of these two parameters, physical stability is often harder to predict 

and/or measure, because it is not tied to the presence of a single or small group 

of amino acids.8 The physical stability of proteins and peptides can be improved 

by site-directed mutagenesis, glycosylation, post-translational modification and 

adjusting the solvent/co-solvent systems with the latter being the most 

common.2,3,5,9 Quantitatively measuring the change in the colloidal stability of a 

protein in different solvent/co-solvent system could increase the number of early 

stage proteins that advance to the commercial scale. The current methods used 

to measure the colloidal stability of proteins are not practical for large screening 

studies, due to the high quantity of protein consumed and low sample 

throughput. 

This work is focused on refining Self-Interaction Chromatography (SIC), a 
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technique that can be used to measure B and therefore the colloidal stability of 

proteins. SIC is attractive compared to existing methods because it has a low 

sample consumption, increased sample throughput and decreased method 

variability. Refining the SIC technique has made it possible to quantitatively trend 

the colloidal stability of proteins in large screening studies. Sample consumption 

was decreased by scaling down the SIC method, requiring new developments in 

instrumentation and new software. B values for a therapeutic peptide were 

measured and developed a new stationary phase was developed for microchip 

SIC. Additionally, I have also extended studies to membrane proteins, which are 

a particularly unstable class of biopolymers. 

1.1. Chemical and Physical Degradation. The amino acid sequence and the 

resulting folded structure determines the physical and chemical characteristics of 

a protein. A protein can be degraded chemically or physically during production 

and/or downstream processing, altering its activity, specificity and toxicity. 

Chemical degradation occurs when a covalent bond is either formed or cleaved 

resulting in a change in the chemical structure.5,9 Examples of chemical 

degradation in proteins include hydrolysis, oxidation and deamidation.5 The 

physical stability of a protein, both conformational and colloidal is dependent on 

the chemical stability, as chemical modification can lead to physical instability.5,9 

Physical stability describes the colloidal stability of the protein in solution, which 

includes aggregation, precipitation and solubility.5,9 Colloidal stability of a protein 

in solution can be described by protein-protein interactions, which can be difficult 
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to measure for proteins.10,11 For many proteins colloidal stability is a problem 

resulting in financial loss due to low production yields, toxicity issues with 

therapeutic agents and low activity for manufacturing.1"3,6,12 

1.2. Osmotic Second Virial Coefficient (B). Protein-protein self-interaction can 

be described by the osmotic second virial coefficient (B), a dilute solution 

parameter. B was originally used as a thermodynamic property to describe the 

direction and magnitude of two body interactions in solution.13 B was correlated 

empirically to protein crystal growth by George W. Wilson, and later to 

solubility.2'10,14"18 Historically B was determined by membrane osmometry, which 

measures the difference in osmotic pressure between the sample and a 

reference at equilibrium, Figure 1.1.13 An ideal solution occurs when repulsive 

and attractive interactions are equal in solution. When a sample deviates from 

the ideal solution, Van't Hoff's equation is expanded using the second virial 

coefficient (B), Equation 1.13 

U = RTc 
r 1 

+ Bc + --
KMW 

In Equation 1, n is osmotic pressure, c is concentration (in mass units) of the 

solute, R is universal gas constant 8.3145 J/mol*K, T is absolute temperature 

and Mw is molecular weight. On a molecular level, when osmotic second 

coefficient (B) is positive, repulsive conditions dominate leading to an increase in 

protein solubility. A negative B indicates attractive interactions are dominating, 

leading to results ranging from crystallization to precipitation.9,17,19 
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Membrane 
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Flange 
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Figure 1.1. HelfritzType Osmometer IT 

Using McMillian and Mayers theory, which treats the solvent as a homogenous 

background, B can be related to the potential mean force (PMF) of a two-body 

interaction, Equation 2. 11,13 

B = 
•2TT 

KMW n 

-W/ 
'kT 

- 1 > 1 2 ^ 1 2 

In equation 2, W is the interaction between two proteins in solutions, k is the 

Boltzmann constant and r-|2 is the intermolecular center-to-center distance 

between the center of two bodies.11,13 PMF is the sum of all forces between two 

bodies in a solvent, including excluded volume, charge-charge, charge-dipole, 

dipole-dipole, dipole-induced-dipole interactions, Van derWaals interactions and 
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the hydrophobic effect.11,13 Changes in B caused by different solvent/co-solvent 

systems can be therefore attributed to changes in PMF. The excluded volume of 

the protein is defined as a sphere in Equation 2 and has positive contribution to 

B.11,13 Flory and others have shown a molecular weight dependence on B, where 

the magnitude of B is affected by molecular weight.13,20'21 

1.2.1. Relationship between B and Protein Crystallization. B was utilized for 

determining buffer conditions that favored protein crystallization in an effort to 

develop a pre-screening method.14,15,22 The reason for using B was to develop a 

quantitative method for choosing buffer conditions that yielded x-ray quality 

protein crystals.10 Wilson was the first to make the connection between protein 

crystallization and B by static light scattering (SLS) for buffer conditions that 

promoted protein crystallization, Figure 1.2.10'14,15 The work showed empirically 

that proteins crystallized between -2 X 1CT4 to -8 X 10"4 mol ml_ g"2, now referred 

to as 

the crystallization slot .Figure 1.2.10,14,15 The magnitude and direction of B for the 

crystallization slot corresponds to weak attractive two body interactions. These 

weak protein interactions allow for the correct orientation of a protein in the 

crystal without aggregation. The crystallization slot also applies to membrane 

protein crystallization as established by Dr. Loll.7,24 Using B as parameter screen 

for buffer conditions that favor crystallization for soluble proteins is now widely 

accepted. 

5 



w 

O 
E 

x 
0Q 

4 -

2 -

0 -

- 2 -

- 4 -

- 6 -

-8 

-10 H 

•12 

a « 
• SIC data 
• , , • SLS data 

Crystallization 
Slot 

0 1 2 3 4 5 6 

% NaCI in Mobile Phase 

Figure 1.2. B values for proteins measured by SLS in solvent/co-solvent conditions 

that promote protein crystallization 23 

1.2.2. Relationship between B and Solubility. When B values are above the 

crystallization slot, protein-solvent interactions are favored. This corresponds to 

repulsive protein-protein interactions dominating, causing an increase in colloidal 

stability and protein solubility.17 The correlation between B and protein solubility 

has been observed for a number of model proteins.10,14,15 As shown in Figure 

1.3, as the solubility of lysozyme increases, B increases. Additionally, Wilson 
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derived based on statically mechanics between B and solubility, Equation 4. 

B = 
-A/u2 1 In s 

RT 2M2S~2M2s 

In Equation 4, R is the gas constant 8.3145 J/morK, T is temperature and M2 is 

the molecular weight of the protein. The solubility of the protein is defined as s 

value in g/mL. The value A^2 is the difference in chemical potential of the protein 

in solution and chemical potential of the protein in crystal lattice.15 While, 

equation 4 is important, it is not practical because many proteins and peptides 

not been crystallized. 

60 -, — 

55-' 

50 -: 

4 5 -

J 40 

§ 35 

£ 30 

J 

25 

I 20 
15 

10 

5 

0 

1 

1 
& t 

-10 -8 8 10 

Bxl04(mol*mlg'2) 
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By using the relationship between B and solubility, screening studies have 

measured changes in protein-protein interactions, which correlate to changes in 

protein solubility for a number of proteins.2,3,17,1S The use of B as a parameter to 

screen for maximizing colloidal stability of proteins has not been accepted. The 

reason for this is the lack solubility data and B measurements for additional 

proteins. 

1.3. Static Light Scattering (SLS). Currently SLS is the preferred method to 

measure B for polymers and proteins.14,16 SLS measures B and other static 

parameters such as average molecular weight of a polymer by measuring the 

intensity of scattered light, Figure 1.3.23 SLS is not practical for high throughput 

screening for proteins because of the large amount of protein (milligrams) 

required for a measurement, lengthy analysis times (hours), low throughput, 

scattering caused by co-solvents resulting in an increase in noise, and a 

minimum size requirement for the analyte.23 The scattering caused by the 

addition of co-solvents such as detergents above the critical micelle 

concentration (CMC) and polyethylene glycol (PEG) has limited measurement of 

B to soluble proteins. Analytical ultracentrifugation and membrane osmometry 

have also been used to measure B, but suffer limitations similar to those of SLS.2 

An alternative method is needed to measure changes in B using less than 1 mg 

of protein, if B is to become widely accepted as an important measure of protein 

stability. 

1.4. Self-Interaction Chromatography for Soluble Proteins. Self-Interaction 
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Chromatography (SIC) is a relativity new method for measuring B, which 

consumes magnitudes less protein than SLS, high throughput, no increase in 

chemical noise caused by the addition of cosolvent such as PEG/detergent, 

increased analyte size range and the use of multiple co-solvents.25 SIC is a 

modified form of affinity chromatography where the protein is immobilized on the 

stationary phase and injected as the analyte.2,3,25 Changes in protein-protein 

interactions are measured by changes in retention time and reflect changes in 

the colloidal stability of the protein.25 Protein-protein self-interaction is mediated 

by a combination of the composition of the mobile phase and the protein's 

chemistry. SIC uses traditional high performance liquid chromatography (HPLC) 

instrumentation, which allows for automation, high throughput analysis and low 

sample consumption. The injected protein experiences attractive and repulsive 

interactions as it passes over the immobilized protein, which is reflected by 

changes in retention time. The retention time of the protein can be related to B by 

Equation 5.25 

B22 = ' " < Y . - ^ 
\M A p<i>) 

In Equation 5, NA is Avogadro's number, M is the molecular weight of the protein, 

BHs is the hard sphere (or excluded volume) contribution, p is the number of 

protein molecules per unit surface area, § is the phase ratio or the available 

surface area per stationary phase volume, and k' is the capacity (or retention) 

factor. The amount of protein immobilized on the surface and the available 

surface area of the particle, is used to calculate p, while § is determined by 
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Inverse Size Exclusion Chromatography (ISEC), Figure 1.4.25,26 The capacity 

factor, k' is given by Equation 6, where tr is the retention time of protein and tm is 

the retention time adjusted for size difference between the protein and acetone. 

The non-retained time, tm is calculated by measuring the retention time of the 

protein and acetone on a column that contains no immobilized protein (referred 

27 -\ 
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Figure 1.4. The amount of surface area of a particle available for protein 

immobilization. 
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to as a dead column). tm is calculated from the ratio of the retention time of the 

protein (tpro_dead) and acetone (taCe_deaci) measured on a dead column (tpro_dead/ 

tace_dead) and multiplied by retention time of acetone (tace) measured on a live 

column.25 Measuring B for proteins in solution using SIC allows for the correlation 

of the effects of different solvent/co-solvent conditions in systems with SLS. 

The excluded volume is determined from three different methods. If the protein 

has been crystallized or imaged by NMR, the excluded volume is determined by 

averaging the three axes to calculate a radius, which is then used to determine 

the excluded volume. Alternatively, dynamic light scattering (DLS) can be used to 

determine the excluded volume of the protein. Lastly, the molecular weight of the 

protein can be used to determine the spherical volume, Figure 1.5. From 

Equation 7, the excluded volume of a protein is calculated based on hard sphere 

geometry. 

BHS = 4Vm=2/3Ud3 7. 

BHs is the hard sphere (or excluded volume) contribution, VM molecular volume 

and d is diameter of the protein.27 
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Figure 1.5. The empirical correlation between MW of protein and the 

corresponding molecular volume of the protein in solution. 

1.4.1 SIC for Membrane Proteins. Typically membrane proteins are solubilized 

in aqueous solution for purpose of recovery and purification. When detergent is 

added at concentrations greater than the CMC to membrane proteins in an 

aqueous solution, a PDC is created where the hydrophobic tail of the detergent 

associates with hydrophobic area of the membrane protein. The addition of the 

detergent normally results in an increase in the excluded volume of the 

membrane.28 The excluded volume term used to calculate B is changed to reflect 
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the size of the PDC, equation 8. 

VArA p</>) 

The difference in Equation 8 compared to Equation 2 is BPDC the hard sphere (or 

excluded volume) contribution of the PDC.29 

1.5. Dissertation Summary. Here, advancements in refining SIC for the 

measurement of B for proteins and peptides are presented. In the first example, 

the colloidal stability of two therapeutic proteins and a peptide were measured as 

function of salt and pH. Additionally, for the first time, B was measured for a wild 

type LB-005 and mutant LB-007 protein with increasing pH. SIC was able to 

detect changes in the colloidal stability of wild type and mutant protein, which 

differed in amino acid composition by only 3 residues. In the second example, a 

membrane protein, proteorhodopsin (pR), was used to measure the changes in B 

with increasing concentrations of detergent, PEG, varying solvent pH and mixed 

detergents system. The continual improvements in the SIC method have allowed 

for measurement of B of two additional membrane proteins, rhodobacter 

sphaeroides (RHO) and OmpX. Both membrane proteins were analyzed using 

less than 2 mg of protein. Finally, in an effort to reduce analysis time and protein 

consumption, monolithic columns were developed for SIC. The work presented in 

this document shows the broader use of SIC, for the measurement of colloidal 

stability of proteins and membrane proteins in solution. 
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2. 

Therapeutic Agents 

2.1. Introduction. In this chapter, the second virial coefficient (B) was measured 

by SIC for two therapeutically important biomolecules, a peptide, enfuvirtide, and 

two single chain antibodies LB-005 and LB-007. SIC measurements for 

enfuvirtide and the antibodies required extensive method development that 

included new immobilization chemistries for SIC as well as optimization of the 

SIC method. These improvements allowed the first B values to be measured for 

a peptide. Conventional methods such as SLS do not have the ability to measure 

B of low molecular weight peptides, because of the lack of scattering caused by 

the peptide. Additionally, conventional methods are not practical to measure 

colloidal stability of mutants because of the large amount of protein consumed 

during analysis. 

In the present work, SIC was used to measure B for enfuvirtide, a 36-amino acid 

therapeutic peptide with a molecular weight of 4.5 kDa, as a function of salt 

concentration, salt type and pH. Although it is well established that many 

peptides self-associate in aqueous solution, the ability to measure the extent of 

these interactions as a function of solution conditions remains elusive.1,2 The 

physical parameter that best reflects the magnitude of self-interaction between 

macromolecules is B. There are a number of methods that can be used to 

determine B, including static light scattering (SLS), analytical ultracentrifugation, 

and membrane osmometry as discussed in Chapter 1,3"5 These methods require 
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large amounts of material and can be quite time consuming. As a result, there 

has been little reported about B values for peptides. In fact, B values have been 

reported only once for a peptide by using dilution flow calorimetry.6 

The ability to measure B as a function of solution conditions (pH, ionic strength, 

etc.) is critical for rationally controlling peptide behavior in aqueous solution. For 

example, it would be possible to increase the solubility of a given peptide by 

making B more positive (indicating more repulsive peptide-peptide interactions), 

as has been seen with a number of proteins.3,7,8 In addition, there has been a 

growing need to develop peptide formulations at relatively high concentrations (> 

100 mg/ml).9 Higher concentrations allow for easier dosing and possible self-

administration through subcutaneous injection. While this need has been most 

acute for monoclonal antibodies, there is a similar need for peptide therapeutics. 

The second therapeutic agent analyzed was a single-chain (scFv) antibody 

fragment used to reduce the swelling and inflammation in joints caused by gout 

and arthritis. Currently there is no treatment for this problem, but it can be 

managed with nonsteroidal anti-inflammatory drugs such as ibuprofen. LB-005, a 

biological agent in early stage development has shown the ability to act as an 

anti-inflammatory. LB-005 is a fragment of an antibody, which contains parts of 

the heavy and light chain. The antibody-fragment has low solubility, on the scale 

of 0.5 mg/mL at pH 7. Therefore, the first approach was to adjust the solvent/co-

solvent system to improve the colloidal stability of the protein in solution. The 

second approach was to modify the antibody by substituting two amino acids. 
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Thus new conditions were needed to achieve solubility above 10 mg/mL. B was 

used to measure changes in colloid stability of the antibody for both approaches. 

The initially formulation screens focused on altering electrostatic interactions by 

adjusting pH and salt concentration. The formulation conditions where chosen 

based on the effects on the colloid stability of the protein; changing pH effects the 

electrostatic interactions. Additionally the concentration of a salt can increase or 

decrease the colloidal stability of the protein, by salting in and salting out the 

protein. Additional formulation screens examined the effects of sugars, which are 

excluded from the surface of the protein. The affects of changes in pH and salt 

on B have already been discussed in Chapter 1. 

Enfuvirtide measurements were made for a variety of pH and ionic strength 

conditions and correlated with solubility and apparent molecular weight. This 

study demonstrates that it is possible to measure B for a peptide in a relatively 

rapid fashion, ultimately allowing one to screen formulations for those that will 

provide the greatest solubility. While the screening studies using B as the 

parameter for the antibody fragments provided quantitative data that allowed for 

the selection of a solvent/co-solvent system, which improved the solubility of LB-

005 to be greater than 10 mg/mL. The SIC experiments on the mutant LB-007 

showed the sensitivity of the method to detect changes in B related to changes in 

chemical composition of the protein. The data presented is the first time SIC has 

been used to screen a wild type and mutant of a protein to show different 
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magnitudes and trends in B. The data suggests that SIC can be used to screen 

mutant libraries for colloidal stability. 

2.2. Materials and Methods 

2.2.1. Chemicals and Reagents. The following chemicals and materials were 

used as received for these experiments: potassium phosphate, hydrochloric acid, 

ethanolamine, sodium carbonate, sodium hydroxide, sodium chloride, sodium 

citrate, ammonium sulfate, sucrose, glycine and trehalose (Fisher). 

Chromatography particles (Toyopearl AF-Tresyl-650M and Toyopearl AF-Amino-

650M) were purchased from Supelco (Sigma-Aldrich). The coupling reagent (1-

Ethyl-3-[3-dimethylaminopropyl]carbodiimide Hydrochloride) (EDC), N-

hydroxysuccinimide (NHS), and the BCA colorimetric protein assay kit were 

purchased from Pierce. The capping reagent ethanolamine was purchased from 

(Aldrich). Enfuvirtide was supplied by Hoffmann-La Roche and used as received 

without further purification. Enfuvirtide has the sequence 

(CH3CO-YTSLIHSLIEESQNQQEKNEQELLELDKWASLWNWF-NH2). Legacy 

BioDesign LLC generously supplied the antibody fragments. All buffers were 

prepared using de-ionized water (18.1 Q) purified using Milli-Q academic system. 

2.2.2. Enfuvirtide Sample Preparation. Lyophilized enfuvirtide was dissolved in 

the experimental mobile phase in a 1.5 mL microcentrifuge tube. Enfuvirtide 

lowers the pH of the buffer so 0.5 M sodium hydroxide was used to adjust the pH 

to the desired value. Enfuvirtide samples were prepared daily. 
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2.2.3. Enfuvirtide Column Preparation. The preparation of the chromatography 

particles and peptide used 60 mM phosphate buffer (Sigma) adjusted to pH 7.5 

with 1 M hydrochloric acid. In a clean 15 ml_ centrifuge tube, 0.3303 grams of 

tresyl particles were rinsed three times with 60 mM phosphate buffer. After each 

rinse the tube was centrifuged. 57 mg of enfuvirtide was weighed out and 

dissolved with 60 mM phosphate buffer to give a final concentration of 8 mg/mL. 

Enfuvirtide was then added to the washed tresyl particles. The mixture was 

agitated briefly and particles were allowed to settle. A 50 uL sample was 

removed from the mixture, diluted to 600 uL, and the absorbance measured at 

280 nm to determine the initial peptide concentration. Measurements were 

performed to show that no measurable amount of peptide was immobilized 

during these first few seconds of particle/peptide contact (data not shown). After 

the first UV measurement, the peptide and particles where slowly mixed for 3 

hours at room temperature (23°C). At the end of this time, a second UV 

measurement was performed following the same protocol as before to determine 

the amount of peptide remaining in solution and there by indirectly the amount 

bound to the chromatography particles. After the final UV measurement, the 

mixture was rinsed with 60 mM phosphate buffer four times, 1 M ethanolamine 

(pH 8) was added, and the particles mixed overnight at room temperature. 

Ethanolamine was added to block the remaining unreactive groups. The 

remaining ethanolamine was removed by spinning down the particles in a 

microcentrifuge and discarding the supernatant. Finally, the particles were rinsed 
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four times with 60 mM phosphate buffer. The particles were stored in 60 mM 

phosphate buffer at 4° C before use and between runs. Coated particles were 

packed into a stainless steel 250 mm x 1 mm column and stored at 4° C when not 

in use. The stationary phase used for dead column experiments consisted of 

tresyl particles capped with ethanolamine. Packing consistency for both the live 

and dead columns were checked with acetone to verify that there were no 

significant voids present in the two columns (data not shown). 

2.2.4. Anti-Body Fragment Sequences. The two mutants described in this 

study exhibit amino acid substitutions at two different sites and both have 

theoretical pi values near 7.8.10 LB-005 differs from LB-007 by two amino acid 

substitutions of glycine to arginine at position 112 and phenylalanine to leucine at 

position 198. 

2.2.5. Anti-Body Fragment Sample Preparation. LB-005 and LB-007 was 

thawed over night at 4°C and the liquid was clear when visually inspected. The 

pH of the LB-005 stock solution was adjusted to pH 5 using a Denver 

Instruments micro pH probe. LB-005 was concentrated using an Eppendorf mini 

spin plus and a protein concentrator with a 3 kDa membrane cutoff. 0.5 mL of the 

LB-005 was added to protein concentrator and centrifuged for eight minutes at 

10,000 rpm. During the concentration process a UV spectrum was measured at 

280 nm and 400 nm to monitor the protein concentration and the formation of 

aggregates. 
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2.2.6. Anti-Body Fragment Column Preparation. The preparation of the SIC 

stationary phase was identical for LB-005 and LB-007. The protein was dissolved 

0.1 M K2HPO4 buffer (pH 7.5) adjusted with concentrated sodium hydroxide to 

the final pH. In a clean 1.5 ml_ eppendorf tube, 0.226 ml_ of AF-Amino-650M 

particles were rinsed three times with 0.1 M K2HPO4 buffer (pH 7.5). After each 

rinsing, the tube was centrifuged and particles were allowed to settle. A protein 

concentrator with a 10 kDa cut-off was used to concentrate the protein, which 

had an initial concentration of 0.82 mg/mL After concentrating, the final protein 

concentration was 3.25 mg/mL. Then, 1 ml_ of this solution was added to the 

washed amino particles. The mixture was agitated briefly and centrifuged for 

sixty seconds. A 50 ĵ L sample was removed from the mixture and diluted to 600 

|j,L, and the absorbance was measured at 280 nm to determine the protein 

concentration. After the UV measurement, 1.5 mg of 1-ethyl-3-(3-

imethylaminopropyl) carbodiimide (EDC) was added to the mixture and slowly 

mixed over night at room temperature. After this time period, a second UV 

measurement was performed to determine the amount of protein bound to the 

chromatography particles. After the second UV measurement, the 

chromatography particles were washed three times with 0.1 M K2HP04, pH 7.5. 

After the final rinse, 1 M ethanolamine (pH 8) was added and slowly mixed with 

the particles for two hours at room temperature. The particles were centrifuged at 

10,000 rpm and the supernatant was removed to remove the excess 

24 



ethanolamine. The particles were immediately packed into the SIC column using 

flexible PEEK tubing. 

2.2.7. LC System used for Enfuvirtide. LC experiments were performed on a 

Varian LC system equipped with 9100 autosampler, 9012 ternary gradient pump 

and 9065 detector. The LC parameters used for the analysis of enfuvirtide are as 

follows, flow rate to 0.5 mL/min, 10 |aL injection and a detection wavelength of 

280 nm. The parameters used for the analysis of enfuvirtide were determined 

during method development. The flow rate of 0.5mL/min was used for these 

experiments based on peak symmetry and the ability to detect the maximum 

change in retention time between low and high sodium chloride concentrations. 

The live column was equilibrated for one hour between experimental conditions 

to ensure that the immobilized peptide was in the same state as the mobile 

phase peptide. For each condition 3% (v/v) acetone was injected to check 

column integrity and as a non-retained marker. After analysis of acetone, four 

replicates of enfuvirtide were analyzed. This procedure was repeated for each 

mobile phase condition. The peak maximum was used to determine the retention 

time of acetone and enfuvirtide. Dead column experiments using the tresyl 

particles capped with ethanolamine followed the same procedures as the live 

column experiments. Dead column experiments were used to determine dead 

volume marker (tm) for the live column using a ratio of the retention time of the 

protein measured on the dead column (tpro_dead) vs the retention time of acetone 
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measured on the dead column (taCe_dead), according to previously published 

protocols.10 

2.2.8. LC System used for Antibody Fragment. LC experiments were 

performed on a HP1050 system equipped with a HP1050 auto sampler, HP1050 

ternary gradient pump and 1050 DAD detector for LB-005 and LB-007. The LC 

parameters used for the analysis of LB-005 and Lb-007 were as follows: flow rate 

to 0.1 mL/min, 1 y,L injection, and detection wavelengths of 280 nm. The LB-005 

modified column was equilibrated for thirty minutes between conditions to ensure 

that the immobilized membrane protein was in the same state as the mobile 

phase protein. For each condition, 3% (v/v) acetone was injected three times as 

a non-retained marker to check column integrity, followed by six injections of pR. 

Dead column experiments using the amino particles capped with 3-

hydroxypropionic acid followed the same procedures as the live column 

experiments. Dead column experiments were used to determine dead volume 

marker (tm)for the live column using a ratio of the retention time of protein 

measured on the dead column (tpro_dead), and the retention time of the acetone 

measured on the dead column (taCe_dead), according to previously published 

protocols.11'12 

2.2.9. Molecular Weight for Enfuvirtide. The molecular weight for Enfuvirtide 

was measured by Eli Lilly and company. Molecular weights were determined by 
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sedimentation studies using a Beckman Optima XL-A analytical ultracentrifuge 

with a sample temperature of 25° C. Six-channel cells (12 mm pathlength) were 

used with an An-60 Ti rotor operated at 250,00 rpm. The cell radii were scanned 

using 0.001 cm steps with detection at 308 nm. Data were analyzed using 

Beckman Origin software (version 4.1). Partial specific volumes (vbar = 0.731) 

and solvent density (p = 0.998) were calculated using SEDNPERP software. 

2.2.10. Solubility Measurements for Enfuvirtide. Solubility was measured by 

Eli Lilly and company. An appropriate mass of peptide was weighed and 

transferred to a 4 ml vial. Buffer (0.5 ml_) was added and the sample was stirred 

for thirty minutes. The pH of each solution was adjusted, if needed, using sodium 

hydroxide or hydrochloric acid. After pH adjustment, the sample was stirred for 

an additional thirty minutes. In all cases, the peptide was in excess and never 

completely dissolved. After stirring, a 100 JJ.I aliquot was withdrawn from the 

supernatant and centrifuged for forty minutes at 12,500 rpm. The sample was 

then diluted 1000-fold and assayed for content by reverse phase HPLC. These 

experiments were performed in collaboration with Eli Lilly. 

2.2.11. Reverse Phase HPLC Method for Enfuvirtide. The reverse phase 

method was performed by Lilly. The peptide content of a solution can be 

determined by reverse phase HPLC. The HPLC analysis was performed using an 

Agilent 1100 system with a Vydac C18 column (218TP54) with a 5 jam particle 

size (300 A pore size). The mobile phases were 0.1% trifluoroacetic acid (TFA) in 
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water (phase A) and 0.1% TFA in acetonitrile (phase B). The column temperature 

was 35 °C and the injection volume was 100 \i\. The flow rate was 1.0 ml/min and 

detection was by UV absorbance at 215 nm. Mobile phase gradient started at 

80% A and 20% B. At fifty minutes the gradient went to 49% A and 51% B, at 

fifty-one minutes it went to 34% A and 66% B, at fifty five minutes it went to 80% 

A and 20% B and at sixty minutes it went to 80% A and 20% B. 

2.3. Results and Discussion 

2.3.1. Enfuvirtide Chromatograms. In previous studies, B values for proteins 

obtained by SIC correlated well with B determined by SLS.12"14 With peptides, 

such a direct comparison is not possible because peptides do not scatter 

sufficient light. Consequently, independent verification of the results cannot be 

accomplished, as there are no established methods for measuring B for peptides. 

However, based upon studies with proteins, one can be confident that B values 

obtained from SIC are reliable. Consider typical SIC chromatograms for 

enfuvirtide, obtained as a function NaCI concentration, Figure 2.1. As with protein 

systems, the chromatograms display a progression to longer retention times and 

larger peak widths with increasing amounts of salt, indicating that the 

intermolecular forces are becoming more attractive. Therefore, the SIC behavior 

is consistent with what one would expect for salt effects on B for proteins. 
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Figure 2.1. The effects of salt concentration on the SIC retention time, 0 M 

(Black), 0.5 M (Blue), 1 M (Red). Experimental conditions: pH 9, 20 mM 

sodium carbonate, injection volume 10 ul, flow rate 0.1 mL/min. 

2.3.2. pH effects on the B of Enfuvirtide. Figure 2.2 shows the effects of pH, 

ranging from 6 to 10, on the solubility of enfuvirtide as measured by traditional 

methods and B measured by SIC. In general, the peptide precipitates below pH 6 

and rapidly chemically degrades at pH greater than 10. As the pH increases from 

6 to 10, B for enfuvirtide increases correspondingly from -0.19 X 10"4 to -0.05 X 

10"4 mol mL g"2. Note that there is an abrupt increase in solubility from pH 6 to 7. 

Likewise, there is a marked increase (to more positive values) in B in the same 

pH range. Clearly, the increase in B mirrors the increase in solubility. 
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Peptide solubility is dependent on net charge, as electrostatics have the greatest 

impact on intermolecular interactions and are the longest range of 

interactions.15,17 The net charge of peptide is affected by pH as side chains of 

various amino acids become protonated or deprotonated. Given the abrupt 

decrease in solubility from pH 7 to 6, it is most likely that this results from 

protonation of a His residue. 

In general, the sign of B indicates whether the net interaction is attractive or 

repulsive, yet, absolute values for enfuvirtide are universally negative in this 

study. At first glance, this is unusual as negative B indicates net attractive forces 

between peptide molecules. In the case of proteins, this would indicate that 

aqueous solubility is low, but this is not the case for enfurvirtide.7,8 Although 

solubility is optimal at positive B, relatively high solubility has been reported for 

proteins at slightly negative B.18 Furthermore, at pH 10, the solubility of 

enfuvirtide is greater than 220 mg/mL, yet B is still slightly negative. 

It is important to keep in mind that this is a peptide of significantly lower 

molecular weight than any protein previously studied by SIC (14,400 Da for 

lysozyme when compared to 4,000 Da for enfuvirtide). Since this is the first 

peptide to be examined by this method, one cannot determine if this is a typical 

range. 
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Figure 2.2. The effect of pH on solubility (RED) and B (BLUE) for enfuvirtide. 

Experimental conditions for SIC: All buffers contained 20 mM sodium carbonate, 

pH was adjusted with sodium chloride or hydrochloric acid, injection volume 10 

ul, flow rate 0.5 mL/min. 

As stated before, it is not possible to verify these results by SLS methods due to 

insufficient scattering intensity nor have other methods been reported to provide 

accurate B values for peptides. All that can be said is that the scale of B is shifted 

to more negative values, probably reflecting the increased relative importance of 

specific side chain interactions. Clearly, what is more important than the absolute 
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value is the relative change in B. A shift to a more positive B indicates less 

overall attractive interactions, resulting in greater solubility. 

The peptide having more negative B values than for proteins must have its 

origins in specific peptide-peptide interactions. Note that intermolecular 

interactions are dominated by three types of interactions: electrostatic forces, van 

der Waals or hydrophobic forces and excluded volume interactions.3'19 Generally, 

electrostatic interactions dominate repulsive interactions, hydrophobic forces 

dominate attractive interactions and excluded volume interactions account for the 

fact that two molecules cannot occupy the same space at the same time. 

Proteins show a much wider range of repulsive interactions (positive B) because 

they have the ability to fold to sequester hydrophobic residues from the surface, 

while peptides have only a limited ability to do so. The ability to fold these 

residues into the core of the protein results in an outer surface that is dominated 

by polarizable and ionic residues with only small hydrophobic patches spread 

across the protein surface. It is postulated that the negative B values obtained for 

enfuvirtide are the result of the high hydrophobic content of this peptide (5 Leu, 2 

lie, 2 Trp, 1 Phe, 1 Tyr out of 36 residues). 

While a theoretical framework relating B to absolute solubility has been 

developed using thermodynamics, it is not useful for calculating solubility in 

solution because it requires information about the peptide crystal packing.9 

Furthermore, the solubility must be determined from a pure solid crystalline 

phase. Therefore, a direct quantitative conversion cannot be made between B 
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and the solubility of enfuvirtide. From a screening perspective, high pH leads to a 

marked increase of solubility. These results suggest that solubility optimization 

may be achieved by screening the pH ranges of maximum chemical stability for 

B values that are the most positive. 

2.3.3. The Effects of Salt on Enfuvirtide. The effects of different NaCI 

concentrations (0 to 0.5 M NaCI) at pH 9 on B are shown in Figure 2.3. The 

abscissa shows the average molecular weight of the peptide as measured by 

ultracentrifugation, as well as Bfor enfuvirtide, as a function of NaCI 

concentration (up to 0.5 M). Overall, there is a steady decrease in B with 

increasing salt concentration. As B becomes more negative, the average 

molecular weight of the peptide increases. Both data sets indicate that, as the 

salt concentration increases, there is an increase in the attractive forces between 

the peptide molecules. While the increase in molecular weight does not 

necessarily demonstrate the presence of aggregates, it does indicate that there 

is a significant association. Recently, there have been reports of a correlation of 

B with aggregation propensity for proteins.20,21 This should not be surprising, if 

the initial step in aggregation is a colloidal association between peptide 

molecules. 

A rapid decrease in B with increasing salt concentrations has been reported for a 

number of protein systems.8,9'22"25 As the salt concentration increases, 

electrostatic repulsion is minimized. As a result, the attractive hydrophobic 
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regions of the peptide dominate the interaction causing the negative shift. At 

higher salt concentrations, there is often a nonmonotonic relationship, as 

excluded volume effects, solution nonideality, and direct ion binding effect begin 

to manifest themselves.17 This can actually cause an increase in B, but usually 

only at salt concentrations well above 1 M. The actual magnitude of the effect 

also depends on the type of salt.24,26 
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Figure 2.3. Salt dependence of B and the weight-averaged molecular weight of 

enfuvirtide. Experimental conditions: Buffers contained 20 mM sodium 

carbonate, injection volume 10 ul, flow rate 0.5 mL/min, pH 9. 
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In order to verify this effect, two other salts were tested. Figure 2.4. shows the 

effects of sodium citrate and ammonium sulfate on B. These two salts were 

chosen based on the salts placement in the Hofmeister series, as both sodium 

citrate and ammonium sulfate are strongly hydrated kosmotropic anions, Figure 

2.4.27 B became significantly more negative upon the addition of 0.1 M of either 

salt. The effects of ammonium sulfate and sodium citrate on B are larger, relative 

to sodium chloride, consistent with their placement in the Hofmeister series. 

Similar effects of ammonium sulfate on lysozyme and albumin have been 

reported. 23,8 

In general, as the salt concentration increases, there is an increase in shielding 

of the electrostatic forces on the peptide that accounts for repulsive interactions 

causing an increase in the attractive hydrophobic interactions. As B becomes 

more negative, there is a decrease in solubility, at least according to previously 

published work on proteins.7"9,14,24,28 The effects of salt type are typical of their 

placement in the Hofmeister series. Both citrate and sulfate are considered 

kosmotropic, generating a greater degree of order to water than NaCI. The 

increased order causes an unfavorable increase in the free energy of the 

solution. As a result, the peptide-peptide interactions become more attractive and 

B decreases. 
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Figure 2.4. Effects of sodium citrate and ammonium sulfate on B. Experimental 

conditions: All buffers contained pH 9, 20 mM sodium carbonate, injection 

volume 10 pi, flow rate 0.5 mL/min. 

2.3.4. Peptide concentration effects on B values of Enfuvirtide. The effects 

of the different peptide concentrations at pH 9 were measured over a relatively 

wide concentration range (5-120 mg/mL), as shown in Figure 2.5. Typically, B is 

reported as independent of concentration unless there is a conformational 

change that alters the interactions.26 In this study, varying the peptide 

concentration produced no statistically significant change in B between 5 and 80 
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mg/mL. At the highest peptide concentration tested (120 mg/mL), B is statistically 

different than at 80 mg/mL (based on the standard Student's t-test). One possible 

explanation is that the conformation of enfuvirtide is concentration-dependent. 

Concentration-dependent B values have not been reported with proteins, 

although no one has investigated such a large range of concentrations. A change 

in peptide conformation could also result in different peptide-peptide interactions, 

leading to different B values. Other mechanisms may also be contributing to the 

concentration dependence. For example, at these concentrations, one cannot 

rule out higher order effects, such as multi-body interactions, becoming 

important. The data suggest that each of these factors may be playing a role in 

the measurements of enfuvirtide. Other studies have reported a slight decrease 

in B with increasing protein concentration, indicating that higher order factors, 

such as nonideality, may be playing a significant role as concentrations exceed 

10 mg/mL or more for proteins. 23,29 The exact physical basis for these effects 

are yet to be determined. 
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Figure 2.5. Effect of peptide concentration on the B values of enfuvirtide. 

Experimental conditions: Buffers contained pH 8, 20 mM sodium carbonate, 

injection volume 10 pi, flow rate 0.5 mL/min. 

2.3.5. pH and NaCI Screens For LB-005. The effects of pH and NaCI on the 

physical stability of LB-005 were measured by trending the magnitude and 

direction of B. The effects of pH and NaCI on B are showed as a surface plot in 

Figure 2.6. As pH increased from 3 to 7, at 0 M NaCI, B decreased from 4 X 10"4 

to -25 X 10"4 mol ml_ g"2). When NaCI was increased from 0 to 0.2 M at pH 7, B 

increased from -25 X 10~4 to 5 X 10"4 mol ml_ g"2. Measuring pH affects on the 
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physical stability of proteins in solution can be challenging. Figure 2.6 shows 

that SIC can trend the physical stability of a therapeutic protein with varying pH 

and salt, which is important in formulation development.21,30 

Adjusting solvent pH affects the physical stability of a protein by changing long-

range electrostatic interactions.27,3132 When the net charge of a protein 

approaches its isoelectric point (pi), colloidal stability is at minimum.27,31,32 When 

the solvent pH approached the pi of 7.8 for LB-005, B was -25 X 10^ mol ml_ g"2 

at pH 7. At pH 3 an increase in repulsive electrostatic interactions was observed, 

which is represented by an increase in B to 5 X 10"4 mol ml_ g~2).33,34 Protein 

solubility at pH 3 and 7 was measured at 30 and 1.5 mg/mL.3,20,34"36 The 

relationship between B and solubility has been demonstrated, but not with a 

therapeutic protein.3,35 Protein solubility was high at pH 3, but the pH buffer 

needs to be around the the pH of blood (7.4) for delivery. 

The effects of NaCI on the physical stability of a protein is dependent on 

concentration.27 For LB-005, as NaCI concentration increased, a salting in 

behavior was observed. Salting in occurs when the ions shield attractive 

electrostatic interactions and generally results in an increase in physical stability 

and increase in solubility.27 The improvement in physical stability with the 

addition of NaCI is most pronounced at pH 7 where B changed 30 X 104 mol ml_ 

g"2) from 0 to 0.2 M. The mechanism for salting in is highly dependent on the 

chemical and physical structure of the protein. 
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Figure 2.6. The effects of increasing the NaCI concentration from 0 to 0.20 M at 

pH 3, 5, and 7 on LB-005 virial coefficients. Instrument Settings: Mobile Phase: 

10 mM K2HP04, Flow Rate = 0.1 mL/min, injection volume 1 uL, wavelength 

280nm 

2.3.6. Sucrose, Glycine and Trehalose for LB-005. The co-solvents sucrose, 

trehalose and glycine are sugars that are preferential excluded from the surface 

of the protein.21 The colloidal stability of LB-005 was measured with B, when 

concentration of sucrose, trehalose and glycine changed for 5 to 10%, Figure 



2.7. The change in B for 5% sucrose when compared to no sugar was 10 X 10"4 

mol ml_ g"2), when concentration of sucrose was increased to 10% caused B 

increase to 15 X 10"4 mol ml_ g"2. For each sugar the change in B was greater at 

10% compared to 5%. 

Sugars preferably interact with water molecules decreasing their concentration 

around the protein surface. The interaction between the sucrose and protein 

backbone is thermodynamically unfavorable resulting in an increase in the 

chemical potential of the protein. The protein state with the less surface area 

therefore will be thermodynamically favored.37 38 The water causes the 

hydrophobic groups to move inward causing energy of the unfolded protein to 

increase, resulting in improved physical stability.37'38 The addition of sucrose 

causes the protein to become compact resulting in a decrease in surface area. 

The compact protein is more physical stable in solution. The increase in physical 

stability of the protein is reflected by an increase in B.12,35,39 

2.3.7. Comparing the Colloidal Stability of LB-005 to LB-007. To further 

improve the solubility of LB-005, a series of point mutations in a small section of 

LB-005 were made, resulting in an increase in solubility for the mutant, LB-007 

(data not shared by company). SIC was used to measure B at pH 5, 6 and 7 for 

LB-005 and LB-007, Figure 2.8. As the solvent pH increased from 5 to 7, B for 

LB-007 decreased from 5 X 10"*to -5 X 10"4 mol mL g"2, while LB-005 decreased 

from 5 X lO^to -30 X 10"4 mol mL g"2. At pH 5 no difference in B was observed 
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when comparing LB-005 to LB-007. When the pH was increased to 7, the 

difference in B between LB-005 and LB-007 was -25 X 10"4 mol mL g"2. There is 

clearly a difference in the physical stability of LB-005 and LB-007 between pH 6 

and 7. 
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Figure 2.7. The change in B as an effect of sucrose (black), glycine (blue) and 

trehalose (red). Instrumental Settings: 10 mM K2HP04, pH 7, flowrate= 0.1 

mL/min, injection volume 1 JJ.L, wavelength 280 nm. 
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Figure 2.8. Comparing B for LB-005 to LB-007 at pH 5, 6 and 7. Instrumental 

settings: Mobile phase: 10 mM potassium phosphate, flow rate: 0.1 mL/min, 

injection volume 10 jJ_, wavelength 280nm. 

2.3.8. Changes in Colloidal Stability of LB-007 with NaCI. The effects of NaCI 

on the colloidal stability of LB-007 were measured. When no salt was present in 

the buffer B was -3 X 10"4 mol mL g~2, indicating low colloidal stability, Figure 2.9. 

For LB-007 as the concentration of NaCI was increased, B changed increased 
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from -3 X 10"4 to 3.5 X10"4 mol ml_ g"2. At 0.5 M NaCI, B was constant at 3.5 X 10" 

4 mol ml_ g-2, at 1 M NaCI B decreased to 2.5 X 10"4 mol ml_ g'2. 

The data in Figure 2.9, shows two trends in B, salting in and salting out at lower 

salt concentrations, an increase in colloidal stability was observed and can 

generally be explained as the salt is ion paring with charged amino acids. When 

the concentration of NaCI exceeded 0.5 M, a decrease in B was measured, 

known as a salting out effect, where the salt is shielding electrostatic effects, 

resulting in an increase in attractive interactions. The change in B for the LB-007 

with increasing concentrations of NaCI agrees with effects of salt concentration 

on the colloidal stability of proteins.32 
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Figure 2.9. The effects of increasing NaCI concentration from 0 to 1 M at pH7 

of LB-007. Instrumental settings: Mobile Phase: 10 mM K2HP04, flowrate = 

0.1 mL/min, injection volume 10 jo,L, wavelength 280 nm 
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2.4. Conclusion. SIC was used to measure B as function of solution conditions 

for enfuvritde. This represents the first detailed study of B values for a peptide. In 

this case, the solubility of enfuvirtide increases with an increase in pH from 6 to 

10. Over this same range, B correlates well with solubility. Both solubility and B 

show a dramatic increase as the pH increases from 6 to 7, suggesting that 

protonation of His has a significant impact on intermolecular interactions. In 

addition, it was found that enfuvirtide solubility decreased with increasing salt 

concentration. Once again, B correlates well with apparent molecular weight an 

indication of aggregation. The ability to measure B of peptides by SIC allows one 

to pursue a rational and designed approach for assessing and optimizing the 

solubility of peptides. Furthermore, SIC analysis provides a better fundamental 

understanding of peptide self-interaction. The work described in this chapter is 

the first time that B values have been published for a peptide. Additionally, SIC 

was used successfully to pick a solvent/cosolvent system, which improved the 

solubility of a therapeutic protein, LB-005. Increasing the solubility of LB-005 

allowed it to advance to the next stage of development, one step closer to a 

commercial product. For the first time SIC measured the effect of point mutations 

on the colloidal stability of a protein. 
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3. 
Colloidal and Conformational Stability of Proteorhodopsin 

3.1. Introduction. This chapter focuses on measuring B for a membrane protein, 

proteorhodopsin (pR), in different solvent/co-solvent systems. pR is a membrane 

protein found in marine bacteria and functions as proton pump in a manner that 

is analogous to the more common bacteriorhodopsin (bR).1 Membrane proteins 

are critical biological elements that are responsible for signaling and transport of 

many materials across the cell membrane as well as being targets for 

approximately two-thirds of all therapeutic compounds. Further characterization 

of membrane protein structure and function is limited in part by the amount of 

material available for research. While the ability to express membrane proteins 

has improved through the development of better expression systems, the 

development of improved methods for recovery and purification has lagged. 

Extraction and purification of membrane proteins in aqueous solution requires 

detergent above the critical micelle concentration (CMC) and addition of co-

solvents to stabilize a protein-detergent complexes (PDC).2"5 Adjusting detergent 

type and concentration along with the solvent/co-solvent systems to improve the 

colloidal stability of PDC is critical for extracting membrane proteins and 

improving purification yield.6 Because of the large number of commercially 

available of detergents and co-solvents, determining solution compositions that 

maximize colloidal stability of PDC can be a difficult process.7"10'4'11'12'13 A of 

number groups have screened detergents for the purpose of selecting 

solvent/co-solvent systems for crystallization and membrane protein 
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extraction.7"10,4,11,1213 The drawbacks to these detergent screens is that the data 

is generally qualitative, it requires large amounts of sample, and frequently 

suffers from low throughput.8'14 An alternative approach would be to 

quantitatively measure B, a known predictor of colloidal stability. Static light 

scattering is not practical for membrane proteins because of the chemical noise 

caused by polymeric additives and detergent micelles.2,15"17 

3.2. Conformational Stability of pR. Changes in the tertiary and quaternary 

structure of the membrane protein in this chapter are referred to as 

conformational stability and are impacted by the detergent structure among other 

effects.18"20 When membrane proteins start to denature from the native state the 

conformational stability decreases.19 Bacteriorhodopsin (bR) is a homologue to 

pR and its conformation is dependent on the detergent type and concentration.21, 

22 Ionic detergents, such as SDS, contain a permanent charge on the head group 

but causes bR to denature as measured by the detachment of the retinal.23 Non-

ionic detergents contain an uncharged hydrophilic head groups and a 

hydrophobic tail and have been shown to stabilize the conformation of membrane 

proteins.6,24,25 Additionally, studies have shown changes in the enzymatic 

activity of the membrane protein, Ca+2-ATPase in the presence of different 

detergent types and concentrations.21 For the current set of experiments the 

conformational stability of pR was measured by the maximum absorbance of the 

attached retinal in different detergents and buffers. 
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3.3. Colloidal Stability of a Membrane Protein. The colloidal stability of soluble 

proteins has been quantified in different solvent/co-solvent systems by 

measuring the osmotic second virial coefficient (B).4910'26 For soluble proteins B 

can be described as a two-body interaction in which the protein can interact with 

another protein or solvent molecule.26"29 When protein-protein interactions are 

favored, colloidal stability decreases corresponding to a decrease in 

solubility.26"29 When protein-solvent interactions are favored, colloid stability 

increases corresponding to an increase in solubility.26"29 For a membrane protein 

colloidal stability is more complicated because of the hydrophilic and hydrophobic 

regions of the analyte.6'9'30"32 The exposed hydrophobic groups of the membrane 

protein increase the free energy cost, causing aggregation aqueous 

solutions.6'9,30"32 To prevent aggregation and denaturing the membrane protein in 

aqueous solutions the addition of a detergent is vital.33"35 The detergent 

molecules contain both polar and nonpolar regions of molecule and the detergent 

associates with hydrophobic area of the membrane protein shielding it from the 

solvent.33"35 To maximize the colloidal stability of the membrane protein, the 

concentration of the detergent needs to meet or exceed the CMC, creating a 

protein-detergent-complex (PDC).33"35 Previous studies with membrane proteins 

have correlated B with colloidal stability of the PDC.2,9 Measuring B for 

membrane proteins is problematic because presence of the detergent in the 

buffer.2'9 
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An alternative approach to measuring B is SIC, which has the advantages of low 

protein consumption, shorter analysis time and the ability to make measurements 

in complex buffer systems. B was measured by SIC for proteorhodopsin (pR) a 

membrane protein, presented here. Determination of B as a function of 

surfactant type and co-solvent concentration for pR was used to measure 

changes in colloidal stability. Additional screening studies using salts measured 

the change in B using pR as a model membrane protein. In all cases, SIC was 

capable of measuring B for pR in complex buffer systems. This paper 

demonstrates the utility of SIC for measuring changes in the physical stability of 

proteorhodopsin (pR) in different detergent solvent/co-solvent systems. Two 

forms of pR were analyzed, a wild type and a slow cycle mutant, as a function of 

varying detergent concentration and addition of co-solvents. The results 

demonstrate SIC can be used as an alternative approach for screening 

solvent/co-solvent systems to improve the colloidal stability of PDCs. 

3.4. Materials and Methods 

3.4.1. Chemical and Reagents. The following chemicals and materials were 

used as received: potassium phosphate, potassium iodide, hydrochloric acid, 

sodium carbonate, sodium hydroxide, sodium chloride and TRIS (Fisher, USA). 

2-(N-Morpholino)Ethanesulfonic Acid, Monohydrate (MES) was purchased from 

Acros Organics. 3-hydroproponic acid was purchased from TCI. Monohydrate 3-

hydroproponic acid was purchased from TCI. Chromatography particles 

(Toyopearl AF-Amino-650M) were purchased from Supelco. The coupling 
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reagent (1-Ethyl-3-[3-dimethylaminopropyl]carbodiimide Hydrochloride) (EDC), 

N-hydroxysuccinimide (NHS), and the BCA colorimetric protein assay kit were 

purchased from Pierce. The detergent n-dodecyl-p-D-malroside (DDM) was 

purchased from Sigma. Tween 20, CHAPS and evans blue were purchased from 

Sigma. The dye used for measuring CMC of the mixed detergent systems was 

evans blue purchased from Sigma. Proteorhodopsin was generously supplied by 

Gencor and used as received without further purification. Peek tubing and frits 

were purchased from Unchurch (USA). BCA colormetric assay was purchased 

from Pierce (USA). All buffers were prepared with 18.1 MQ from Millipore-Q 

Academic. 

3.4.2. pR Purification of pR Wild Type and Slow Cycle Mutant. pR was 

generically altered with a His tag for purifying the membrane protein using a Ni-

affinity column. To begin 26 grams of intact cells were removed from a -14°C 

refrigerator, dissolved in 50 mM Hepes, 100mM KCI, pH 8.2, 2% DDM and slowly 

stirred at room temperature. After the cells were added to buffer, the samples 

were homogenized by glass hand homogenizer or using a french press. A french 

press is used to break the cell membrane walls by passing the cell through a 

narrow opening at high pressure. The homogenized samples were then divided 

into 50 ml_ centrifuge tubes and centrifuged at 10 x 1000 rpm for 20 minutes. The 

supernatant which contained the pR, as indicated by the red color, was removed 

and transferred into 20 ml_ centrifuge tubes. The samples were then placed in an 

ultra-centrifuge and were centrifuged at 50,000 rpm for 30 minutes. The pellets at 

56 



the bottom of the centrifuge tubes were combined and dissolved in 50 mM 

K2HPO4, pH 8.2, 100 mM KCI, and 0.05% DDM. 

In the first purification step the dissolved pR was added to the Ni-affinity particles 

and agitated at 40°C in an incubator for 4 hours, after which the light blue 

particles turned red and were washed in a funnel with the buffer used to dissolve 

pR. The washing step was repeated until the wash buffer remained clear. The pR 

attached to Ni-affinity particles was removed by washing with a buffer 

supplemented with 400 mM imidazole. The pR was then dialyzed with 30,000 

mW dialysis tubing in 50 mM K2HP04, pH 8.2, 100 mM KCI and 0.05% DDM 

overnight at room temperature. 

The pR from the first purification step was further purified on Ni-Affinity column 

with a 86 ml_ volume attached to BioCad 700 with fraction collector and Biocad 

vision workstation. The instrumental setting are as follows; sample load 100 ml_, 

elution gradient 20 mM imidazol to 400 mM imidazol over 15 column volumes, 

fraction collector set to 9 ml_, detector set to 280 and 450 nM. Fractions were 

collected from one-third of the peak on both sides and combined. The pR was 

then dialyzed with 30,000 MW dialysis tubing in 50 mM K2HP04, pH 8.2,100mM 

KCI and 0.05% DDM overnight at room temperature. 

The diluted pR was then concentrated using a membrane with a size cut off of 

30,000 MW under nitrogen at 4°C. The concentrated protein was then aliquated 
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and stored at room temperature. Genecor purified the slow cycle mutant while 

Robert Payne purified the wild type. 

3.4.3. Photocycling Proteorhodopsin in Solution. An Agilent 8453 

spectroscopy system was used to measure the change in absorbance when pR 

was photocycled in conditions varying from pH 2 to 12. pR was dissolved and 

diluted in 20 mM TRIS, 0.1% DDM while varying buffer pH. The blank 

absorbance spectrum was measured for the buffer from 200 to 700 nm. pR was 

transferred to a 0.5 ml_ quarts cubit and excited by a 520 nm light source, while 

the spectrum was collected from 200 to 700 nm. The sample was then excited by 

472nm light source and the spectrum from 200 to 700nm was repeated for each 

condition. 

3.4.4. Photocycling Proteorhodopsin on the Stationary Phase. Photocycling 

proteorhodopsin on the stationary phase was determined by changes in the 

particles color. Proteorhodopsin immobilized on the stationary phase was 

photocycled using two diodes with emitting wavelengths of 520nm, and 472 nm. 

The immobilized proteorhodopsin was photocycled at pH 12. The immobilized 

proteorhodopsin was then exposed to 520 nm, causing a change in particle color. 

Next, the particles were excited by a 472 nm light source returning them to their 

original color. This was repeated with each new batch of immobilized pR to verify 

structural integrity of the membrane. 
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3.4.5. Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis (SDS-

Page). pR was diluted with water 1X, 5X and 10X and added to a 1 to 1 fraction 

with LDS sample buffer. The LDS buffer used for SDS-page contained 60 uL of 

water, 40 uL of reducing agent and 100 jal_ of LDS 4X solution. The samples 

were heated to 45°C for 45 minutes in a hot water bath. 10 (iL of each dilution 

was loaded onto a 4% to 12% TRIS-BIS gel. The power supply was set to a 

constant voltage of 200 V for 30 min. 

The gel was removed, washed with water, and fixed for 30 minutes in 12% TCA, 

3.5% sulfosalicyclic acid. The gel was once more washed with water and stained 

over night in 0.1% coomassie R-250 blue, 40% ethanol, 10% acetic acid and 

microwave at high or 20 minutes. The stain was removed with 10% ethanol and 

7.5% acetic acid over two hours. 

3.4.6. Size Exclusion Chromatography (SEC). SEC data was collected on 

HP1050 equipped with a HP1050 quandary pump, a HP1050 autosampler and a 

HP1050 photo diarray using a phenomenex biosep-SEC-S 3000 with the 

following dimensions 300 x 7.80 mm. The column was equilibrated with mobile 

phase composed of 0.1 M NaaHPCv at pH 7.3. The sample was dissolved in the 

same mobile phase. The instrumental conditions used for all SEC runs are as 

follows, flowrate 1ml_/min, injection volume 10 uL and wavelength recorded at 

280 and 500nm. 
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3.4.7. Bicinchoninic Acid (BCA). The BCA procedure outlined by Pierce was 

followed for the calibration curve and sample measurements.36 The following 

changes were made; first the particles were removed and allowed to settle in the 

pipette tip to determine particle volume. The particles were added to the working 

reagent and diluted to a finale volume of 0.1 ml_. The sample, blank and 

unmodified particles were prepared and the protein concentration was 

measured.36,37 

3.4.8. Column Preparation. The preparation of chromatography particles for 

immobilization of pR was performed in coupling buffer composed of 0.02 M MES, 

0.1% (w/v) DDM, pH 6. In an eppendorf tube, AF-Amino-650M particles were 

rinsed three times with coupling buffer. After each rinse the tube was centrifuged 

and supernatant was removed. pR (~8mg/ml_) was added to the washed 

particles. After the addition of protein, 60 mg of EDC and 3 mg NHS were added 

slowly to the mixture and gently mixed overnight at 22°C using a shaker plate. 

After protein coupling, the amino particles were rinsed three times with coupling 

buffer. After the third rinse, the particles were washed with 0.5 M 

3-hydroxypropionic acid (HPA) at pH 6 and 60 mg EDC was added followed by 

overnight mixing.38 HPA was added to block any remaining reactive functional 

sites. The particles were then washed with coupling buffer to remove HPA and 

EDC. The immobilized protein was slurry packed into FEP tubing with an inner 

diameter of 0.062" and the end of the tube was capped with a 2 ĵ M frit-in-a 

ferrule. Coupling of pR to the amino particles resulted in the particles turning a 
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light purple color. The amount of protein immobilized onto the amino particles 

was quantified using a BCA colormetric assay.36The immobilized pR was 

photocycled by exposing the particles to 520 and 472 nm using appropriate 

wavelength light emitting diodes at pH 12, resulting in a color change. 

Immobilized pR was photobleached when exposed to 520 nm, indicating that the 

immobilized pR was in a native conformation. 

3.4.9. LC System. LC experiments were performed on a HP1050 system 

equipped with a HP1050 auto sampler, a HP1050 ternary gradient pump and a 

1050 DAD detector. The LC parameters used for the analysis of proteorhodopsin 

are as follows: flow rate to 0.1 mL/min, 3 \iL injection, and detection wavelengths 

of 280 and 550 nm. The pR-modified column was equilibrated for 40 min 

between conditions to ensure that the immobilized membrane protein was in the 

same state as the mobile phase protein. For each condition, 3% (v/v) acetone 

was injected three times as a non-retained marker to check column integrity, 

followed by six injections of pR. 

Dead column measurements were made to determine the retention time of 

protein on an unmodified column. Dead column experiments followed the same 

procedures as the live column experiments using amino particles capped with 

HPA. The experiments were used to determine dead volume marker (tm)for the 

live column using a ratio of the retention time of protein measured on the dead 
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column (tpr0_dead), and the retention time of the acetone measured on the dead 

column (taCe_dead), according to previously published protocols.26,39 

3.4.10. Small Scale SIC Instrument. Small-Scale LC experiments were 

performed using a Harvard syringe pump (PHD 4400), rheodyne 0.5 \xL manual 

injector and SSI 500 detector UV/Vis. The LC parameters used for the analysis of 

pR are as follows, flow rate (varied) |al_/min, 0.5 jaL injection and wavelength set 

to 280 nm. Data was collected using National Instruments USB 6009 and 

Labview 8. All chromatograms were analyzed using Origin version 8. The 

Labview program was written for the purpose of data collection for the small 

scale SIC. For each experimental condition, 3% (v/v) acetone was injected as a 

non-retained marker, to check column integrity and adjust for solvent viscosity. 

For each condition the column was equilibrated for 30 mins, after which acetone 

and pR were injected. 

3.4.11. Dye Absorption Method. CMC of the detergent for each screen 

condition were measured by monitoring changes in the max absorbance of dye, 

Evans Blue. The max absorbance of the dye changes when interacting with the 

detergent micelle as compared to the aqueous environment. The stock solution 

of Evans Blue was dissolved in 20 mM MES, 50mM NaCI, pH 7 for a final 

concentration of 0.1 M. For each condition 5 |J_ of 1 X 10"6 M of dye was added 

to 1 mL of solution. The mixture was equilibrated for 12 hours at room 
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temperature. After sample equilibration the spectrum was collected on a Cary 

500 uV/vis spectrometer from 300 to 800 nm. 

3.4.12. Measuring Conformational Changes in pR. Changes in pR 

conformation were measured by changes in the absorbance of the retinal at each 

screening condition. For each screening experimental condition 0.005ml_ of pR 

was added to 1 ml_ of buffer and allowed to equilibrate over night at room 

temperature. After equilibration the sample was scanned from 250 to 650 nm. 

The data was then analyzed using Origin version 8. 

3.5. Results and Discussion. 

3.5.1. SEC results for pR. The slow cycle mutant pR was run on a SEC column 

to measure the purity of the sample supplied by Genecor, Figure 3.1.1. Data was 

collected for two wavelengths 280 and 500 nm, which is the absorbance of the 

phenylalaine, tryptophan, tyrosine and the attached retinal. The SEC data shows 

a peak at 1.7 minutes for pR, which absorbs of 280 nm and 500 nm. The identify 

of the second peak at 3 minutes for absorbance at 280 nm, is not known. The 

SEC data shows the sample supplied by Genecor contains pR. 

SDS-Page gel was used to determine the purity of the wild type protein, Figure 

3.1.2. Two lanes were loaded with wild type protein, in lane 1 a 1:1 dilution of 

protein was loaded and in the second lane 1:10 dilution was used. In the first 

lane, the high molecular weight band is aggregated wild type pR and the second 
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band is the denatured subunit of the wild type pR. SDS-page Gel and the SEC 

data indicate that pR is present in the sample. 

800 k 

600 k 

3 400 
E 

200 

4 6 
Time (min) 

•500 nm 
•280 nm 

8 10 

Figure 3.1.1. pR injected on to SEC column to determine sample purity. 

Experimental Conditions: Mobile phase was composed of 0.1 M Na2HP04 at pH 

7.3, injector volume 10uL, flowrate of 1 mL/min and wavelength set to 280 and 

500nm. 
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Figure 3.1.2. SDS Page Gel using a Novex 4-12% Bis -Tris Gel w/MES of 

dialyzed wild type pR. Wild type pR in lane 1 is 1 uL wild type pR and lane 2 is 

1:10 dilution of wild type pR with deionized water. Lane 3 is the mW standard 

measured in kDa. 

3.5.2. Photocycling of Proteorhodopsin Immobilized on the Stationary 

Phase. Photocycling of pR is caused by changes in the conformation of the 

retinal in the center of the pR and is dependent the conformation of the protein. 

pR was immobilized on to the stationary phase and pH 7 buffer was added to the 

left edge of the particles, while pH 12 buffer was added to the right edge, Figure 
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3.1.3. When the immobilized pR was exposed to 472 nm the immobilized protein 

changed color in pH 12 buffer, caused by the change in retinal conformation. The 

protein was then exposed to 520 nm light, resulting in a return to the original 

conformation of the retinal, indicated by red color of the particles. The ability to 

photocycle immobilized pR suggests the protein is in its native conformation. 

3.5.3. Photocycling of Proteorhodopsin in the mobile phase. Additionally, pR 

was photocycled in the solution to check the basic buffer conditions did not effect 

the conformation of pR. Photocycling causes a shift in the absorbance profile of 

proteorhodopsin, which was measured by Agilent 8453 spectroscopy system. 

The peak height of proteorhodopsin changed when exposed to 520nm and 404 

nm, Figure 3.1.4. The solution was then exposed to 472 nm causing the 

absorbance maximum to return to 528nm, Figure 3.1.4. Below pH 9 no change in 

the absorbance maximum of the solution was observed when exposed to 520nm. 
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Figure 3.1.3. Photocycling immobilization of pR at pH 7 and pH 12. Buffer 

conditions 20 mM MES in 0.1% DDM. 
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Figure 3.1.4. Photocycling of proteorhodopsin in solution at pH 12 and 7. Buffer 

20mM TRIS, 0.03% DMS 
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3.5.4. Concentration Dependence of Detergent. The effects of detergent are 

concentration dependent; below the CMC the physical stability of the PDC is at a 

minimum, while above the CMC, the PDC is more stable.34 The effect of 

detergent concentration on B was analyzed using SIC, Figure 3.1.5. 

Concentrations of DDM (CMC = 0.04%) were increased from 0.03% to 0.10% 

(w/v) while keeping the solvent/cosolvent system constant at pH 7, 20 mM 

MES.40 When the concentration of DDM was below the CMC, B for the wild type 

and mutant pR were -2.4 (± 1.0) X 10"4 mol mL g"2 and -2.3 (±0.07) X 10"4 mol ml_ 

g"2 respectively, indicating low physical stability. When the DDM concentration 

exceeded 0.04%, B increased and remained constant for the wild type 1.08 

(±0.07) X lO^mol mL g"2 and for the mutant 1.14 (± 0.1) X 10"4mol mL g"2. 

Trends in B both types of pR indicate an increase in physical stability with 

increasing concentrations of DDM. The trends in B agree with current theories of 

detergent concentration effects on membrane protein stability in aqueous 

solutions.34 At DDM concentrations below the CMC, hydrophobic interactions are 

dominating the colloidal stability of PDC. When the DDM is above the CMC, 

surfactant-surfactant interactions are dominating colloidal stability. 
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Figure 3.1.5. Measuring the change in magnitude and direction of B with 

increasing % of DDM. SIC conditions: Mobile phase: 20 mM MES, pH 7, flow rate: 

0.1 mL/min, injection volume 1 ̂ L, wavelength 520 nm. 

3.5.5. Effects of pH. The effects of pH on the physical stability of the PDC were 

measured by varying the solvent pH and % DDM for wild type and slow cycle 

mutant, Figure 3.1.6. For the slow cycle mutant, as pH increased from 3 to 8, B 

was between -5 to -3 (±0.14) X 10"4 mol ml_ g"2 for DDM concentrations 0.03% 

and 0.04%. When solvent pH exceeded pH 8, B increased and fluctuated 
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between 0.5 and 3 (± 0.14) X 10"4 mol ml_ g"2, indicating the colloidal stability of 

the protein had been reached. When the concentration of DDM exceeded the 

CMC, no pH trend was observed and B values were between 0.5 to 2 (±0.07) X 

10"4 mol ml_ g"2. B was positive for pH 9 and 10 for the wild type pR, Figure 3.1.6. 

Unlike the slow cycle mutant, all DDM concentrations showed a similar trend in B 

between pH 7 and 10. Changing solvent conditions such as pH effected the 

physical stability of the PDC and the detergent micelles.15 The size of the 

detergent micelle can be effect by changes in pH. Changes in the size of the 

PDC could prevent short-range attractive interactions, causing an increase in 

B_2,4,41 
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Figure 3.1.6. B was measured for mutant pR (A) and wild type pR (B) at various 

pH and detergent concentration using SIC Instrumental conditions: Mobile phase: 

20mM TRIS, flow rate: 0.1 mL/min, injection volume 1 (iL, wavelength 520nm. 
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3.5.6. Effects of Salt. Salt type and concentration have a profound effect on the 

physical stability of proteins and membrane proteins. B of the PDC for the wild 

type and slow cycle mutant was analyzed at increasing concentrations of NaCI 

and K2HPO4, Figure 3.1.7. Changes in the physical stability for the slow cycle 

with increasing concentrations of NaCI from 0 M to 1.5 M resulted in a decrease 

in B from 3.5 (±0.01) to 1 (± 2.0) x (10"4 x mol xmLx g"2), Figure 3.1.7. A similar 

trend in B was observed for increasing concentrations of K2HP04from 0 M to 1.5 

M, where B decreased from 5 (± 0.01)to 0.75 (± 0.01) x (10"4x mol xmLxg"2). 

The change in colloidal stability of the wild type pR was observed when the 

concentrations of both salts increased, reflected by an increase in B from -4 ± 5.7 

XIO^molmLg-2 to -0.1 ± 3.7 X lO^mol ml_ g"2 for NaCI and +1.5 ± 2.0 X 10"4 

mol ml_ g"2 for K2HP04, Figure 3.1.7. 

The salt effects on the physical stability of a protein or PDC are dependent on the 

placement of the salt in the Hofmeister series, the salt concentration and the 

presence of detergent.2,4,1141,42 Opposite trends in B were observed for the wild 

type and slow cycle mutant with increasing concentrations of salt. For the slow 

cycle mutant, a decrease in B was measured with increasing concentrations of 

both NaCI and K2HPO4. With other detergent systems, increasing salt 

concentrations increases the size and shape of the PDC, resulting in a change in 

physical stability.2,4,11,41'42 When comparing the trends in magnitude and direction 

of B for both forms of pR, 
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Figure 3.1.7. B measurements for mutant (A) and wild-type pR (B) at various 

concentrations of NaCI and K2HPO4 using SIC. Instrumental conditions: mobile 

phase pH 9, 20 mM MES, flow rate 0.1 mL/min, injection volume 1 (iL, 

wavelength 520 nm. 
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what is apparent is that trends in the physical stability are dominated by PDC and 

not the salt. 

3.5.7. Denaturing pR with SDS. The conformational stability of pR was 

measured by measuring the absorbance of the retinal.23 pR in its native 

conformation absorbs at 280 nm and 531 nm in pH 7, 20 mM MES, 0.05% DDM, 

Figure 3.1.8.23 The amino acids Phe, Tyr and Trp absorb at 280 nm, the attached 

retinal absorbs at 531 nm, while the free retinal absorbs at 381 nm. pR denatures 

as the concentration of SDS increased from 0 to 10 mM, causing a loss of red 

color, Figure 3.1.9, shown by the decrease in absorption at 531 nm. For pR as 

the concentration of SDS increased from 0 to 10 mM the absorbance at 531 nm 

decreased from 0.2 to 0 AU, while the absorbance of 381 nm increased from 0 to 

0.15 abs, Figure 3.1.9. For the attached retinal a decrease in absorbance at 531 

nm was observed in 5mM of SDS, Figure 3.1.8. shows pR is completely 

denatured. The change in intensity of the retinal at 531 and 381 nm as 

membrane protein denatures is also observed with bR. 
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Figure 3.1.8. pR in its native conformation absorbs at 280 nm and 531 nm in pH 7, 

20 mM MES, 0.05% DDM (A). As the concentration of SDS increases from 0 to 

10mM, pR loses its native conformation by the change in color. 
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Figure 3.1.9. The spectrum of PR denaturing (A) and trending the absorbance of 

531 and 387 nm (B) in pH 7, 20 mM MES, 0.05% DDM (A). 
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3.5.8. Conformational Stability of pR. Changes in the native structure of pR for 

each screening condition were monitored by measuring the absorbance of the 

retinal at 531 and 381 nm.23 The data collected for the absorbance at 531 nm for 

each screening condition is presented as a contour plot, Figure 3.1.10. In the first 

screening study, the absorbance at 531 nm was measured for concentrations of 

Tween 20 and DDM ranging from 0.08 to 0.34 mM and 0.00 to 0.09 mM 

respectively, Figure 3.1.10.A. Two lines that represent the CMC of the detergents 

divide the contour plot; the horizontal line is the CMC of Tween 20 (0.06 mM) and 

the vertical line is the CMC of DDM (0.17 mM). The contour plot shows three 

areas of significant change at 531 nm. Absorbance of 531 nm is at a minimum in 

the lower left corner of the contour plot where the concentration of the DDM is 

below the CMC. The second minimum at 531 nM is on the right hand side of the 

contour plot when DDM is above the CMC and Tween 20 is below the CMC. 

Lastly, there is a maximum when Tween-20 is above the CMC at all 

concentrations of DDM. The conformation of pR was measured in the presence 

of increasing concentration of CHAPS, Tween 20, and DDM as shown in Figure 

3.1.10 B and C. No significant change in the absorbance at 531 nm was 

measured for either system. The absorbance of the retinal fluctuated between 

0.07 to 0.09 AU, Figure 3.1.10 B and C. 

Both the detergent type and concentration can affect conformational stability of 

pR. When two nonionic detergents are mixed the conformational stability is 

dependent on detergent concentration. When the concentration of Tween 20 is 
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below the CMC, stability of the pR is dependent on the concentration of DDM. If 

concentration of DDM is below the CMC, not enough detergent molecules are 

available to stabilize the membrane protein by shielding the hydrophobic area 

from the solvent. The data shows when DDM is above the CMC and Tween 20 is 

below the CMC, the membrane protein is not completely stabilized. This might be 

due to Tween 20 preventing the DDM from completely covering the hydrophobic 

area of the membrane protein by steric effects. For a zwitterionic verses nonionic 

systems the zwitterionic detergent dominates the conformational stability of pR. 
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Figure 3.1.10. Conformational Stability of pR measured by changes of the retinal 

absorbance at 531 nm, (A) DDM vs tween 20, DDM vs Chaps (B) and Chaps vs 

Tween 20 (C) in pH 7 and 20 mM MES. 
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3.5.9. Measuring B for Mixed Detergent Systems. The effects of a mixed 

detergent system on the colloidal stability of pR were evaluated by SIC. Figure 

3.1.11. shows the contour plot of B for pR in three different detergent mixtures 

DDM, Tween 20 and CHAPS, at pH 7 and 20 mM MES. The first screening 

experiment measured B at different concentrations of DDM (0.30 to 0.37 mM) 

without Tween 20 and CHAPS present in the buffer system, Figure 3.1.11 .A. The 

data shows an improvement in the colloidal stability of pR with increasing DDM 

concentrations from 0.08 to 0.37 mM. B increased from -26 to 4.6 X 10"4 mol ml_ 

g"2, under the same conditions similar to past experiments, Figure 3.1.5. When 

Tween 20 was added to the buffer with DDM, B values fluctuated between -3.0 to 

+ 0.7X10"4mol ml_g"2. In Figure 3.1.11B and C, the addition of CHAPS verses 

DDM and Tween 20 resulted in no significant change in B, which stayed in the 

range between -3 to 0.7 X 10"4 mol ml_ g"2. When pR is in the presence of a two 

different detergents, B does not significantly change when the concentration of 

either detergent is below the CMC. 
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Figure 3.1.11. Colloidal Stability of pR measured by changes in B, (A) DDM vs 

Tween 20, DDM vs Chaps (B) and Chaps vs Tween 20 (C) in pH 7 and 20 mM 

MES. 
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3.5.10.Detecting Detergent Micelles. Previous studies have demonstrated the 

correlation between improved colloidal stability of membrane proteins and 

presence of detergent micelles.43"47 Data shows that colloidal stability of a 

membrane protein is achieved when the concentration of the detergent is greater 

than the CMC.6,24,25 Detergent micelles are formed when the concentration of 

the detergent exceeds the CMC. CMC can be altered by the presence of 

additives (salt, pH, organic and lipids) and temperature. For this reason the 

presence of the micelles was measured for each experimental conditions. 

Detergent CMC is measured by two methods. The first method measures 

changes in the concentration of detergent monomer by changes in surface 

tension and solution conductivity.43"47 The second method detects the presence 

of micelles in solution by light scattering and/or dye adsorption.43"47 Here, the dye 

absorption was used for detecting micelles at each condition. 

Dye absorption detects the micelles by shifts in A.max of the dye in the visible 

range. When the concentration of detergent is below the CMC, Xmax would be 

similar to the absorbance of the dye dissolved in the aqueous solution. When the 

concentration of the detergent is greater than CMC, the dye is absorbed into the 

hydrophobic core of the micelles causing a shift in A,maxto longer wavelengths. 

The shifted A,max would be similar to the absorbance of the dye dissolved in the 

hydrocarbon solvent. The dye used to detect the micelles in a two detergent 

system was Evans Blue, Figure 3.1.12. Figure 3.1.12. shows the shift in A,maxof 

Evans Blue when the concentration of the three detergents were twice as high 
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Figure 3.1.12. Evans Blue shift in wavelength maximum caused by the presence 

of the micelles at pH 7, 20 mM MES. 
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as the CMC. The control for the experiment was the dye dissolved in pH 7, 20 

mM MES containing no detergent with a measured Xmax of 614 nm. When the dye 

was dissolved in the three detergents above the CMC the A.max shifted to 628 nm, 

indicating the presence of micelles. 

Evans Blue at a concentration of 1 X 10"5 M was added to each screening 

condition and samples were allowed to equilibrate for 24 hours. Following 

equilibration, the spectrum was collected from 450 to 700 nm and A,maxwas 

determined. The shift in the Xmax for the DDM vs Tween 20 is shown in Figure 

3.1.13.A. The contour plot indicates the presence of the micelles above 0.2 mM 

DDM and 0.06 mM Tween 20. At 0.03 DDM and no Tween 20 no micelles are 

detected which is in agreement with reported value of DDM CMC of 0.17 mM. 

Figure 3.1.13. B shows the change in Xmax for DDM vs CHAPS, the wavelength is 

above the control, indicating the presence of the micelles. While A,max for Tween 

20 vs CHAPS indicates that no micelles are in solution below the CMC of the 

both detergents. 
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Figure 3.1.13. Shifts in wavelength caused by formation of Micelles, (A) DDM vs 

Tween 20, DDM vs Chaps (B) and Chaps vs Tween 20 (C) in pH 7 and 20 mM 

MES. 
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3.6.1. Conclusion. B was used to measure changes in the direction and 

magnitude of the physical stability of pR while varying co-solvent type and 

concentration. The data presented here indicates the physical stability of pR is 

dependent on the membrane protein, pH, and detergent type. Additionally, for the 

first time SIC was used to measure the difference between a mutant and a wild 

type of a membrane protein. The data presented in this paper shows the 

importance of the solvent system on physical stability of PDC. Using SIC to 

measure the changes in B for membrane proteins is an alternative to current 

methods used for screening solvent-cosolvent systems and could help to 

maximize physical stability for improved yields during purification. 

This chapter demonstrated the affects of a two detergent system on the 

conformational and colloidal stability of pR. The detergents chosen for these 

screening experiments were based on the differences in detergent head group 

and length of the hydrophobic tail. DDM is a mild detergent used to extract pR 

from the cell membrane and is commonly used in biology because of its ability to 

stabilize the conformation of a membrane protein. Tween 20 an nonionic 

detergent has been used to stabilize the bR and other membrane proteins.48 The 

two systems investigated were nonionic verses nonionic and nonionic verses 

zwitterionic where the conformational and colloidal stability were measured by 

UV and SIC. The data sets show little agreement between changes in colloidal 

and conformational stability for Tween 20 vs DDM. Comparing the colloidal and 

CMC pf pR the data sets agree with effects of detergent concentration for tween 

87 



20 vs DDM. Below the CMC of both detergents the colloidal stability is at a 

minimum, when the concentration exceeds the CMC of either detergent, causes 

in increase in the protein-solvent interactions. Changing detergent concentration 

does not effect conformational and colloidal stability of the pR when CHAPS was 

added. 
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4. 
Small Scale SIC 

4.1. Introduction. This chapter discusses miniaturization of the SIC method from 

conventional scale columns to miniaturized columns, for the purpose of 

decreasing protein consumption to less then 1 mg of protein. By shortening the 

column the amount of protein consumed is decreased, allowing B measurements 

to be performed on proteins on early stage therapeutic proteins, peptides and 

membrane proteins. Additionally, the cost of co-solvents used for SIC screening 

studies can prohibit the measurement of B, especially when co-solvents are 

biological detergents used for stabilizing membrane proteins. 

This chapter presents data that was collected in our work to miniaturize the SIC 

column. The small scale system that was assembled could accurately pump less 

then 30 (j,L/min and inject volumes of 0.5 ^L reproducibly. The new system made 

it possible to accurately measure changes in magnitude and direction of B for 

lysozyme using a miniaturized SIC column with a volume less than 0.1 uL When 

comparing the magnitude and direction of B for lysozyme generated on 

conventional scale SIC and SLS to a miniaturized SIC column, no significant 

difference between the data sets were observed. The development of the 

miniaturized SIC column, small scale instrumentation and accompanying 

software made it possible to measure B as discussed Chapters 3 and 5. 

4.2. Methods and Materials 
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4.2.1. Reagents and Chemicals. The following chemicals and materials were 

used as received for these experiments: hydrochloric acid, ethanolamine, sodium 

hydroxide, sodium chloride, and sodium acetate (Fisher). Chromatography 

particles (Toyopearl AF-Formyl-650M) were purchased from Supelco (Sigma-

Aldrich). Sodium cyanoborohydride and ethanolamine were purchased from 

Sigma-Aldrich. The amount of protein immobilized on the particles was measured 

by BCA and supplied by Pierce. Lysozyme was used as received from Sigma 

with no additional purification. 

4.2.2. Column Preparation. Lysozyme was immobilized onto chromatography 

particles in coupling buffer composed of 0.1 M K2HPO4 pH 7.5 adjusted with 

concentrated sodium hydroxide. In a clean 1.5 ml_ eppendorf tube, 250 uL of AF-

Formyl-650M particles were rinsed three times with 0.1 M K2HPO4 pH 7.5 buffer. 

After each rinsing the tube was centrifuged and particles were allowed to settle. 

Lysozyme (8mg/mL) was added to the washed particles along with 10 mg of 

sodium cyanoborohydride and the mixture was agitated over night at 22°C. After 

protein immobilization the particles were rinsed three times with coupling buffer, 

followed by the addition 1 M ethanolamine and 10 mg of sodium 

cyanoborohydride. The mixture was then agitated for 4 hours at 22°C. 

Ethanolamine was removed by three rinses of coupling buffer and the particles 

were stored at 4°C in coupling buffer. The amount of protein immobilized onto the 

AF-Formyl-650M particles was quantified using the BCA method as discussed 

previously. 
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4.2.3. Column Construction. The conventional scale column was constructed 

from PEEK tubing with an inner diameter (ID) of 1.0 mm x 10 to 20 cm and 

capped with a 2 jxm frit. The miniaturized SIC column was composed of FEP tube 

with an ID of 0.75 mm x 5 cm and capped with a 2 |aim frit. 

4.2.4. Measuring Protein Concentration by BCA. The BCA procedure outlined 

by Pierce was followed for the calibration curve and sample measurements. The 

following changes were made, the particles are removed and allowed to settle in 

the pipette tip to determine particle volume. The particles were added to the 

working reagent and diluted to 0.1 ml_. The sample, blank, and unmodified, 

particles were prepared and the protein concentration was measured. 

4.2.5. Conventional Scale LC. LC experiments were performed on a HP1050 

system equipped with a HP1050 auto sampler, HP1050 ternary gradient pump 

and 1050 DAD detector. Parameters used for detection of lysozyme are as 

follows: flow rate and injection volume varied for each experiment and detection 

wavelength was set to 280 nm. The lysozyme-modified column was equilibrated 

for 30 min between conditions to ensure that the immobilized protein was in the 

same state as the mobile phase protein. For each condition, 3% (v/v) acetone 

was injected three times as a non-retained marker to check column integrity, 

followed by four injections of lysozyme. 
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Dead column experiments using AF-Formyl-650M particles capped with 

ethanolamine followed the same procedures as the live column experiments. 

Dead column experiments were used to determine dead volume marker (tm)for 

the live column using a ratio of the retention time of protein measured on the 

dead column (tPr0_dead), and the retention time of the acetone measured on the 

dead column (taCe_ciead)> according to previously published protocols.3 

4.2.6. Small Scale LC. LC experiments were performed using a Harvard syringe 

pump (PHD 4400), rheodyne 0.5 ^L manual injector and a SSI 500 UV/Vis 

detector. The LC parameters used for the analysis of lysozyme were flow rate 20 

nL/min, 0.5 \iL injection and wavelength set to 280 nm. Data was collected using 

National Instruments USB 6009 and Labview 8. The chromatographic data was 

processed and analyzed using Origin version 8, example of a data set is shown 

in Figure 4.1.1. Labview 8 was programmed for the purpose of data collection for 

the small scale SIC experiments. The Labview 8 program was used to monitor 

the voltage from the UV/VIS and resistance from a magnetic sensor attached to 

the arm of the manual injector. The change in the resistance from the magnetic 

sensor signals the injection of the sample on to the column. 

The lysozyme column was equilibrated for 20 minutes between conditions and 

pR was equilibrated for 40 minutes. To check column integrity and adjust for 

solvent viscosity 3% acetone was injected as a non-retained marker. After the 
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analysis of acetone, three to six replicates of protein were injected for each 

experimental condition. 

Acetone 

CO 
I 

o 
X 
> 
E 

60 80 100 

Minute 

Figure 4.1.1. Example of chromatogram collected off of the small scale SIC, 

black line is UV data of acetone and OmpX, red line is 2nd derivative of the signal 

from injector where a negative inflection indicates sample injection. 

4.3. Results and Discussion 

4.3.1. Effects of Flowrate on B. The first set of experiments was to characterize 

the effects of flow on B at repulsive and attractive conditions using the 

conventional SIC column. On a standard HPLC, B was measured for lysozyme at 

different concentrations of NaCI ranging form 0 to 1 M, while increasing the 

flowrate from 0.1 to 0.4 mL/min, Figure 4.1.2. When no NaCI was added to the 

buffer, B values fluctuated around 5.2 X 10"4 ml_ mol g"2 as the flow rate 

increased. At 0.5 M NaCI, the magnitude of B increased with increasing flow rate, 

beginning at -11 X 10"4 ml_ mol g"2 for 0.1 mL/min and increased to -9 X 10"4 mol 

ml_ g"2 for 0.4 mL/min. When the concentration of NaCI was increased to 1 M the 

magnitude of B increased with increasing flow rate starting at -35 X 10"4 mol mL 

g"2 for 0.1 mL/min and ending at -30 X 10"4 mol mL g"2 for 0.4 mL/min. As shown 
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in previous chapters, the magnitude of B decreased with increasing NaCI 

concentrations. 

The parameters used for this experiment were based on commonly perfromed 

SIC experiments, using a conventional SIC column.1'3 The SIC column length 

typically used in the lab was 33 cm and the column is commonly packed with 350 

^L of particles. The flow rates for this experiment were based on past SIC 

experiments and Lenhoffs original SIC paper.4,5 A limitation of the stationary 

phase used for the SIC method is when the backpressure exceeds 1000 psi the 

polymer particles will deform, resulting in unsymmetrical acetone peaks. 

Therefore, a flow rate of less than 0.1 mL/min was used to minimize 

backpressure. When examining Figure 4.1.2, the data set shows that NaCI has a 

larger effect on the magnitude of B than flowrate for this column length and 

volume. While the effects of flow rate on B using a conventional scale column is 

only apparent at salt concentrations greater then 1M for NaCI. 
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Figure 4.1.2. Effects of flowrate and NaCI concentration on B. Experimental 

Conditions: column length 33 cm, buffer conditions pH 4.5, 0.1 M acetic acid, 

injection volume 10 uL, detector 280 nm. 

4.3.2. Column Length. In the previous section flowrate had a small effect on B 

at 1 M NaCI, here we investigate the effect of column length on B is investigated. 

The miniaturized SIC column has a decreased volume of stationary phase, 

causing a decrease in the amount of protein available on the column for two body 

interactions. To determine the effects of a decreased stationary phase volume 

and column length the same column was used for this experiment and was 

shortened for each condition. This was done to insure the coupling density for the 
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column was held constant at 12 mg/mL. Three different column lengths were 

analyzed to model the performance of a miniaturize SIC column. 

The effects of decreasing column length are shown for lysozyme at increasing 

concentrations of NaCI from 0 to 1 M, Figure 4.1.3. When no NaCI was present in 

the buffer, B was measured at 5 X 10"4 mol ml_ g"2 for each column length. As the 

column length was increased from 8.5 to 33 cm, the magnitude of B decreased 

from 0 to -10 X 10"4 mol ml_ g"2. When examining the magnitude of B for the three 

column lengths, the difference in B was the greatest at 1 M NaCI. In this case as 

the column length increased from 8.5 to 33 cm, the value of B measured 

decreased from -10 X 10"4 to -30 X 10~4 ml_ mol g"2. At concentrations of NaCI 

equal or greater than 0.5 M the magnitude of B was dependent on column length. 

The data shows a correlation between column length and the change in 

magnitude of B. 

SIC needs to sensitive enough to measure changes in the magnitude to 

determine the direction of two body interactions. For the SIC, method magnitude 

is dependent on the average of all two body interactions as the protein plug 

elutes though the column. The average number of two body interactions that 

occur as the protein plug elutes thought the column decreases as the column 

length is shortened, causing the change in magnitude of B to decrease. This is 

demonstrated by comparing the B values measured for a column of 33 cm to 16 
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cm. Additionally, the change in B as the column decreases appears to be non

linear. 
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Figure 4.1.3. Effects of decreasing column length on B. Experimental conditions: 

flow rate: 0.1 mL/min. Buffer conditions: pH 4.5, NaCI 0, 0.5 and 1 M, 0.1 M 

acetic acid, injection volume 10 uL, detector 280 nm. 
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4.3.3. Effects of Flowrate on V0. For SIC miniaturization the effects of column 

length and flowrate on V0 need further characterization. The dead column 

experiments were designed to prevent the protein from interacting with stationary 

phase, by modifying the stationary phase and adding 5% NaCI. V0 corrects for 

the size difference between the protein and acetone. The lysozyme peak will 

always come off before the acetone peak represented by the V0 being less than 

1. 

V0 was characterized as column length was decreased from 28.5 to 8.5 cm and 

flowrate was increased from 0.1 to 0.4 ml_, Figure 4.1.4. Decreasing the column 

length, caused V0 to decrease in all cases. The 8.5 cm column experienced the 

sharpest drop in the V0 from 0.97 to 0.88 as flow rate increased from 0.1 to 0.4 

mL/min. While the 16.8 and 28.5 cm columns had comparable changes in V0 

from 0.92 to 0.98 when the flow rate was increased. The data in Figure 4.1.4 

shows that column length and flow rate have a small impact on the V0 of 

lysozyme, unlike the live column in previous section. The data shows that V0 

values are not significantly affected by changes in column length. 
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4.3.4. Effects of Injection Volume. The effect of increasing injection volume on 

B, is protein dependent. For example, the injection volume of lysozyme has an 

effect on the magnitude of B, when greater than 20 jJ_. B was measured for 

lysozyme as the injection volume increased from 1 to 64 jaL shown in figure 

4.1.5. When injection volume was less than 20 yL, no significant change in B was 

observed. When the injection volume was greater than 20 JUL, B decreases 2 x 

(10"4 x mol x g"2) to -0.5 x (10~4 x mol x g"2). Figure 4.1.5 is representative of the 

chromatograms collected when the injection volume was increased from 8 to 64 

ial_. As the injection volume of lysozyme increased, the protein peak max shifted 

to longer migration times. When comparing peak symmetry of 8 to 64 jaL, more 

peak tailing is observed at 64 ^L. The increase in peak tailing of lysozyme at high 

injection volumes is an indicator of an overloaded column. The data shows that 

injection volume lowers B at high injection volume due to column saturation. 

Therefore, the size of the miniaturized column needs to be taken into account to 

prevent overloading the column. 
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4.3.5. Miniaturized SIC Column. These experiments show the use of the 

miniaturized SIC column to measure the change in B for lysozyme at different 

concentrations of NaCI. Figure 4.1.6 (A), shows the change in magnitude of 

lysozyme at 0, 0.2, 0.4 and 0.5 M NaCI. Lysozyme chromatograms the showing 

the effects of increasing NaCI concentration are shown in Figure 4.1.6 (B). 

Lysozyme peaks are shifted to the left as the concentration of NaCI is increased, 

indicating attractive interactions. B decreased to negative values when NaCI 

concentration increased from 0 to 1 M, starting at 5 x (10"4 x moL xmLx g"2) to -

15 x (10"4 x moL xmLx g"2). The standard deviation for the each salt condition is 

comparable to the conventional scale experiment. Additionally, the data shows 

the small scale SIC instrument is comparable to standard HPLC, in terms of flow 

stability and injection volume reproducibility. The 5 cm column was able to detect 

changes in B as NaCI concentration was increased. 

4.5. Conclusions. The data shown in this chapter demonstrates that decreasing 

the size of the column does not affect the direction or trend in B for lysozyme. 

Additionally, when B values measured by the small scale SIC were compared to 

the SLS or concentration scale SIC no difference was observed. 
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Figure 4.1.6. Chromatograms of lysozyme with increasing NaCI concentration, 

using a small scale SIC column. Instrumental settings: Mobile phase 0.1 M acetic 

acid, pH 7, injection volume 0.5 pL, wavelength 280 nm. 
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5. 
OmpX and Photosynthetic Reaction Center 

5.1. Introduction. This chapter discusses measuring B by small scale SIC for 

two membrane proteins, photosynthetic reaction center RHO and OmpX. These 

membrane proteins are difficult to grow, extract from the membrane and purify, 

resulting in less then 0.5 mg of available material for OmpX and 200 (iL for 

RHO.1"3 B values measured for RHO demonstrate that ability of small scale SIC, 

described in chapter 4, to perform limited screening studies using less then 200 

l̂ g of sample. For OmpX, B was measured in a complex co-solvent/detergent 

system used for crystallization, the data clearly showed changes in B expected 

for this type of buffer system. These studies are important because they show 

the ability of small scale SIC to measure B in a complex co-solvent/detergent 

system and using less than 200 pL of sample, which is important because of the 

low yields for many early stage development proteins. 

RHO is a part of the large super family of G-protein-coupled receptor located at 

the outer segments of the retinal rod photoreceptor.4 When RHO absorbs light, it 

changes in conformation to an activated intermediate. This change in 

conformation activates G-protein, which is a crucial step in phototransduction 

cascade.4,5 The tertiary structure of RHO is composed of a-helixes and (J-sheets, 

Figure 5.1. The functional characteristics are semi dependent on the type of 

detergent; in Figure 5.1 different detergents are stabilizing the conformation of 

RHO.2,5 The amount of RHO used for the screening study totaled less than 200 
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Figure 5.1.1. RHO crystallized by sitting drop setup at room temperature in the 

following buffer conditions, 3.5% heptano-1,2,3-triol, 0.1% lauryl dimethylamine 

oxide, 2.0% dioxane, and 0.75 M potassium phosphate, pH 7.4.5 
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ia,L, which included protein immobilization and SIC measurements. Two co-

solvents, PEG above 12.5% and K2HP04 above 0.4 M used in the crystallization 

buffer.6"8 Both of these co-solvents caused an increase in attractive protein-

protein interactions, resulting increase in negative B. The decrease in B 

measured for RHO with increasing concentration of K2HPO4 and PEG agree with 

the theory of protein solubility for soluble proteins. 

OmpX is a membrane protein that is part of the defense mechanism against the 

human immune system for gram-negative bacteria.9,10 NMR and X-ray diffraction 

have been used to determine the structure of OmpX, providing important 

information about mechanisms of virulence.11 The function of OmpX is to adhere 

to proteins on the membrane of the target cell.9'12 OmpX is composed of 6-p-

sheets forming a p barrel, Figure 5.1.2.13 The buffer used to crystallize OMPX by 

the hanging drop method was composed of a mixture of different co-solvents and 

concentrations.13 The co-solvents were added so that weak protein-protein 

interactions were favored, allowing for enough time for the protein-detergent 

complex to form an ordered structure. SIC was used to quantitatively measure 

changes in colloidal stability for the addition of co-solvent. Additionally, the 

effects of co-solvent used to crystallize OmpX were examined by measuring 

changes in B. The results of the experiments demonstrate that SIC was able to 

measure the change in B with a complex solvent/co-solvent system and was able 

to detect changes in the physical stability of OmpX. 
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Figure 5.1.2. The structure of OmpX from Escherichia coli, crystallized in 30% 

(v/v) 2-propanol, 20% (v/v) glycerol, 0.2 M CaCI2 and 0.1 M sodium acetate, pH 

4.6 
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In many cases, a membrane protein is extracted by one type of detergent and 

purified by another detergent.1,3'14"17 These two detergent systems are important 

for purification and crystallization of membrane proteins. The effects of a mixed 

detergent system on the colloidal stability of membrane proteins is difficult to 

determine by SLS because of scattering caused by the micelles and limited 

amount of sample. The effects of the simple detergent system on the physical 

stability of the membrane have not been explored beyond a qualitative approach, 

which only determines the presence of the membrane protein after extraction 

process.18,19 The above reasons small scale SIC was used to measure B for a 

mixture of glycerol and E8C4. The work with OMPX demonstrates a change in B 

for membrane protein a complex co-solvent/detergent system. Additionally, the 

work demonstrates that SIC is capable of measuring changes in B of a 

membrane protein in a mixed detergent system using less than 200 \iL. 

5.2. Materials and Methods. 

5.2.2. Chemical and Reagents. The following chemicals and materials were 

used as received: potassium phosphate, hydrochloric acid, sodium carbonate, 

sodium hydroxide and MES (Fisher, USA). 3-hydroproponic acid was purchased 

from TCI. Chromatography particles (Toyopearl AF-Amino-650M) were 
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purchased from Supelco. PEG 4,000 was purchased from J.F. Baker Chemical 

Co. USA. N,N-Dimethyldodecylamine N-oxide (LDAO) was the detergent used 

for coupling experiments and was purchased from Sigma USA with a purity of 

>99%. Tetraethylene glycol monooctyl ether (CsE4) and glycerol. 3-

hydroproponic acid was pursed from TCI. PEG 4,000 was purchased from J.F. 

Baker Chemical Co. The coupling reagent (1-Ethyl-3-[3-

dimethylaminopropyl]carbodiimide Hydrochloride) (EDC), N-hydroxysuccinimide 

(NHS), and the BCA colorimetric protein assay kit were purchased from Pierce. 

RHO was supplied by Dr. Delucas from UAB and was used as received without 

further purification. OMPX was supplied by Dr. Patrick Loll (Drexell University) 

and was used as received without further purification. All buffers were prepared 

with 18 MQ water from Millipore-Q Academic. 

5.2.3. Column Preparation. The preparation of amino chromatography particles 

for immobilization of RHO was performed in 0.02 M MES, 6% LDAO, pH 6 

adjusted with concentrated sodium hydroxide. In a clean 1 mL eppendorf tube, 

50 juL of 5 mg/mL of RHO was diluted to 300 pi. in coupling buffer and added to 

100 jxL of AF-Amino-650M particles. With the addition of RHO, 30 mg of EDC 

and 1.5 mg NHS were added to the mixture and slowly mixed over night at 22°C. 

After membrane protein immobilization the particles turned brown, the same 

color of soluble RHO, Figure 5.1.3. 
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5.2.4. Column Preparation. The preparation of amino chromatography particles 

for immobilization of OmpX was performed in 0.02 M MES, 0.6% C8E4, pH 6 

adjusted with concentrated sodium hydroxide. In a clean 1 mL eppendorf tube, 

0.05 mL of AF-Amino-650M particles were rinsed three times with coupling 

buffer. After each rinse, the tube was centrifuged and the supernatant was 

removed. 0.10 mL of OmpX was diluted to 0.25mL with coupling buffer and 

added to the washed amino particles. After the addition of OmpX, 30 mg of EDC 

and 1.5 mg NHS were added to the mixture and slowly mixed overnight at room 

temperature. After coupling, the particles were rinsed three times in coupling 

buffer and stored at 4°C. 

5.2.5. Small Scale SIC. LC experiments were performed using a Harvard syringe 

pump (PHD 4400), Rheodyne 0.5 y.L manual injector and SSI 500 UVA/is 

detector. The LC parameters used for the analysis of RHO are as follows: flow 

rate 60 j^L/min, 0.5 fiL injection and wavelength set to 280 nm. The data was 

collected using National Instruments USB 6009, Labview 8 and analyzed using 

Origin version 8. For each experimental condition 3% (v/v) acetone was injected 

as a non-retained marker, to check column integrity and adjust for solvent 

viscosity. After the analysis of acetone, three to six replicates of protein were 

injected. 
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Figure 5.1.3. RHO immobilized on amino particles after washing with coupling 

buffer. Coupling buffer contained 0.02 M MES, 6% LDAO at pH 6. 
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5.2.6. Bicinchoninic Acid (BCA). The BCA procedure outlined by Pierce was 

followed for the calibration curve and sample measurements. The following 

changes were made to the Pierce protocol: first the particles were removed and 

allowed to settle in the pipette tip to determine particle volume. The particles 

were added to the working reagent and diluted to 0.1 ml_. The sample, blank and 

unmodified particles were prepared and the protein concentration was 

measured.20,21 

5.3. Results and Discussion. 

5.3.1. Effects of K2HPO4. The effects of different K2HP04 concentrations (0 to 

0.8 M) at pH 6, 0.02 M MES and 6% LDAO are shown in Figure 5.1.3. The 

elution time of RHO at the different concentrations of K2HPO4 did not change 

with increasing salt concentrations, with an average eluction time around 0.9 min. 

Changes were observed in peak area of the different salt concentrations and the 

peak symmetry. At 0 M K2HPO4 the elution peak of RHO is symmetric with slight 

tailing and peak max at -6 mV. When the concentration of the salt was increased 

from 0 to 0.8 M, the symmetry of the peak decreased with significant tailing and a 

shoulder to the right of the peak. Additionally, the peak height of the elution peak 

of RHO decreased from -6 mV to 0 mv with increasing height. 

The decrease in peak height at peak max, decrease of peak symmetry and 

increase in peak tailing, indicates an increase in attractive protein-protein 

interactions. The same change in elution peak height and symmetry was 
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observed with enfuvirtide, Figure 5.1.4.22 No change in magnitude or direction of 

B was observed for RHO at different K2HP04 concentrations. 
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Figure 5.1.4. The effects of different K2HPO4 concentrations (0 to 0.8 M) on the B 

values (A) and peak symmetry (B) on RHO. Buffer conditions: pH 6, 0.02 M MES 

and 6% LDAO Instrumental Settings flow rate: 60 |iL/min, injection volume 0.5 

j^L, wavelength 280nm. 
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5.3.2. Effects of PEG. PEG is a common co-solvent used to crystallize soluble 

and membrane proteins. The effects of different PEG concentrations (0 and 12%) 

at pH 6, 0.02 M MES and 6% LDAO are shown in figure 5.1.5. The difference in 

elution time is clearly observed when the run buffer contained 12.5% PEG as 

seen in Figure 5.1.4. At 0% PEG, B was at -3.7 X 10"4 mol ml_ g"2), when PEG 

was increased to 12.5% B was at -6.64 X 10"4 mol ml_ g"2), Figure 5.1.5. Other 

accounts of PEG vs B have shown similar trend, as the concentration of PEG 

increases B has decreased.6,7 

The effects of different PEG concentrations (0 to 30%) at pH 8.5. 0.5% C8E4, 20 

mM TRIS-HCL, 20 mM NaCI are shown in Figure 5.1.6. At 0% PEG, B was -4.0 

X 10"4 mol ml_ g"2, when PEG was increased from 0 to 30%, B decreased to -2.0 

X 10"4 mol ml_ g"2, Figure 5.2.2. The screening experiment was performed to 

determine if the instrumental setup was sensitive enough to detect changes in B, 

PEG was used because of its effects it has been used to crystallize membrane 

proteins. The decrease in B, with increasing PEG concentration increases 

indicates that PDC-PDC interactions are favored, in agreement with previous 

results for PDC.6 The data indicates that the instrumental set up was capable of 

measuring changes in B. 
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5.3.4. Effects of Glycerol. Glycerol is another common additive that is used to 

increase the solubility of membrane protein.5,23'24 The effects of different glycerol 

concentrations at 0 to 30% w/v at pH 4.5, 01 .M sodium acetate, 0.2 mM CaCb 

are shown in Figure 5.1.7. Sample chromatograms of increasing glycerol 

concentration in solution are shown in Figure 5.1.7.A. As the percentage of 

glycerol in solution increases, the elution time of OmpX increases from 3 to 4 

minutes. Additionally, the peaks broaden and peak height decreases for OmpX 

with increasing glycerol. The viscosity of the buffer increased with increasing 

glycerol causing the peaks too eluting off the column longer. The effects of B 

values for glycerol are shown in Figure 5.1.7.B. As the percentage of glycerol 

increases protein solvent interactions are favored. At 0% glycerol, B increased by 

10 X 10"4 mol ml_ g"2 at 30% glycerol. The reason for the apparent disconnect 

between increasing elution times and trending of B to more positive values is due 

to the viscosity of glycerol and the use of acetone to adjust for changes in 

viscosity. Acetone corrects for differences in the viscosity of the buffer caused by 

the addition of different buffers, in this case glycerol. B values measured for 10 to 

20% glycerol are in the range of the crystallization slot. When the concentration 

of glycerol is 30%, B values are above the crystallization slot, favoring protein-

solvent interactions. 
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Figure 5.1.7. Effects of different glycerol concentrations on OMPX at 0 to 30% at 
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5.3.5. Effects of Crystallization Co-solvent. OmpX has been crystallized with 

2-propanol, CaC^, sodium acetate and co-solvents as shown in,, Figure 5.1.7.9~ 

25 Small scale SIC was used to measure the change in B for each cosolvent 

added to the buffer, for the purpose of stabilizing OmpX and to promote the weak 

two body interactions needed for crystallization. CaCb was held constant at 0.2M 

for all screening experiments. Additionally, glycerol was also present in all 

screening experiments at 20% (v/v). Sodium acetate is a common biological 

buffer suitable for pH 4.6. Additionally, sodium acetate at concentrations greater 

than 0.1 M will decrease B resulting in salting out of the protein. As the 

concentration of sodium acetate increases from 0 to 0.3M in the presence of 0.2 

M CaCI2, pH 4.5, B decreases from -13 X 10"4 to -16 X lO^mol ml_ g"2. When the 

concentration of the 2-propanol was increased from 0 to 30% (v/v) from -10 X 

10"4 to -20 X 10"4 mol ml_ g"2, resulting in a decrease in B. The B values for 2-

propanal and sodium acetate in the presence of glycerol and CaC^ are below the 

crystallization slot, explained in chapter 1. 
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5.3.6. Effects of Glycerol and E8C4. The effects of mixing different glycerol 

concentrations at 0 to 30% and E8C40.25 to 0.76 M at pH 4.5, 0.1 M sodium 

acetate, 0.2 mM CaC^are shown in the bar graph in Figure 5.1.8. As 

concentration of glycerol increased from 0 to 20 %, at 0.25 M at E8C4, B 

decreased from -3.2 X 10"4 to -7 X 10"4 mol ml_ g"2. The same trend in B was 

observed when the concentration of glycerol increased from 0 to 20% at 0.50 M 

E8C4. When the concentration of E8C4 increased above the CMC (0.5 M) at 0.75 

M, B values for 0 and 10% glycerol were between -1.9X10"4 to -1.8 X 10"4 mol 

ml_ g"2. When glycerol was increased to 20% in presence of 0.75% E8C4, B 

decreased to -3.5 X 10"4 ml_ mol g"2). 

The effects of glycerol on the colloidal stability of OmpX are dependent on the 

addition of different co-solvent. The addition of E8C4 to the buffer is causing 

glycerol to decrease B compared to its effect in Figure 5.1.8. When the 

concentration of E8C4 is below the CMC the protein-protein and protein-solvent 

interactions are dominated by glycerol. When the concentration of E8C4 exceeds 

the CMC, glycerol an minimal effect on B. This observation agrees with past 

experiments with proteorhodopsin (Chapter 3). E8C4 is an nonionic detergent, 

was used because its ability to maintain the structural stability of OMPX. 

Membrane proteins are soluble then the concentration of the detergent was 

above the critical micelle concentration (CMC), for E8C4 is 0.5 M. The data 

highlights once more the importance of the detergent for stabilizing membrane 

proteins. 
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Figure 5.1.8. The effects of different concentration glycerol and EsC4 at pH 4.6, 

20% Glycerol, 200 mM CaC^, 100mM sodium acetate. Experimental conditions: 

flow rate 25 ^iL/rnin, injection volume 0.5 ^L, wavelength 280 nm. 
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5.4. Conclusion. Miniaturizing SIC has advanced in stages, each improving 

until the project reaches the ultimate goal of microchip SIC. Trending B for RHO 

using a conventional HPLC was not possible because of the limited amount of 

material. Use the small scale SIC allowed for the measurement of B for RHO as 

a function of PEG concentration. As the percentage of PEG increased, the 

physical stability of RHO decreased. PEG is an important co-solvent used to 

induce membrane protein crystallization and increasing concentrations of PEG 

have been shown to cause a decreased in B.6,7i 26,27 Trending the change in B 

for RHO and OmpX demonstrates small scale SIC is able to measure the change 

and magnitude of two-body interactions, using less then 1 mg of material. 
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Chapter 6. 
Developing Microchip SIC 

6.1. Introduction. This chapter discusses the progress that was made in 

developing a monolithic column for microchip SIC. For the microchip SIC to be a 

viable alternative to small scale SIC, a microchip that can withstand high mobile 

phase velocities is needed. Additionally, the stationary phase should be easily 

introduced into the microchip channel and allow for on column protein 

immobilization to reduced column preparation time. If these goals are reached, a 

device could be produced that would consume protein on the sub-milligram 

scale. Additionally, the microchip SIC would greatly increase sample throughput, 

making it possible for large screening studies to be performed over short time 

periods. 

6.2. Designing the SIC Microchip. The first design of the SIC microchip was a 

PDMS-glass chip developed and reported by the Henry group.1 This first 

microchip design demonstrated the ability to accurately measure changes in B 

for a lysozyme versus NaCI screening study.1 The problem with this early 

microchip design was the material used to construct the device failed at high 

mobile phase velocities. For this device, the mobile phase velocities were 

lowered, resulting in retention times for lysozyme in the 10 to 15 minute range, 

greatly limiting the throughput of the device.1 To solve this problem microchip 

could be constructed with rigid materials that would not fail at high mobile phase 

velocities. CE has been miniaturized to the microchip scale for a number of years 
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with chips constructed with a wide range of materials. From this field of research, 

a number of materials were identified that would be suitable for constructing a 

SIC microchip that would stand high mobile phase velocities.2,3 The one 

important difference between CE and SIC was adding a stationary phase to the 

microchip channel. Additionally, early experiments showed it was very difficult to 

slurry pack the stationary phase into a 350 |am wide x 600 jam high microchip 

channel, because of the size of the small percentage of particles. For this reason, 

the data presented in this chapter is focused on developing a monolithic SIC 

column. 

6.3. Alternate Stationary Phase. A monolithic column is a single piece of 

continuous porous material consisting of a network of meso and through pores.4 

The advantages of a monolithic column come from the ability to optimize the 

separation by controlling the size and distribution of the throughput pores and 

mesopores.5"7 Additionally, a monolithic column can be can be polymerized in 

situ, thus avoiding the problem of slurry packing the microchip channel.8,9 Finally, 

monolithic columns have a much lower pressure drop that traditionally packed 

columns. For this work the monolithic column needs to withstand a pH range of 3 

to 10 and have functional groups for protein immobilization. A number of different 

stationary phases have been developed, including the methacrylate based 

stationary phases that was used for these early experiments.5,6'8 A methacrylate 

column was used here because of its ability to withstand a wide pH range. 

Additionally, the column chemistry has epoxide groups that can be used to 
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immobilize proteins by different types of coupling chemistries, including Schiff 

base, CDI and DSC method.5,6,10 The stationary phase developed in this chapter 

required the measurement of pore size distribution in a none-destructive manner 

that could be applied to a microchip column. 

6.4. Measuring Pore Size Distribution. Pore size distribution in polymer-based 

monolithic columns has been measured by mercury intrusion, nitrogen 

adsorption and chromatographic methods.11 Mercury intrusion measures pore 

size distribution by measuring the force applied to the mercury to fill pores of 

difference sizes.11"13 The force needed to fill pores increases as the size of the 

pore decrease, caused by the high surface tension of mercury.12 Mercury 

intrusion was not used because it would have destroyed the stationary phase 

and the fittings required for attaching it to a microchip could not withstand the 

high pressures.12 Nitrogen adsorption measures pore volume by tracking 

changes in pressure as the nitrogen adsorbs on to the surface. The method 

would have required the material be grounded up and placed in the instrument 

and temperature be lowered by liquid nitrogen. 5"7 This method was not used 

because it would have also destroyed the monolithic column. Inverse size 

exclusion chromatography (ISEC) is a chromatographic method that measures 

the pore size distribution of the column by changes in retention time of chemical 

probes of know molecular sizes.13 This chromatographic method is 

nondestructive and can be modified for measuring the pore size distribution of 

the monolithic column in a microchip format. 
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6.5. Materials and Methods. 

6.5.1. Chemicals and Reagents. The following chemicals and materials were 

used as received for these experiments: hydrochloric acid, sodium hydroxide, 

potassium phosphate and sodium chloride (Fisher,USA). Ethylene glycol 

dimethacrylate (EDMA), 2,3-Epoxypropyl methacrylate (GMA), cyclohexanol, 

dodecanol and acetonitrile were purchased from Sigma. BCA, a colorimetric 

protein assay kit, was purchased from Pierce. 2,2'-Azobis(isobutyronitrile) (AIBN) 

was purchased from TCI. 2-(N-Morpholino)ethanesulfonic acid monohydrate 

(MES) and was purchased from Acros Organics. Lysozyme was used as 

received from Cal BIO. 

6.5.2. Microchip Fabrication using Thermoset Polyester. The thermoset 

polyester microchip was constructed with the help of Brian M. Dressen using 

previously published methods.14 The master mold was constructed from a silicon 

wafer following the methods and procedures published in literature.3 A brief 

summary of the procedure is given here. The silica wafer was washed with soap 

and rinsed with Dl water three times and once with acetone. The wafer was 

allowed to dry in an oven at 40°C for 2 hours. The clean wafer was then coated 

with SU-8-2100 followed by a ramp to 500 rpm at 100 rpm/second for 10 

seconds, followed by a ramp to the final spin speed of 1000 rpm at 300 

rpm/second. The coated silicon wafer was then soft baked for 6 min at 65°C, 

followed by 60 minutes bake at 95°C. The design of the mask was a straight 
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channel with a tapered end and printed on a transparency using a 2,400 DPI 

printer. The mask was then placed on top of the coated silicon model and 

exposed at 100% to 40 seconds. The mask was then removed and the silicon 

wafer was post baked for 1 minute at 65°C, followed by 15-minute bake at 95°C. 

The master mold was then washed with developer leaving a raised channel 

structure for molding. 

The patterned master mold was exposed to HMDS by vapor at room temperature 

over for 12-hour period in a desiccator. After the vapor deposition, the TEP was 

added to the patterned master and exposed to 50% UV for 110 min for initial 

cure. The TEP with the imprinted channel was then removed and sealed to 

another blank TEP by exposing the to 50% UV for 4 times each 15 sec long. The 

chip was baked at 65°C for 5 min followed by 60 min bake at 95°C. The last step 

was attaching the micro fittings to the chip by thermoset glue. 

6.5.3. Polymerizing the Monolithic Stationary Phase. The methacrylate 

monolithic column was composed of a mixture of functional monomer (GMA), 

cross-linker (EDMA), porogen (cyclehexanol and dodecanol) and a radical 

initator (AIBN).6,7 The percentages of chemicals used are for the monolithic 

column 24% GMA, 16% EDMA, 25% cyclohexanol, 0.1% AIBN and 35% of 

dodecanol.6'7 The mixture was sonicated for 6 min and nitrogen was bubbled 

through for 6 min to remove oxygen. The mixture was then filled into a column 

and both ends were sealed. The monolithic column was formed by filling column 
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with the polymer mixture and sonicated for 3 min and polymerization at 80°C for 

12 hours.6'7 

6.5.4. ISEC. Dextran and polystyrene molecular weight probes were used to 

characterize the pore size of the monolithic column. The ISEC experiments used 

an LC instrument equipped with a Waters 501 pump, a Shimadzu SIL-9A 

autosampler and an HP 1047A Rl detector. The Rl detector was flushed with 

solvent at 0.4 ml/min for a hour to allow the instrument to warm up to 34°C. 

Parameters used for ISEC experiments are as follows, flowrate 0.3ml_/min, 

injection volume 32 jaL. Data was collected with Labview software and data was 

analyzed with Origin 7. 

6.5.5. BCA. BCA is the standard method used in this thesis to measure the 

amount of protein coupled to the stationary phase. For the monolithic column a 

length of monolith column was removed from the column and washed three times 

with coupling buffer. After the third wash, the volume of column and buffer was 

increased to 100 jal_ and 2 ml_ of working reagent was added. The other steps in 

the BCA followed the procedure supplied by Pierce and given early in this thesis. 

6.6. Data and Discussion. 

6.6.1. Prototype of the SIC Microchip. The prototype TEP SIC microchip is 

shown in Figure. 6.1.1. A failure test to determine the maximum operating 

pressure was performed on the microchip by blocking one end of the chip and 
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attaching a nitrogen tank with a pressure regulator on the other end. The chip 

was submerged underwater to detect leaking gas. The results indicated the chip 

could withstand pressures up to 700 psi. When the pressure exceeded 700 psi 

the glue on fittings failed. Problems during the fabrication of the chip were 

experienced when the TEP was removed from the mold creating ripping at the 

channel and resulting in irregular channels, Figure 6.1.1. Problems experienced 

with the first prototype can be overcome by changing the fabrication process and 

fittings. 

To overcome the problems with the first prototype, a number changes would 

have been made in the chip construction. First, the chip material would have 

been changed to poly(methyl methacrylate), (PMMA) the channel would have 

been embossed and solvent sealed.6,7 Also, the chip would be tapped, so the 

fitting could be attached without glue. The next problem would be adding the 

stationary phase into the chip channel in a time effective manner. Early attempts 

of slurry packing the SIC microchip, failed because of the particle size distribution 

with a few very large particles blocking the opening of the channel. To overcome 

the problem with slurry packing the next few section focuses on the effort made 

toward developing a monolithic stationary phase for SIC. 
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Figure 6.1.1. A prototype the TEP Microchip SIC, the fittings attached on the chip 

by glue. 

6.6.2. Methacrylate Based Stationary Phase. Methacrylate based monolithic 

stationary phases have been used for number years for affinity chromatography. 

The functional monomer has an exposed epoxide group, which allows for protein 

immobilized by a number of different chemistries. Additionally, the material does 

not have the pH limitations of silica-based monolithic columns. The initial studies 

focused on the ability to adjust the pore sizes by changing the percentages of 

cyclohexanol and dodecanol. The polymer samples were first coated with a 5 nm 

layer of gold to allow SEM images. The SEM images were taken of the gold 

coated methacrylate polymer using a 15 kV setting for 35 and 40% dodecanol, 

Figure 6.1.2. The average pore size of the polymer increased as concentration of 

deodecaol increased. Other groups have documented the increase in pore size 

with increasing dodecanol. (R) In addition, surface morphology changes with 
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increasing dedocanol form 40 to 35%. A problem with surface charging occurred 

even with a 5 nm coating of gold, caused by the porous nature of the material. 

Figure 6.1.2. SEM images take of two monolithic columns with increasing 

DOOH concentrations, 35% DOOH (A), 40% DOOH (B) 



6.6.3. ISEC of the Methacrylate Polymer. ISEC was used to measure the pore 

size distribution of the monolithic column. Initial experiments used polystyrene 

standards with narrow size distributions with THF as a mobile phase. These 

standards were used because of their low cost and the ability to detect at 280 

nm, Figure 6.1.3. As the molecular weight of the polystyrene increased, the 

probe was excluded from a larger percentage of the pores, resulting in shorter 

retention time. In Figure 6.1.3, two different slopes are shown, corresponding to 

the macropore (excluded pore zone) and mesopore (internal pore zone).4 The 

intersection of the two lines is the largest excluded pore diameter mesopore 

network.4 Macropores are through pores that have a size range of 1.5 to 2 ^m 

and are a network of flow channels that allow the analyte access to the entire 

column.4 The mesopores are side channels off the flow channel network that 

vary in size between 10 to 20 nm.4 The porosity of the monolithic column has 

75%, and is dependent on the macropores. 

The defined intersection of the mesopore and macropore networks indicates the 

mobile phase and standards used for ISEC are not interacting with stationary 

phase. The problem with the experiment was the mobile phase used, THF 

causes the methacrylate polymer to swell. In addition the polystyrene standards 

are not representative of globular proteins. For the above reason, the standards 

and the mobile were changed for ISEC to phosphate buffer and dextrane probes. 
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Figure 6.1.3. Trending the change in polystyrene probes of increasing molecular 

weight. Instrumental settings: Mobile phase THF, 0.1 mL/min, injection volume 5 

uL, detector set at 280 nm. 

6.6.4. ISEC with Dextran Standards. Using dextran probes required the Rl 

detector, because dextran lacks a strong UV chromphore. Changing the detector 

to Rl resulted in an increase in noise, not seen with the UV detector. Rl detectors 

are known to be among the least sensitive so this result is not surprising. Figure 

6.1.4. shows the chromatograms of increasing molecular weight dextran probes 

versus the normalized K<j for two monolithic columns. The steep slope for 40% 

DOOH from 1 to 0.1 below the 100,000 MW probe size, indicates a large pore 

size distribution. The pore size distribution for 35% DOOH was smaller then 40% 

DOOH indicated by the intersection of the slopes at 124,000, kD. Unlike previous 
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ISEC, there is an increase in noise for the dextrane compared to the polystyrene. 

The ISEC data and SEM data were used to choose 35% dodecanol for all future 

experiments. 35% dodecanol was chosen for the smaller pore size distribution 

and resulting increase in surface area available for protein immobilization. The 

change in k<j values of ISEC slope for the two monolithic columns agreed with 

pore size distribution of the SEM images in section 6.1.3. 
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Figure 6.1.4. Trending the change in Dextran probes of increasing molecular 

weight. Instrumental settings: Mobile phase 120 mM NaCI, 6mM Na2HP04, pH 7 

Flowrate: 0.030 mL/min, injection volume 0.5 uL, Rl detector. 



6.6.5. Reproducibility of the Polymer. A common problem with the polymer 

monolithic columns is reproducing the similar pore size distribution each time a 

monolithic column is formed. To measure the reproducibility of the monolithic 

columns SEM and ISEC were used to measure the pore size distribution. SEM 

images were taken for two monolithic columns formed using the same polymer 

mixture, Figure 6.1.5. The SEM images show a difference in the pore size 

distribution when comparing the A with B. The SEM data was not quantitative 

because of the difficulty of measure the pore sizes and the poor SEM image 

quality. ISEC was used to quantitatively measure the pore size distribution for 

two monolithic columns, Figure 6.1.6. ISEC data shows two different size pore 

size distribution measured for two monolithic columns from the same polymer 

solution. The SEM and ISEC data agrees with other accounts of the difficulty of 

reproducing the similar pore size distribution, for polymer monolithic columns. For 

reproducing similar pore size distribution the polymerization parameters need to 

be carefully controlled.15 
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Figure 6.1.5. SEM images of two horizontal samples taken of two monolithic 

columns of the methacrylate polymer column. 
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Figure 6.1.6. Measured reproducibility of the monolithic column with the same 

DOOH concentration by ISEC. Instrumental settings: Mobile phase 120 mM 

NaCI, 6mM Na2HP04, pH 7, flowrate 0.030 mL/min, injection volume 0.5 ul_, Rl 

detector. 
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6.6.6. On Column Immobilization of Lysozyme. One of the goals for monolithic 

column was the ability to immobilize the protein on the column in chip, followed 

by measuring the coupling density without destroying the stationary phase. The 

experiments were performed with lysozyme. The first set of experiments were to 

simply determine if lysozyme could be immobilized on column by simply flowing 

the protein through the stationary for long period of time measured hours. Figure 

6.1.7 (A) shows that lysozyme can be immobilized on column by pumping the 

protein through the stationary phase at very low flow rates for time period 

exceeding 12 hours. 

The next step was determined if the protein coupling density could be determined 

by indirect methods that would not destroy the stationary phase. The most 

promising method was a stop flow method in which the protein was pumped into 

the column and stopped for 2 minutes, then collected and UV absorbance used 

to determine protein immobilization density. The amount of protein immobilized 

on the monolithic column would be determined by measuring the difference in 

absorbance of the protein in solution. The results of the stop flow method are 

shown in Figure 6.1.7 (B). At time zero, the protein concentration was measured 

in solution was 1.90 mg/mL, which would indicate that a percentage of protein 

was immobilized on the column. At 4 minutes, the lysozyme concentration 

increased to 2.2 mg/mL in solution, close to the starting concentration of 

lysozyme, in the buffer. The problem is the large amount of noise in the data after 

time zero, which makes it impossible to determine when the immobilization of 
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lysozyme ended. The noise in the data could be due to the protein-protein 

interactions of the immobilized protein and mobile protein. 
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Figure 6.1.7. Trending the change in absorbance of lysozyme in the mobile 

phase during on column immobilization of a monolithic column. Image A shows a 

control and live column after protein immobilization. Data showing online 

coupling of lysozyme (A) and (B) 

152 



6.6.7. Monolithic SIC. After demonstrating protein immobilization, a series of 

SIC experiments were performed. This experiment shows the ability of the 

monolithic SIC to measure the change in B for lysozyme at different 

concentrations of NaCI. Figure 6.1.8, shows the change in B for lysozyme at 0, 

0.2, 0.4 and 0.5 M NaCI. Lysozyme peaks are shifted to the left as the 

concentration of NaCI was increased, indicating attractive interactions. B 

decreased to negative values when NaCI concentration increased from 0 to 1 M, 

starting at 175 X 10"4 moL ml_ g"2 and ended at -75 X 10"4 moL ml_ g"2. The trend 

in B measured for lysozyme with increasing NaCI is similar to conventional SIC 

and SLS, but the absolute values are much larger. The difference in magnitude is 

most likely due to protein interacting with stationary phase, which is reflected by 

the magnitude and the positive B value for 2% NaCI. It may also be due to our 

inability to accurately measure surface coverage. 
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Figure 6.1.8. The effects of increasing NaCI concentration from 0 to 1 M at pH 

4.5 of lysozyme, chromatograms (A), B values (B). Instrumental settings: Mobile 

Phase: 0.1 M Acetic acid, pH 4.5, flowrate =0.01 mL/min, injection volume 0.5 

uL, wavelength 280 nm 



6.7. Conclusions. The initial experiments with the monolithic column 

demonstrated the potential of the micro SIC to measure B. A number of problems 

need to be addressed before the method could be an effective alternative to the 

small scale SIC. The construction of the TPE chip as proposed for the microchip 

SIC needs to be improved to prevent deformed channels in Figure 6.1.1. Later in 

the development process the epoxide chemistry was found to only work with 

material. Other types of chemistry require the use of organic solvents that will 

dissolve and crack the TEP material. Alternative materials can be used to 

construct the microchip, such as glass or metal. The glass and metal chips would 

be able to withstand the organic solvents required for formation of the monolithic 

chemistries. The major limitation would be the expense of making the chips. 

The next problem is the lack of reproducibility in pore size distribution of the 

monolithic columns. If the project was continuing I would propose the use of silica 

monolithic columns, because its able to reproduce the same pore size 

distribution and chemistry to immobilize proteins is will documented.16 Lastly a 

method needs to be determined to measure the protein coupling density with 

greater accuracy. 
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7. 
Dissertation Summary. 

7.1. Summary. The work presented in this dissertation has been focused on 

advancing the ability to measure B by SIC for therapeutic proteins and peptides, 

using new immobilization chemistries and miniaturizing the method and 

equipment. By introducing new immobilization chemistries proteins and peptides 

were immobilized on the stationary phase with coupling densities greater then 2 

mg/ mL The first therapeutic agent was peptide in which a large screening study 

measured B as a parameter for screening conditions that improved colloidal 

stability. The work was the first time B was measured for a peptide. When 

correlating B values with solubility data provided by Lilly, both data sets agreed in 

pH trend. The second therapeutic agent was a single chain antibody where B 

was used as a parameter to indicate changes in the colloidal stability. The data 

generated from the screening study was used to successfully choose solvent/co-

solvent system, which improved the solubility of the fragment. The increase in 

solubility of LB-005 allowed it to advance to the next stage of development, one 

step closer to a commercial product. Additionally, B was used to compare the 

differences in the colloidal stability of a mutant of LB-005 that had improved 

colloidal stability; the B measured for the mutant agreed with the company's data. 

Studies of comparing LB-005 with the mutant are the first time B has been shown 

differences in colloidal stability caused by two-point mutations. The last group of 

proteins examined by SIC was several types of membrane proteins. Membrane 

proteins are difficult to work with because of their hydrophobic nature that 

requires using detergent above their CMC to be stabile in aqueous solutions. The 
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presence of the detergent above the CMC does not increase the chemical noise 

for SIC like it does for SLS. SIC was able to measure B in the presence of 

micelles. For this reason it was used to measures the changes in colloidal 

stability of the three membrane proteins, pR, RHO and OMPX in complex 

buffers. SIC makes it possible to quantitatively trend the colloidal stability of 

membrane proteins in detergents and co-solvent, which has not been practical 

using SLS. The data collected for pR is the first step to increasing our 

understanding of how detergents and co-solvents effect the physically stability of 

membrane proteins. The amount of analyte available for the screening studies 

and the cost of the co-solvents for the above work allowed the work to be 

performed on the HPLC. In many cases the amount of material available was 

less the 1 mg, which prevents the traditional HPLC from being used. 

The next stage of my work was to develop a scaled down SIC method for 

measuring B for proteins and peptides using less the 1 mg material. To 

accomplish this goal, SIC parameters were characterized to understand the 

effects of decrease column volume, flow rates and injection volume on B. 

Characterization studies indicated the need to decrease the flow rate to less then 

0.1 mL/min for column lengths less then 5 cm. For this reason, I developed a 

instrument that could handle flow rates of less then 0.1 mL/min and a lab view 

program that could collect the data for analysis. The developed instrument the B 

values for lysozyme were measured and when compared to SLS and 

conventional scale the data sets, were the same. The instrument made it 
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possible to measure B for a protein using less then 1 mg, making it practical to 

perform limited screening study for low abundant proteins. Additionally, the 

instrument consumed less then 10 mL of mobile phase per condition and 

decreasing the cost of the analyses by consuming less then 1 mg of expensive 

co-solvents. The development of the small scale instrument and software made it 

possible to measure B for two membrane proteins RHO and OMPX. The B for 

the two membrane proteins was first to be measured by SIC and demonstrates B 

values can be made using less the 1 mg for a limited screening study. 

The stage of my work was to develop microchip SIC for measuring B for rapid 

screening studies using less the 0.1 mg of material. 

The third stage of my work was to development of a microchip SIC that could 

further decrease sample consumption and run time. The first goal was to develop 

a microchip that would not fail at high flow rates. The prototype TPE microchip 

was able to handle 700 psi without failing. The next stage in the work was 

developing a stationary phase support that could be formed in channel and 

withstand a wide range of pH conditions, and allow for a number of different 

immobilization chemistries. A first generation monolithic stationary phase was 

developed that allowed for protein immobilization and could have been formed in 

the microchip channel. The rest of the work focused on developing analytical 

methods to measure the pore size distribution and coupling densities of the 

protein. Early results demonstrate that the microchip SIC using a polymer 

monolithic column could work with further development. 
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7.2. Future Work. The future work for the project will focus on three areas, 

measuring B for more proteins, measuring the effect of novel co-solvent, and 

developing the microchip SIC. This lab has demonstrated the ability of SIC to 

measure B values for a limited number of proteins, peptides and membrane 

proteins. Large group of proteins are important in industry and pharmaceutical 

field have limited amount of quantitative data about colloidal stability. Early 

developmental pharmaceutical proteins typically have limited amounts of material 

due to low yields, caused by small recovery during purification steps and storage. 

Simple screening experiments using B as an analysis parameter has been used 

to improve colloidal stability and potentially improving yields. 

The next stage is screening for novel co-solvents that would improve the colloidal 

stability of biopolymers. This would be particularly useful for the industry 

application since co solvent for therapeutic applications need approval by the 

FDA, a lengthy and very time-consuming process. New co solvent have been 

shown effective stabilizers and effective crystallizing agents for a model proteins 

and membrane proteins. Screening new and old co-solvents against a large 

number of biopolymers representing different classes of proteins and peptide is 

needed. B values, along with other physical methods to characterize 

conformational stability would be of great value to the protein and processing 

community. Performing large screening studies using small amounts of protein 

would require a modified SIC method including a SIC instrument with a low dead 

volume. Scaling down the SIC method to the microchip scale would greatly 
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improve the use of this method for a broader range of proteins, especially those 

in early stage development where material available is limited. 



APPENDIX 1: RESEARCH PROPOSAL 

Coupling HPLC to microchip CE for the detection of aminoglycoside 
antibiotics. 

Robert W. Payne, Department of Chemistry, Colorado State University 
Original Research Proposal 

A. Specific Aims. 

Antimicrobial agents have been successfully used for years in treating infections 
that were once deadly for humans and animals.1"3 The use of antimicrobial 
agents in livestock feed has increased revenues by promoting animal growth by 
improving an animal's ability to absorb nutrients in feedstock A 1995 report 
estimated that 8163 megagrams of antibiotics are used in the livestock industry, 
yearly.3'4 Due to the poor absorption properties of antibiotics through the 
intestinal gut wall, potentially 75 to 90% of the antimicrobial agent is excreted as 
the parent compound in the urine and manure and then enters the environment.3' 
4 A major concern with the use of antimicrobial agents is the potential for 
developing antibiotic resistant strains of bacteria, especially in surface water.5,6 

Aminoglycosides are among the more commonly used antibiotics in the livestock 
industry.3 Compared to other antibiotics, aminoglycosides are difficult to detect 
because they lack a strong chromophore and are difficult to resolve with common 
separation methods, Figure 1.7 The most common method to quantify 
aminoglycosides in environmental samples is based on derivatization of the 
sample with a strong chromophore, followed by separation by LC and detection 
by UV detection.8,9 An alternative to UV absorption is mass spectrometry (MS), 
which gives qualitative information in addition to quantitative data.1 

Electrochemical methods, such as pulsed electrochemical detection (PED), 
provide an alternative for detecting aminoglycosides that do not require sample 
derivation or expensive instrumentation.10 
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Separating aminoglycosides using liquid chromatography is difficult because of 
the similarity of the structures.7 Additionally, impurities in environmental samples 
increase the difficulty of separating and quantifying aminoglycosides, requiring 
increased peak capacity and resolution for separation by LC methods.11 An 
alternative method to LC is capillary electrophoresis (CE).7 Capillary 
electrophoresis has the following advantages over LC: band broadening is due to 

Figure 1. The structure of gentamicin. / diffusion since there is no mass 
transfer band broadening, reduced 
consumption of samples and 
reagents and increased throughput. 
Microchip CE has the advantages 
of CE, while allowing for 
miniaturization and further decrease 
in sample consumption. Quantifying 
aminoglycosides in environmental 
samples requires additional sample 

preparation and purification to remove impurities, increasing the required 
resolution needed for a single stage separation.11 Ultimately, however, LC and 
CE individually lack the selectivity for separation of aminoglycosides from 
environmental samples. In this case, a multidimensional separations technique 
could provide the peak capacity and resolution needed to detect and quantify low 
concentration aminoglycosides in environmental samples.1213 

The increased resolution of a multidimensional separation comes from the 
orthogonality of the separation mechanisms of LC and CE.14 The goal of this 
proposal is to develop a novel two-dimensional LC-CE instrument for separation 
of aminoglycosides in environmental samples. Coupling LC to CE can be 
accomplished by off-line and on-line methods.7 Off-line coupling occurs when the 
effluent from the first stage separation is manually transported to the second 
stage of the separation, typically by collecting fractions. Off-line coupling of LC 
to CE is simple and inexpensive, but disadvantages are loss of analyte due to 
adsorption onto the transfer container and decreased reproducibility due to 
manual sample handling.15 In on-line coupling, the LC effluent is injected directly 
into the CE column. The advantages of on-line coupling of LC to CE is increased 
reproducibility, automation and decreased operator involvement.15 The limitations 
of on-line coupling are increased system complexity, peak broadening caused by 
dead volume at the interface and the potential for longer analysis times.14,15 

Furthermore, for on-line coupling of LC to CE the interface needs to account for 
differences in volumetric flow rates for LC (mL) versus CE (jaL-nL).14 Here, a 
simple design for a zero dead volume interface between LC and microchip CE for 
the multidimensional separation of aminoglycosides is proposed. To accomplish 
this goal the following aims are proposed: 

1. Develop a zero dead volume interface between the eluent of an HPLC 
column and a CE microchip. 

2. Demonstrate a two-dimensional separation of a mixture of standard 
aminoglycosides using the integrated system. 
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3. Analyze simulated environmental samples using the proposed 
microchip design and validate the data with accepted LC methods. 

The zero dead volume interface design will simplify the on-line interface between 
the LC to microchip CE when compared to current on-line coupling interfaces.16, 

17 The design requires no additional hardware or controls such as switching 
valves, optically gated injections and/or transversal buffer flow.17,18 The zero 
dead volume interface will be integrated onto the microchip CE decreasing cost 
and overall instrumental complexity. The design will allow for direct on-line 
coupling from LC to microchip CE with minimal peak broadening and loss of 
analyte. Additionally, the design of the zero dead volume interface will allow for 
detection and quantification of aminoglycosides in complex environmental 
samples. The resulting analyses will be simpler, easier and more cost effective in 
terms of equipment and analyst time using the proposed LC-Microchip-CE-PAD 
design. 

B. Background. Aminoglycosides are commonly added to livestock feed as 
antimicrobial agents for aerobic gram-negative bacteria.3,4 Aminoglycosides are 
used to kill gram negative bacteria by inhibiting protein synthesis. Development 
of resistant strains of bacteria is a health concern, since these strains can lead to 
hospitalization and more expensive and toxic antibiotics for treatment. A concern 
with the use of aminoglycosides is the development of the resistant strains of 
bacteria caused by the over use in the livestock industry.3,4 In humans, 
aminoglycosides are used in the treatment of pseudomonas aeruginosa, 
salmonellae and tuberculosis.4 The potential for the resistant strains of bacteria 
to enter the human food chain through meat products and surface water is a 
major concern, because of the potential for resistant strains of bacteria.3,4 

Already there are reports of bacteria found in rivers across the United States that 
are resistant to ampicillin.4,6 As a result the extent of aminoglycoside 
contamination needs to be determined through careful monitoring. This proposal 
will allow for easier detection and quantification of aminoglycosides, improving 
the ability to monitor the quality of surface water.6,20 

Aminoglycosides are amino-function-containing carbohydrates linked via a 
glycoside bond, Figure 2.19 This class of antibiotics is typically characterized by 
one major component, such as the presence of -CH3NH2 at R3 and minor 
components, differences of H and primary alcohol. For example, gentamicin 
variants have 5 major variable groups, C-i, C2, C3, Cia, C-ib, C2b, increasing the 
difficulty in separating each component due to their similar structures. 
Aminoglycosides as a group lack a strong chromophore, are water-soluble and 
are usually charged because of the amino groups. The nonvolatile nature of the 
aminoglycoside requires sample derivatization for gas chromatography (GC) 
analysis. As a result HPLC and CE are the two main methods for separation of 
the aminoglycosides in environmental samples. Other antibiotics relevant to 
livestock industry are seen in levels below 0.1 ug L"1 in river samples, while 



wastewater taken from a hospital detected concentrations of gentamicin between 
0.1to7.4ngxl_-1.20 '7-12 '19 
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Figure 2. A list of aminoglycosides commonly used in livestock and the major 
structures of gentamicin. 

Liquid Chromatography. The LC methods that have been used to separate 
aminoglycosides includes reverse phase (RP), ion paring, ion exchange and 
normal phase.13 The polar and ionic nature of aminoglycosides increases the 
difficultly of separating aminoglycosides by reverse phase methods.13 Normal 
phase is also difficult without sample derivatization since aminoglycosides are 
not readily soluble in organic compounds.13 A common method used to separate 
aminoglycosides is ion-pair chromatography (IP), where the analyte is paired with 
pentane and heptane.13 Ion-exchange is not widely used because run 
parameters such as buffer pH, ionic strength and temperature must be 
constant.13 Furthermore, separating aminoglycosides is complicated due to the 
need for sample derivatization prior to separation coupled with offline purification 
and low throughput. 

Capillary Electrophoresis. Two CE modes are commonly used for separating 
aminoglycosides, capillary zone electrophoresis (CZE) and micellar electrokinetic 
chromatography (MEKC).7,21,22 For the CZE separation the analyte is separated 
by applying a potential along the length of a capillary, causing differences in 
migration for the analyte according to the charge-to-size ratio.7 CZE has been 
used to separate kanamycin, gentamicin and tobramycin with a LOD of 9 ng/mL 
using absorbtion.7,22 For MEKC amikacin, genamicin and netilmicin are 
separated based on their partitioning with micelles.7,21 CE has further been 
miniaturized to the microchip scale for the analysis of penicillin and ampicillin as 
a way to decrease sample consumption and analysis time.16 The main drawback 
to using CE is the sample treatment needed before sample injection and the lack 
of sensitivity due to small injection volumes. This is especially true for complex 
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matrices such as environmental samples. The CE methods described above in 
general lack selectivity needed to resolve aminoglycosides from closely related 
compounds in enviromental samples. 

Detector Modes. Despite the fact that aminoglycosides lack a strong 
chromophore, UV is the most common mode of detecting them in LC and CE 
separations.12,13 UV detection requires derivatizing the sample, most commonly 
with 1,2-phthalic dicarboxaldehyde (OPA) in either pre- or post-column mode.8 

Another mode of detection that requires derivatizing the sample is 
fluorescence.21 Derivatizing the sample increases analysis time and careful 
control of derivatizing parameters is required for reproducible results and stability 
of the derivatized sample. Alternatively, aminoglycosides have been detected 
with UV without derivating the sample. Complexing the sample with borate 
enhances detection at low wavelengths (~206 nm).23 This mode of detection has 
only been used with CE and has poor selectivity. Mass spectrometry (MS) and 
NMR have also been used to detect aminoglycosides and both give structural 
information, but are expensive.1'24 

Electrochemical detection of aminoglycosides requires no sample derivation and 
is less expensive than MS or NMR. • The electrochemical detection modes 
used to detect aminoglycosides include the potential gradient detector (PGD), 
conductivity detection and fast fourier cyclic voltammetry, all of which have 
comparable sensitivity to UV.25,26 The primary problem with electrochemical 
detection of aminoglycosides is fouling of the electrode surface. An alternative 
electrochemical mode of detection is pulsed electrochemical detection (PED), 
which uses a cleaning step during the run to reduce electrode fouling.10 PED is 
an attractive mode for detecting aminoglycosides because it does not require 
sample derivatization, is less expensive compared to MS/NMR and does not 
suffer from electrode fouling.10,23,24 

Summary. Individually CE and LC lack the selectivity and resolution for the 
separation of aminoglycosides in complex environmental samples.12 Additionally, 
CE methods require off column sample preparation, which increases analysis 
time and decreases method reproducibility. The development of a high 
throughput LC-CE two-dimensional separation system should allow effective 
separation of these analytes from complex media. Developing a zero dead 
volume interface between HPLC and microchip PED will increase peak capacity 
and resolution of the aminoglycosides, improving the monitoring of 
aminoglycosides in environmental samples. The high throughput LC-CE two-
dimensional separation system will greatly improve the detection and 
quantification of aminoglycosides in environmental samples, which will allow for 
better monitor of aminoglycosides in the surface water. 

C. Methods and Experimental Design. The design and development of the 
zero dead volume interface between LC and microchip CE for the detection of 
aminoglycosides in surface water samples will occur in three stages. The work 



will result in a robust LC-microchip-CE system for the detection of 
aminoglycosides and other electrochemically active compounds found in 
environmental complex matrices. 

C.1. Design and Optimizing. The zero volume interface shown in Figure 3 will 
be designed to adjust for flow volume differences between the LC and microchip 
CE systems as well as isolate LC bulk hydrodynamic flow from the 
electroosmotic flow (EOF) of CE. The goal of this section is to optimize channel 
dimensions and the flow parameters of HPLC, Waste and Injection channels. 
Changing the height and width of the three channels will determine 
backpressure, peak broadening and sample transfer efficiency. These three 
variables will be monitored during the optimization of the zero volume interface. 

Waste 1 

HPLC Channel Injector Channel 

Figure 3. Proposed Design of the Zero Volume Interface integrated onto the 
microchip-CE 

The interface adjusts for differences in LC flow by splitting a large percentage of 
it to Waste 1 and a small fraction towards Waste 2. The amount of flow split 
between the channels will be dependent on the channel cross-section and 
length. Backpressure may be a source of chip failure through leaking at the LC 
port, structural failure of the material and/or embedded membrane and 
broadening of the LC peak. The material used to construct the microchip CE with 
integrated zero volume interface will need to withstand high backpressures. As a 
result, microchip will be constructed using PMMA, a rigid polymer that can 
withstand pressures exceeding 1000 psi for solvent bonded chips.27,28 Forming 
channels in PMMA is a common process and will be briefly described here.29 The 
channels will be formed in a mold made from the photolithography of SU8 on 
silicon.27,28 The channels will be embossed into PMMA using the SU8 mold 
under pressure and with temperatures exceeding the Tg of the material.27'28 Wax 
with a low melting point will flow through the channels and the chip will be solvent 
sealed with acetone.27,28 The rigid nature of PMMA allows for the ports on the 
interface to be tapped to accommodate finger tight fittings, making the interface 
with the HPLC simple.27,28 



For the optimization process the backpressure will be monitored at each port and 
at the membrane by pressure transducers attached to microchip as shown in 
Figure 4. The pressure transducers will be connected to LABVIEW for data 
collection. Additionally, the chip will be visually inspected for signs of structural 
failure. Fluorescein isothiocyanate (FITC) will be injected during the optimization 
process to monitor peak broadening. 

Pressure Transducer 

Figure 4. Locations where the pressure transducers imbedded into the PMMA 
under the waste ports and the membrane. 

A membrane will be integrated into the zero volume interface to separate 
hydrodynamic flow from EOF.30 The membrane introduces a number of potential 
problems includes leaking around the edges, membrane failure and the potential 
for peak broadening.30 Leaking around the membrane will be detected visually 
with fluorescent dyes. The flow differences between the LC and microchip CE 
will be adjusted using the zero dead volume interface, with minimal peak 
broadening, preserving the peak resolution from the first stage of separation. The 
design of the zero dead volume interface will allow for a simple and cost effective 
method for on-line coupling of LC to microchip-CE-PAD, compared to other on
line LC-CE interfaces. 

C.2. Two-Dimensional Separation of Aminoglycosides. 
The second phase will integrate the zero dead volume interface with microchip 
CE for the analysis of aminoglycosides with LC-Microchip-CE-PAD, Figure 5. To 
keep the ionic strength as low as possible, the LC column will be RP-LC using a 
C18 column with water-acetone gradient.13 Additionally, the low ionic strength of 
the LC effuent will allow sample stacking at the membrane.5 The second phase 
will be CZE, which has the selectivity needed to separate gentamicin and 
kanamycin. Gated injection is proposed because the LC eluent will continually 
diffuse across the membrane into the CE side of the chip.31 For gated injection 
the sample is introduced into the CE when C4 and C2 are grounded, C3 is 
floating and C1 has a positive potential applied. During separation a positive 
potential is applied at C3, keeping C1, C2 and C3 the same injection potential. If 
not enough sample is diffusing across the membrane an alterative approach 



would be driving the sample across the membrane electrokineticly by applying a 
potential at A.3. 

Figure 5. Proposed PMMA microchip design LC-CE-PAD. Zero volume 
interface integrated on chip (RED), A.1. Flow from LC, A.2. Waste, A.3. 
Flow out. B.1. Embedded membrane. CE-PAD (Blue) 

The detection and separation of the LC-Microchip-CE-PAD will use kanamycin 
and gentamicin variants. LC flow rates will start at low flow rates, while injecting 
moderate concentrations of generamcin Ci and C2. For each flowrate the CE 
voltage and gated injection time will optimize the 2D separation, by monitoring 
peak height, symmetry and resolution. The optimization process will proceed until 
peak height, symmetry and resolution is optimized for generamcin C1 and C2. 

C3. Proof of Concept. 
Simulated environmental samples will be used to compare the peak height, 
symmetry and resolution of the 2D LC-microchip-CE-PAD to USP method. Once 
the 2D LC-microchip-CE-PAD has been validated surface water samples will be 
analyzed. The channel dimensions for the zero volume interface determined in 
C1 will be used, while the separation and detection parameters determined in C2 
will be used. 

D. Summary 
The increase in the number of resistant strains of bacteria is a major health issue 
in every area of the United States, resulting in an increase in hospital stays, cost 
of treatment and the use of antibiotics with toxic side effects. Because of this, an 
increase in monitoring the potential source of antimicrobial agents in the 
environmental is becoming increasingly important. Antimicrobial agents such as 
aminoglycosides are commonly used but difficult to separate and detect by 
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common one-dimensional chromatography methods. Here, we propose a simple 
zero volume interface for on-line coupling of LC to microchip-CE PAD for the 
detection of aminoglycosides in surface water samples. Additionally, this simple 
interface can be used with future work for the detection of the aminoglycosides in 
other complex samples. Finally, the proposed system could be applied in many 
different applications where single dimension separations do not provide enough 
peak capacity. 
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