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ABSTRACT 

The paradigm of drug discovery have been to find the strongest possible binder to the target by high-

throughput screening (HTS) but high affinity interactions are related to low kinetic off rates and thus 

result in severe side-effects and non-approved drugs. Lead molecules working in a transient manner 

(KD > µM) will allow for rapid off rates and possibly less side-effects. In this study the peak profile 

method applied to weak affinity chromatography (WAC) was evaluated as a simple way to provide 

the kinetics of the interaction and thereby allowing for high-throughput determinations. In the 

peak profile formula all band-broadening effects except the stationary mass transfer is subtracted 

which simplifies the calculations for the kinetics of the interaction tremendously. The technique 

was evaluated by screening of 3 different benzamidines at 3 linear flow-rates using zonal 

chromatography and human α-thrombin as immobilized target protein. The kinetics of the 

interaction could unfortunately not be determined. This was possibly due to the flow-rates not 

being high enough as indicated by a low critical ratio (η < 1). Higher flow-rates would increase the 

contribution to band-broadening due to kinetic effects but would also require more precise 

estimation of peak variance. 

 

Keywords:  peak profile method, dissociation / association rate constants, weak affinity 

chromatography, band-broadening



 

 
 
 

SVENSK POPULÄRVETENSKAPLIG SAMMANFATTNING 

En svensk titel på det här arbetet skulle kunna vara: ”Utvärdering av hastighetskonstanter från 

protein-ligand interaktioner med svag affinitetskromatografi.” Vad betyder detta? 

Hastighetskonstanter för reaktioner beskriver den hastighet med vilken två molekyler binder till 

varandra och bildar komplex alternativt släpper från varandra till en fri form. Detta sker hela tiden 

och mängden komplex mellan de två typerna av molekyler kan beskrivas som en jämvikt av de två 

hastigheterna. Vid utveckling av nya läkemedel har det varit en standardiserad metod att sträva efter 

starka bindningar mellan läkemedlet och den molekyl läkemedlet ska binda till i kroppen vilket även 

medför att läkemedlet sitter bundet under en längre tidsperiod vilket i sin tur ökar nivån av 

biverkningar. Det leder till att mycket få läkemedelskandidater blir godkända läkemedel och är ett av 

de problem som läkemedelsindustrin ställs inför idag. Kostnaden för att utveckla nya läkemedel har 

närmare dubblerats var 9:e år per godkänt läkemedel sedan 1950 och det är idag nödvändigt att hitta 

nya vägar att gå mot utvecklandet av godkända läkemedel. 

Protein-ligand interaktioner beskriver hur ett protein och en molekyl, liganden, binder till och 

släpper ifrån varandra. I detta sammanhang kan liganden motsvara ett potentiellt läkemedel och 

proteinet läkemedlets målmolekyl i kroppen. 

Svag affinitetskromatografi är en metod för att identifiera och separera ämnen från varandra 

baserat på deras interaktioner till exempelvis ett protein. Den kan användas tillsammans med ”peak 

profile”-metoden för att beräkna hastighetskonstanterna för svaga, eller med ett annat ord 

transienta, protein-ligand interaktioner. Transienta bindningar är bundna till sin målmolekyl en 

kortare tid och därför är det möjligt att läkemedel baserade på detta koncept inte har de 

biverkningar som starka bindningar kan medföra. ”Peak profile”-metoden är ett sätt att beräkna 

hastighetskonstanterna från resultaten av affinitetskromatografi.  

Syftet med denna studie var att utvärdera ”peak-profile”-metoden som ett enkelt och effektivt sätt 

att beräkna hastighetskonstanterna för protein-ligand interaktioner. Studien visar att flera olika 

faktorer kan vara avgörande för att hastighetskonstanter ska kunna beräknas och kan användas som 

underlag då kromatografiförhållanden ska bestämmas för framtida studier med svag 

affinitetskromatografi och peak profile metoden. 

 

 



 

 
 
 

ABBREVIATIONS 

BA – benzamidine 

4-ABA – 4-aminobenzamidine 

3-ABA – 3-aminobenzamidine 

Asp – L-aspartic acid  

Btot – number of available active sites in the column 

DMSO – dimethyl sulfoxide 

Gly – L-glycine 

HETP – Height equivalent to a theoretical plate 

His – L-histidine 

HPLAC – High performance liquid affinity chromatography 

HPLC – High performance liquid chromatography 

Ile – L-isoleucine 

KA – equilibrium association constant 

KD – equilibrium dissociation constant 

koff – dissociation rate constant 

kon – association rate constant 

k´ – retention factor 

Leu – L-leucine 

M1 – 1
st

 statistical chromatographic moment 

M2 – 2
st

 statistical chromatographic moment 

PBS – phosphate buffer saline 

PPACK – D-Phe-Pro-Arg-chloromethylketone 

Pro – L-proline  

Ser – L-serine 

t0 – elution time of non-retained substance 

tR – elution time of retained analyte 

Trp – L-tryptophan 

Tyr – L-tyrosine 

V0 – column void volume 

WAC – Weak affinity chromatography 

η – critical ratio 

σ0 – standard deviation of non-retained peak 

σ0
2
 – variance of non-retained peak 

σR – standard deviation of retained peak 

σR
2
 – variance of retained peak 
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INTRODUCTION 

Drug discovery and kinetics 

 

Transient interactions, characterized by weak binding (KD > µM), could be more important in drug 

discovery than earlier anticipated and if so we could be at the beginning of a whole new paradigm for 

finding drug candidates (Ohlson 2008). The cost for research and development (R&D) per approved 

drug have roughly doubled every 9 years since 1950 (Scannell, Blanckley et al. 2012) and a problem in 

drug development, both economically and progressively, have been low off rates, due to strong 

binding, causing non-tolerable side-effects. Hit molecules appearing in a transient manner can allow 

for much higher off rates and thereby possibly decrease the side-effects issue. Since molecules with 

the same equilibrium dissociation constant (KD) can have very different on (kon) and off rates (koff) it is 

important to find a high-throughput method for determining the kinetics of the interaction. One 

approach can be to apply the peak profile method to weak affinity chromatography (WAC) to provide 

the kinetics of the interaction from fragment-based screening. The peak profile method has an 

advantage compared to other methods, for example the plate height method, in that it is easy to 

perform and therefore allow for high throughput. (Zopf 1990; Ohlson, Bergström et al. 1997; Schiel 

and Hage 2009) 

 

High performance liquid chromatography 

 

Chromatography is an important set of separation techniques first invented 1906 by the Russian 

botanist Mikhail Tswett. It can be used to identify and separate substances that can be impossible to 

separate in other ways. Chromatography is used today in all branches of science. High performance 

liquid chromatography (HPLC) is a type of column chromatography with applied high pressure. In 

column chromatography the samples are eluted with a mobile phase through columns containing a 

stationary phase that is intended to interact with the sample contents. HPLC uses a liquid as the 

mobile phase and a liquid pump to force the mobile phase through the system. The samples are 

introduced with an injector to the flow of mobile phase. If a substance in the injected sample 

interacts and bind weakly to the stationary phase in the column it will only be bound for a limited 

time due to the equilibration of the association / dissociation reaction between the injected 

substance and the stationary phase. Fresh mobile phase is constantly pumped through the column 

with a consistent linear flow-rate. The time it takes for half of the injected amount of a substance to 

elute through the column, affected by interactions with the stationary phase, is referred to as the 
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retention time (tR) of the substance. These interactions can differ between analytes in the sample 

which will result in them to elute at different times. To determine the retention time a detector that 

responds to the analyte concentration in the mobile phase can be used to measure the response of 

the elute as it leaves the column. If a protein is immobilized to the stationary phase and known 

binders are injected this method can be used to investigate the binding kinetics. The measured 

response can be plotted against the elution time or the eluted volume of mobile phase resulting in 

what is referred to as a chromatogram. The signal peaks provided by chromatograms can be used to 

quantify and identify substances or to evaluate the kinetics of the interaction between a substance 

and the stationary phase. (Skoog, Holler et al. 2007) 

 

Weak affinity chromatography and the peak profile method 

 

Transient (weak) interactions (KA < 105 M-1) are used in WAC, a type of high performance liquid 

affinity chromatography (HPLAC), as a tool for separation and analysis of substances. What separates 

this technique from other chromatography procedures is the use of a low affinity immobilized ligand 

of high concentration relative to the injected analyte. (Bergström 2006) 

The peak profile method utilizes the kinetic 

band-broadening due to the interaction between 

the injected analyte and the immobilized phase 

for kinetic studies. It has an advantage in 

comparison to the plate height method in that 

the calculations are easier which allows for 

higher through-put. The retention time and 

variance is directly related to the interaction 

kinetics and can be used in the peak profile 

method to determine kon, koff and KD. The peak of 

a retained analyte can be compared to the peak 

of a non-retained analyte (figure 1) to calculate 

the contribution of the analyte-ligand interaction 

to the retention time and the peak variance. 

Values for koff and kon can be calculated using 

equation (1) and (2). (Denizot and Delaage 1975; 

Talbert, Tranter et al. 2002) 

 

Figure 1. I llustration of retention time (t) and peak width 

(σ) of chromatographical peaks by the injection of a  

reta ined and non-retained analyte respectively. The peak 

of a  reta ined analyte will be broader due to kinetic effects 

and can be compared to the peak of a  non-retained analyte 

to eva luate interaction kinetics. (Talbert, Tranter et al. 

2002) 
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[Receptor] is the concentration of active sites in the column derived from the total amount of 

available active sites within the column (Btot) and the column mobile phase volume. Btot can be 

provided by using frontal chromatography and the column mobile phase volume (V0) can be provided 

by injecting a non-retained analyte and subtract for extra-column volume. tR and t0 are the mean 

retention time on an active and inactive column while σR
2 and σ0

2 are the corresponding mean 

variances of the obtained peaks. Extra column contributions can be estimated by injecting the 

analytes respectively without a column installed. They can then be corrected for by subtracting them 

from the mean retention time and peak variance used in the equations. Retention time and peak 

variance are determined as statistical moment 1 (M1) and statistical moment 2 (M2), respectively. 

M1 is the mean retention time at the center of gravity for a peak and is derived from equation (3) 

considering the peak as sum of a predetermined number of theoretical area slices. M2, derived from 

equation (4) is a measure of lateral spreading and includes the variances provided by all different 

parts in the system. (Agilent Technologies 2007) 
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ta is the time for the first are slice (the peak starting point), d t is the time between adjacent slices and 

Ai is the area of slice i. 

 

Zonal chromatography 

 

Injecting small loads of sample, at a low concentration compared to the immobilized substance, into 

the column and analyzing the peak retention time and variance could be described as zonal 

chromatography. The interaction between the ligand and the injected binder is described by 

equation (5). 

           (5) 



 

8 

 

A and B are the analyte and the target protein respectively. AB corresponds to the analyte-protein 

complexes. When equilibrium is set the affinity constant (KA) can be defined as: 

   
    

      
     (6) 

In which the square parentheses depict molar concentration. Equation (6) can be further extended to 

equation (7) which is called the Langmuir equation. 

     
         

       
    (7) 

[B0] is the total target protein concentration in the column, both in free form and in complexes, 

explained by equation (8). 

                 (8) 

Since only a low volume and concentration of analyte is injected into the column, [A]·KA can be 

considered to be much lower than 1, equation (7) can be simplified into equation (7). 

                  (9) 

The retention factor (k´) is the ratio between the retained volume during stationary phase in the 

column and the volume eluted for a non-retained substance. This is shown by equations (10) and 

(11). 

   
      

     
     (10) 

   
     

  
     (11) 

VS is the stationary phase volume, VR is the volume of mobile phase needed to elute an analyte and 

Vm is the eluted mobile phase for an injection of a non-retained substance. 

If equation (9) and (10) are assembled together they can be simplified to equation (12) which in turn 

can be further assembled with equation (11) to form equation (13). The last equation tells us that the 

retention time of the injected analyte is directly proportional to the amount of immobilized target 

protein and the affinity. The relation is valid in the linear isotherm range when [A]·KA is much less 

than 1. (Bergström 2006) 

   
        

  
     (12) 

                        (13) 
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When determining the band-broadening caused by the kinetics of the interaction it will be easier the 

less band-broadening there is from other sources. If high enough flow-rates are used the 

contribution in band-broadening from the kinetics of the interaction will increase. This can be 

expressed as the critical ratio (η) using equation (14). The critical ratio equation is in principal a quote 

of the plate height of a retained peak and a non-retained peak. When the critical number is less than 

or equal to 1, the flow-rate is low enough to allow for equilibrium to establish in the pores and the 

kinetic parameters will therefore not affect the band-broadening why they cannot be extracted from 

the resulting chromatograms. (Talbert, Tranter et al. 2002) 

  
     

     
     (14) 

The column efficiency can be described as the height equivalent to a theoretical plate (HETP) and is 

the sum of a series of band-broadening factors as described in equation (15). These include the 

mobile phase mass transfer (Hm), longitudinal diffusion (HL), stagnant mobile phase mass transfer 

(Hsm) and stationary phase mass transfer (Hk). (Schiel and Hage 2009; Tong, Schiel et al. 2011) 

     
   

 

  
                 (15) 

L is the length of the column and Hm is the band-broadening due to different inter-particle migration 

pathways for the analyte through the column. HL refers to the axial diffusion of the analyte. Hsm is a 

measure of the band-broadening that occurs when the analyte move back or forth between a 

stagnant mobile phase within the silica pores and Hk is the band-broadening due to analyte-

stationary phase binding. The number of theoretical plates (N) for the column can then be provided 

by equation (16). 

  
 

    
     (16) 

 

The van Deemter equation (17) is a way of expressing how the total plate height is influenced by the 

different band-broadening factors.   

        
  

 
        (17) 

C is the resistance to mass transfer coefficient and describes the band-broadening in the stationary 

phase and the difference in mobile face velocity near the stationary phase or near the walls of the 

column and u is the linear velocity of the mobile phase. C is the most important factor in the van 

Deemter equation when working with HPLC and the only factor evaluated in this study since it is in 

the peak profile formula, equation (1) and (2), assumed that all band-broadening other than what is  
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caused by the stationary mass transfer are 

negligible or the same for both retained and non-

retained analyte and therefore subtracted. Band 

broadening due to the C-term increases with an 

increase in linear flow-rate as can be described by 

the van Deemter curve (figure 2). It is normally 

preferable to work at a linear flow-rate 

corresponding to the lowest value for HETP to 

minimize the band-broadening and to increase the 

column efficiency. In this study the band-

broadening due to the kinetics of the interaction, 

which is part of the C-term, is evaluated and 

therefore it is preferable to work at higher linear flow-rates where the band-broadening 

contributions due to the C-term are higher. (Dong 2006) 

 

Frontal chromatography 

 

Frontal chromatography can be used as a method 

to determine Btot and to get an estimate of KD for 

the analyte-protein interaction in the column. A 

series of varying analyte concentrations, ranging 

from below to above expected KD, is injected with 

a high injection volume in relation to the amount 

of immobilized protein. It is important that the 

injection volume is high enough to saturate the 

active sites in the column why higher injection 

loads are required when more protein is 

immobilized on the column. The resulting break-

through curves will reach a plateau when all 

possible binding sites are occupied (figure 3) and 

the midpoint of the front of each curve 

represents the point in time when equilibrium is reached. The midpoints can be obtained from peak 

apex of the first derivative of the saturation curves and can be used to calculate the amount of 

analyte that is needed to reach equilibrium at each concentration (which is equal to the amount of 

 

Figure 2. I llustration of the van Deemter curve and how 

HETP is  influenced by Hm, HL, C and u as described by the 

van Deemter equation (17). The contribution to band-

broadening by the C-term is higher at higher flow-rates 

which is preferable in this s tudy. (Dong 2006) 

 

Figure 3. I llustration of the overlaid break-through curves 

obta ined from injecting high loads of varying 

concentrations analyte  in frontal chromatography. The 

curves  will reach a  plateau when the column immobilized 

target protein is completely saturated. (Bergström, Liu et 

a l . 2009) 
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complexes formed). If the amount of analyte required to reach equilibrium is plotted against the  

concentration of the analyte a Langmuir binding isotherm will be obtained according to equation (7). 

The Langmuir isotherm will level out as it reaches concentrations high enough to occupy all active 

sites at equilibrium, in other words when all bindings sites in the column is saturated. When there is 

non-specific binding involved the Langmuir isotherm will not level out but continue to rise  even for 

higher concentrations. To estimate the influence of the non-specific binding another frontal analysis 

can be made after inactivating the column. Computer software like GraphPad Prism (GraphPad Prism 

Inc., San-Diego, CA, USA) can be used to estimate the non-specific contribution by fitting different 

binding models to the obtained values. (Mendel and Mendel 1985; Kasai, Oda et al. 1986) 

 

Human α-thrombin and benzamidines 

 

Thrombin is a serine protease, encoded by the F2 

gene in humans, and is an important part of the 

coagulation cascade. It catalyzes the formation of 

fibrin and helps to stabilize the fibrin network 

through the activation of coagulation factor XIIIa. 

It is also a potent vasoconstrictor. (Widmaier, Raff 

et al. 2008) For that reason, thrombin is an 

important target protein when working with 

cardiovascular diseases such as ischemia and 

infarctions. 

The benzamidines used in this study bind to α-

thrombin Asp189 and Gly219 residues in the S1 

binding pocket at the bottom of the active site 

(figure 4, 5). The interaction is weak (KD of 10-5–

10-4 M) and made up of hydrogen bonds at the 

amidine part of the benzamidines. (Böhm, Banner 

et al. 1999) When inhibiting the active site on the 

α-thrombin molecule the choice of inhibitor substance is of great importance due to the fact that  

many natural proteinase inhibitors are working poorly on thrombin. This is believed to be caused by 

the characteristic thrombin loop around Tyr60A, Pro60B, Pro60C and Trp60D (figure 5) restricting the 

active site (Bode, Mayr et al. 1989).  

 

Figure 4. 4-ABA docking in the S1 binding pocket of α-

thrombin at the bottom of the active site form hydrogen 

bonds to the α-thrombin residues Asp189 and Gly219. 

Docking was performed by Glide v.5.0 (Schrodinger suit 

2010) us ing protein crystal struture PDB ID 1K22. 

(Dul lweber, Stubbs et a l. 2001) 
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One inhibitor for which thrombin has been 

shown to have a high specificity is however D-

Phe-Pro-Arg-chloromethylketone (PPACK) 

which makes it a good choice for inhibition of 

thrombin. The reason for the high binding 

specificity could be PPACK being affected by a 

hydrophobic cage caused by Ile74, Trp215, 

Leu99, His57, Tyr60A and Trp60D on the 

thrombin molecule. PPACK is able to bind 

covalently both to Ser195 and His57 (Böhm 

and Schneider 2003), 2 residues of the 

catalytic triad, at the active site making it a 

very effective and irreversible inhibitor. 

 

 

 

 

Aim 

 

The aim of this examination project work was to evaluate the peak profile method applied to weak 

affinity chromatography as a tool for determining the kinetics of the interaction, kon and koff, for 

different molecular fragments using human α-thrombin as target protein. 

 

 

 

 

 

 

 

 

Figure 5. 4-ABA docks in the S1 binding pocket of α-thrombin  

at the bottom of the active site. The characteristic thrombin 

loop around Tyr60A, Pro60B, Pro60C and Trp60D, seen at the 

upper left corner of the figure, restricts the binding of different 

compounds to the active site. Docking was performed by Glide 

v.5.0 (Schrodinger suit 2010) using protein crystal s truture  

PDB ID 1K22 (Dul lweber, Stubbs et al. 2001) 
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MATERIALS AND METHODS 

Agilent 1100 series HPLC platform (Agilent Technologies, Santa Clara, CA, USA) with a multiple 

wavelength detector was used for all chromatography procedures. Signal acquisition and analysis 

were performed with Agilent ChemStation software (version Rev. A.10.02. [1757]). All 

chromatograms were integrated using ChemStation software after manual correction of the 

integration lines. The peak retention time was statistical moment 1 and the peak variance was 

statistical moment 2, also calculated by ChemStation software and corrected for extra column 

contributions. Benzamidine (BA), 3-aminobenzamidine (3-ABA) and 4-aminobenzamidine (4-ABA) 

(figure 6) were detected at 254 ± 8 nm and dimethyl sulfoxide (DMSO) was detected at 214 ± 8 nm 

with a detector response of 20 Hz for the whole procedure.  

 

Figure 6. Structure of used analytes, non-retained substance, acid for oxidation of diol silica and α-thrombin inhibitor. (1) 

benzamidine (BA). (2) 3-aminobenzamidine (3-ABA). (3) 4-aminobenzamidine (4-ABA). (4) periodic acid. (5) dimethyl 

sul foxide (DMSO). (6) D-Phe-Pro-Arg-chloromethylketone (PPACK). 
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The injection volume for each sample was 5 µL, running flow-rates were 0.2, 0.8 and 1.6 mL·min-1 and 

the flow-rate accuracy was confirmed by weighing elute. Column temperature was kept constant at 

22 ºC using a LCO 102 column oven (ECOM, Praha, Czech). All chemicals used in the project were at 

analytical grade or higher and purchased from Sigma-Aldrich (St. Louis, MO, USA), if not otherwise 

stated. All mobile phases used with HPLC were filtered with a 0.45 µm disposable bottle top filter 

(Sarstedt Inc, Newton, NC, USA). Also, for the whole procedure, an MP220 pH-meter (Mettler Toledo 

AG, Schwerzenbach, Switzerland) was used for pH measurements and a College B154 analytical 

weighing scale and a College B502 weighing scale (Mettler-Toledo AB, Stockholm, Sweden) were 

used for weighing chemicals. 

Before the below described procedures α-thrombin was immobilized to a similar column and then 

used for frontal and zonal chromatography with the same conditions. This column will be referred to 

as the first column. The amount of immobilized α-thrombin on that column was 1.13 mg determined 

by measuring the injection solute and the elute using a Nanodrop ND-1000 spectrophotometer 

(Saveen Werner, Limhamn, Sweden). Frontal chromatography with the first column was performed 

by injecting 10 concentrations of 3-ABA 0.0375, 0.050, 0.075, 0.100, 0.200, 0.150, 0.300, 0.400, 

0.600, 0.800 mM and with the injection volume first set to 100 µL but  later increased to 500 µL to 

obtain better break-through curves.  

 

Dialysis and immobilization of α-thrombin 

 

α-Thrombin was purified from 80 µL α-thrombin solution (97 mg/mL α-thrombin, 5% sucrose, 0.15 M 

NaCl, 0.15 M arginine, 0.15 M lysine and 0.15 M glycine, pH 7.0) (Octapharma, Stockholm, Sweden) 

using a Slide-A-lyzer® mini dialysis unit (Pierce Biotechnology, Rockford, IL, USA) with molecular 

weight cut off of 10 000. Dialysis was performed 3 times for 1, 3 and 5 hours at 4ºC, each time with 1 

L sodium phosphate 0.1 M, pH 7.0. 

The column used was a 35 x 2.1 mm stainless steel column (Hichrom, Berkshire, United Kingdom) and 

was packed with spherical Kromasil® silica particles with the average size of 5 µm and the pore size of 

300 Å (EKA Chemicals, Bohus, Sweden). The silica was packed using an air-driven liquid pump (Haskel, 

Burbank, CA, USA) with isopropanol as mobile phase and at 300 bar pump pressure. The silica 

particles were silanized to diol silica as per standard procedures (Bergström, Liu et al. 2009). The diol 

silica was washed with methanol (30 minutes, 0.2 mL·min-1) and then with Milli-Q water (Millipore, 

Billerica, MA, USA) (15 minutes, 0.2 mL·min-1). Oxidation of diol groups into aldehydes was 

performed injecting 0.1 mL 120 mg/mL periodic acid (in Milli-Q water, filtered with Acrodisc® 0.2 µm  
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PTFE membrane syringe filter (Pall Life Sciences, 

Stockholm, Sweden) 10 times with 12 minutes 

post run time for each injection and with flow-

rate scheme as in table 1 for each cycle. After 

that, the column was rinsed with Milli-Q water 

(30 minutes, 0.2 mL·min-1) and then equilibrated 

with 0.1 M sodium phosphate, pH 7.0, (20 

minutes, 0.2 mL·min-1) before immobilizing 

thrombin. The α-thrombin was, after dialysis, 

diluted with sodium phosphate 0.1 M, pH 7.0, and cyanoborohydride 100 mg/mL in sodium 

phosphate 0.1 M, pH 7.0, to a total volume of 650 µL. The resulting cyanoborohydride concentration 

was 10 mg/mL and the α-thrombin concentration was 2.81 mg/mL. The α-thrombin solution was 

injected 6 times, with the same flow-rate scheme as for the periodic acid injections, 100 µL injection 

volume, 120 minutes post run time and 0.1 M phosphate buffer, pH 7.0 as mobile phase. The UV 

absorbance of the solution was measured at 280 nm, after diluting 50 times with sodium phosphate 

0.1 M, pH 7.0, using a DU-640 spectrophotometer (Beckman Coulter Inc, Brea, CA, USA) to estimate 

the protein concentration. Immobilization efficiency was estimated to 94 % by measuring the 

absorbance of the elute at 280 nm and comparing the calculated α-thrombin concentrations before 

and after immobilization. The immobilization was done by covalent coupling using reductive 

amination by allowing primary amines in the α-thrombin molecules to react with the silica aldehyde 

groups in the column. The Schiff base intermediates that were formed in the immobilization step 

were reduced to more stable secondary amines by reaction with the included sodium 

cyanoborohydride. 

 

Frontal chromatography  

 

Frontal chromatography was performed using buffer containing 10 mM sodium phosphate, 0.15 M 

sodium chloride, pH 7.4, (PBS), as mobile phase and by injecting a series of 9 concentrations of 3-

ABA, 0.0625, 0.094, 0.125, 0.1875, 0.25, 0.375, 0.50, 0.75, 1.00 mM. DMSO (5 % in PBS) was used as 

non-retained analyte to calculate for void volume. A 1.0-mL injection loop was installed to allow 

injection volume of 1.0 mL and the flow-rate was 0.2 mL·min-1. Before the first injection the column 

was equilibrated with PBS for 20 minutes at the same flow-rate. Peak apex of the first derivative was 

used to obtain the inflection point, also known as the point of equilibrium, for the front of each 

curve. The adjusted retention volume (apparent retention volume subtracted the extra column 

Table 1. Flow-rate scheme for injection of periodic acid, 

α-thrombin and PPACK 

Time (min) Flow-rate (mL·min-1) 

0 0 

0.1 0.1 

1.1 0.1 

1.2 0 
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volume) was calculated for each 3-ABA concentration and used further to calculate the number of 

moles required to reach equilibrium for each concentration. That equals to the amount of complexes 

formed between 3-ABA and α-thrombin for each specific concentration of 3-ABA injected. A 

Langmuir binding isotherm was obtained by plotting the number of complexes at equilibrium against  

the corresponding concentrations of 3-ABA. The plot was evaluated using the non-linear regression 

model “one site- total and non-specific binding” and GraphPad Prism 5. KD and Btot was obtained 

from the fitting of the model. 

 

Zonal chromatography 

 

The 4 analytes, DMSO, 3-ABA, 4-ABA and benzamidine, all at the concentration of 0.1 mM in PBS, 

were injected 6 times repeatedly at each of the 3 used linear flow-rates, 0.2, 0.8 and 1.6 mL·min-1. 

The analytes were also injected 10 times repeatedly without a column installed and with the same 

conditions as before to calculate for extra column contributions on peak retention time and variance. 

The injections were performed after equilibrating the system with PBS (20 minutes at 0.2 mL·min -1).  

 

Inactivation of α-thrombin 

 

The column α-thrombin was inactivated by the injection of 100 µL 1.5 mg/mL PPACK (Santa Cruz 

Technology, Heidelberg, Germany) using the same injection flow-rate scheme as for periodic acid 

injections during the immobilizing step. The inactivation was confirmed by comparing the peak 

retention time for 5 µL injection of 0.1 mM 3-ABA at 0.2 mL·min-1 before and after the injection of 

PPACK. To check for complete inactivation of the immobilized α-thrombin PPACK was injected again 

and after that 3-ABA peak retention time was compared with the same conditions as for the first 

injection to confirm that the retention time was constant. 

 

Zonal and frontal chromatography on inactivated column 

 

Another zonal and frontal chromatography was done on the now inactivated column with the same 

conditions and analytes as before. All analytes during zonal chromatography were injected 6 times 

repeatedly at each flow-rate with PBS as mobile phase. The resulting mean statistical moment 1 and 

2 for each analyte and at each flow-rate was compared to those obtained in the zonal 

chromatography on the active column to calculate specific KD values. The column efficiency was 
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determined by calculating the plate number and plate height using equation (15). The values of kon 

and koff could be calculated using equations (1) and (2) according to the peak profile method.  The 

standard deviation (SD) and the coefficient of variation (CV) of statistical moment 1 and 2 were 

calculated to determine the precision of the peak retention time and variance. The retention factor 

was calculated according to equation (11). (Talbert, Tranter et al. 2002) The statistical moment 1 and 

2, before and after inactivation of the column, were also used to determine the critical ratio as 

described by equation (14). 
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RESULTS AND DISCUSSION 

Evaluation of results from the first column 

 

The reason for why the injection volume of 3-ABA in the frontal chromatography was elevated to 500 

µL was because the resulting break-through curves did not reach a plateau for all concentrations 

used when injecting only 100 µL 3-ABA (figure 7). After increasing the injection volume curves from 

concentrations above 0.4 mM 3-ABA dipped at the plateau region possibly caused by a detection 

limit (figure 8) and was excluded when Btot (88.2 nmol)  was determined with GraphPad Prism 5. 

 

Figure 7. Overlaid break-through curves obtained from injections of 100 µL 3-ABA concentrations 

ranging from 0.0375 to 0.80 mM and DMSO (5 % in PBS) using a  35 x 2.1 mm column immobilized 

with α-thrombin. The solid blue peak i s DMSO and the other peaks are 3-ABA with the lowest peak 

being the lowest concentration.  

 

 

Figure 8. Overlaid break-through curves obtained from injections of 500 µL 3-ABA at 

concentrations ranging from 0.0375 to 0.80 mM and DMSO (5 % in PBS) at the flow rate of 0.2 

mL·min -1 using a  35 x 2.1 mm column immobilized with α-thrombin. The solid blue peak is DMSO 

and the other peaks are 3-ABA with the lowest peak being the lowest concentration.  
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Since the estimated Btot was higher than the immobilized amount (1.13 mg α-thrombin 

corresponding to 30.7 nmol) the determined Btot was inaccurate. A reason for this could be not using 

high enough concentrations for GraphPad Prism to accurately estimate the non-specific binding as a 

linear function. The kinetics of the interaction was not calculated for the first column since the 

difference in peak retention time and variance before and after inactivation was estimated to be too 

low (figure 9). 

 

Figure 9. Graph of  overlaid peaks obtained from injections of 5 µL 4-ABA at 0.1 mM, on a  35 x 2.1 

mm column immobilized with α-thrombin, before and after inactivating the column and at the flow 

rates  of 0.2 mL·min-1 and 1.6 mL·min-1. The green and the purple peak are 5 µL 4-ABA injected on 

active and inactive column respectively at 0.2 mL·min
-1

. The blue and the red peak  are the same 

injections on active and inactive column at 1.6 mL·min -1.  

 

Dialysis and immobilization efficiency 

 

The second column was introduced to increase the peak retention time and variance difference 

between retained and non-retained peaks on the active and the inactive column by immobilizing 

more protein on the column. Out of the 7.76 mg α-thrombin (80 µL solution) used for the second 

column 3.05 mg remained after dialysis. The total loss of α-thrombin due to dialysis was 61 % and 

was higher than for the first column when 42 % α-thrombin was lost. Since α-thrombin is relatively 

expensive there is clear motive to work for improved dialysis efficiency for future studies. The 

immobilization step was, however, more efficient resulting in 94 % (2.64 mg) of the injected 2.81 mg 

α-thrombin bound to the column.  
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Calculation of Btot and KD by frontal chromatography 

 

Since saturating the first column during frontal analysis was not achieved and since the second 

column was immobilized with more than twice the amount of α-thrombin compared to the first 

column the injection volume for frontal analysis on the second column was elevated further to 1 m L. 

The higher amount of analyte used resulted in break-through curves with much clearer plateaus than 

before (figure 10). 

 

Figure 10. Graph of the overlaid break-through curves obtained from injections of 1 mL 3-ABA 

concentrations ranging from 0.06 to 4.0 mM and DMSO (5 % in PBS) at the flow rate of 0.2 

mL·min -1 using a  35 x 2.1 mm column immobilized with α-thrombin. The solid blue peak is DMSO 

and the other peaks are 3-ABA with the lowest peak being the lowest concentration.  

 

The curves for the highest concentrations used still dipped at the plateau region but now only for 

concentrations above 1.0 mM. This could possibly have been resolved by using a different 

wavelength but since more than enough concentrations were used the concentrations above 1.0 mM 

could instead be excluded when Btot was determined. 

The specific Btot was determined to 32.5 nmol, with GraphPad Prism using the non-linear regression 

model “one site total and non-specific”. It corresponded to 45 % of the immobilized α-thrombin 

content which was close to the approximated expectation of 50 %. The specific KD for 3-ABA was 

determined to 89 µM which is less than the expected value of approximately 170 µM (Böhm, Banner 

et al. 1999). Average Btot and KD were determined, by using the non-linear regression model “one site 

total” with GraphPad Prism, to 31 nmol and 114 µM respectively. The inflection points for 3-ABA 

concentrations above 0.125 mM, obtained from the frontal analysis, were lower for the active 

column compared to the inactive column which implies that the nonspecific binding alone was bigger 

than the nonspecific and specific binding together. This is not possible and an explanation could be 
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changes in the non-specific binding upon PPACK inactivation. This would influence on the analyte 

retention time in the zonal analysis and thus the calculation of kinetics of the interaction. 

 

Chromatogram characterizations 

 

The peak retention time was consistent at all flow-rates and for all analytes shown by low coefficient 

of variation (table 2). The peak variance was less consistent than the peak retention time, shown by 

high values for coefficient of variation (table 3), probably caused by random inconsistency in the 

manual peak integration. (Stevenson, Gritti et al. 2011) The coefficient of variation ranged from 0.8 - 

36 %. The retention factors were consistent for the first 2 flow-rates (table 4) but slightly lower for 

the highest flow-rate which implies that it might be too high to allow the analyte to interact with the 

immobilized protein in the column. 

The extra column volume was calculated to 36 µL which probably was deviating from the true value 

because of a possible communication problem involving the Agilent ChemStation software. The time 

counting was out of sync with the detector and the peaks started slightly before the starting point of 

the chromatograms. Since the extra column time was needed for calculating the kinetics of the 

interaction, according to equation (1) and (2) the communication problem affected the resulting on 

and off rates. 

Table 2. Peak retention time (tR) in minutes for each of the 3 flow-rates (F1 0.2 mL·min-1, F2 0.8 mL·min -1 and F3 1.6 

mL·min -1) and coefficient of variation (CV) in percent. 

 tR (min) F1 CV (%) tR (min) F2 CV (%) tR (min) F3 CV (%) 

 Active column 

3-ABA 2.13 0.5 0.51 1.3 0.24 2.0 

4-ABA 3.25 0.2 0.77 1.0 0.36 0.7 

BA 1.51 0.4 0.37 1.0 0.18 0.6 

DMSO 0.75 0.1 0.18 0.1 0.09 0.2 

 Inactive column 

3-ABA  1.45 0.3 0.34 0.4 0.18 1.9 

4-ABA 1.36 0.3 0.30 0.7 0.15 1.6 

BA 1.00 0.2 0.25 0.4 0.13 1.7 

DMSO 0.73 0.3 0.17 0.7 0.09 1.0 
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Table 3. Peak variance (σ2) for each of the 3 flow-rates (F1 0.2 mL·min-1, F2 0.8 mL·min -1 and F3 1.6 mL·min-1) and 

coefficient of variation (CV) in percent. 

 σ2
 F1 CV (%) σ2

 F2 CV (%) σ2
 F3 CV (%) 

 Active column 

3-ABA 0.46 15 2.4 · 10-2 18 4.9 · 10-3 11 

4-ABA 0.25 3.6 1.9· 10-2 19 3.6 · 10-3 12 

BA 0.10 8.6 5.7 · 10-3 36 8.7 · 10-4 20 

DMSO 1.3 · 10-2 1.7 8.4 · 10-4 2.5 3.2 · 10-4 0.8 

 Inactive column 

3-ABA 0.15 2.6 1.0 · 10-2 4.0 7.2 · 10-3 17 

4-ABA 0.14 4.0 4.5 · 10-3 3.4 3.0· 10-3 15 

BA 1.3 · 10-2 2.5 1.1 · 10-3 4.7 1.5 · 10-3 18 

DMSO 5.2 · 10-3 5.3 3.4 · 10-4 4.7 1.8 · 10-4 9 

 

Table 4. Retention factor for each of the 3 flow-rates (F1 0.2 mL·min -1, F2 0.8 mL·min-1 and F3 1.6 mL·min-1) and analyte on 

active and inactive column.  

 k´ F1 k´ F2 k´ F3 k´ F1 k´ F2 k´ F3 

 Active column Inactive column 

3-ABA 1.83 1.83 1.68 1.0 0.95 1.08 

4-ABA 3.32 3.26 3.02 0.87 0.70 0.76 

BA 1.00 1.05 0.99 0.38 0.44 0.54 

 

Calculation of the critical ratio and HETP 

 

The critical ratio, calculated for the second column, was 

lower than 1 even at the highest flow-rate (table 5). This 

indicated that it was impossible to get any kinetic 

information from the obtained values. Calculating the 

kinetics of the interaction should result in negative and thus 

also inaccurate values. This could be caused by the flow-

rates not being high enough for detecting the contribution 

to band-broadening from the kinetics. Too low flow-rates could allow equilibrium to establish in the 

pores and the kinetic parameters would then not affect the band-broadening. (Talbert, Tranter et al. 

2002)  

Table 5. The cri tical ratio (η) for 4-ABA at the 

3 flow-rates (F1 0.2 mL·min-1, F2 0.8 mL·min -1 

and F3 1.6 mL·min -1) and the 2 columns. 

4-ABA   F1      F2 F3 

 Critical Ratio (η) 

Column 1 0,98 1,11 0,51 

Column 2 0,53 0,74 0,42 
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Since the band-broadening was to be evaluated a 

high amount of band-broadening and thereby a high 

value for HETP was desired but an increased plate 

height could also be caused by the analyte transfer 

rate in and out of the silica pores being too low as 

indicated by the low critical ratio. An increase in 

flow-rate would increase the mass transfers rate in 

and out of the silica pores and thereby reduce the 

plate height why a lower value of HETP could be better in this case. HETP for benzamidine and for 3-

ABA (table 6) were significantly lower at the highest flow-rate, 1.6 mL·min-1, possibly indicating that 

the mass transfer rate in and out of the silica pores was higher. HETP for 4-ABA at the flow-rate of 0.2 

mL·min-1 deviated from the trend of HETP being lower for higher flow-rates but could be due to 

faults in the calculations from the method as such. 

 

Calculation of the kinetics of the interaction 

 

The specific kon and koff (table 7) were calculated from equation (1) and (2) by using peak retention 

time and variance from injections of the analytes on an inactivated column as non-retained values 

(Denizot and Delaage 1975). The receptor concentration was derived from Btot estimated in frontal 

chromatography and the column void volume estimated by injection of DMSO (Talbert, Tranter et al. 

2002). All values were corrected for extra column contribution. Specific KD (table 8) was calculated by 

dividing specific koff with kon. Specific KD was determined as much higher than the approximated 

expectation (Böhm, Banner et al. 1999). Specific kon and koff resulted in negative values and were 

therefore invalid. 

The average KD, kon and koff relates to all interactions happening in the column including the non-

specific binding and were calculated with the same procedure as for the specific K D, kon and koff 

except using average Btot, derived from the non-linear regression model “one site total” in GraphPad 

Prism 5, and by using DMSO as non-retained substance. The highest flow-rate provided a slightly 

higher KD for 3-ABA and benzamidine. 

 

 

 

Table 6. The height equivalent to a  theoretical plate 

(HETP) for the analytes at the 3 flow-rates (F1 0.2 

mL·min -1, F2 0.8 mL·min -1 and F3 1.6 mL·min-1). 

 F1 F2 F3 

 Height of a theoretical plate (µm) 

3-ABA 4155 3701 3424 

4-ABA 912.1 1205 1064 

BA 1985 1699 1042 
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Table 7. Specific and average kon, koff and KD for the 3 flow-rates (F1 0.2 mL·min -1, F2 0.8 mL·min-1 and F3 1.6 mL·min-1) and 

the 3 analytes 3-ABA, 4-ABA and benzamidine all at the concentration of 0.1 mM. 

 F1 F2 F3 F1 F2 F3 

 Specific kinetics and KD Average kinetics and KD 

3-ABA       

kon (M
-1 s-1) 3.3 · 103 -1.7 · 104 -3.0 · 102 9.4 · 102 3.6 · 103 1.0 · 104 

koff (s
-1) 2.0 · 10-1 -9.3 -2.3 · 10-1 1.2 · 10-1 4.2 · 10-1 1.3 

KD (µM) 587 533 770 119 117 123 

4-ABA       

kon (M
-1 s-1) -5.0 · 102 -6.5 · 103 -2.2 · 103 8.0 · 103 1.2 · 104 6.8 · 104 

koff (s
-1) -9.8 · 10-2 -1.1 -4.2 · 10-1 5.3 · 10-1 7.1 · 10-1 4.7 

KD (µM) 195 162 192 66 65 70 

BA       

kon (M
-1 s-1) 4.5 · 102 2.0 · 103 -1.0 · 103 1.4 · 103 4.7 · 103 3.8 · 104 

koff (s
-1) 2.3 · 10-1 1.1 -7.3 · 10-1 3.1 · 10-1 9.3 · 10-1 7.8 

KD (µM) 511 530 723 215 198 204 

 

Table 8. Mean specific and average KD for the 3 flow-rates(F1 0.2 mL·min-1, F2 0.8 mL·min -1 and F3 1.6 mL·min -1)  and the 3 

analytes 3-ABA, 4-ABA and benzamidine all at concentration of 0.1 mM. Expected specific KD va lues were collected from 

(Böhm, Banner et al. 1999). 

 Specific mean KD (µM) Average mean KD (µM) Expected mean KD (µM) 

3-ABA 631 120 170 

4-ABA 183 67 34 

BA 588 206 250 
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CONCLUSIONS 

The challenge of this study was to get a high enough band-broadening due to protein-analyte 

interaction to calculate the on and off rate constants using WAC and the peak profile method. 

However, the used flow-rates were not high enough to determine the specific kinetics as implied by 

the low critical ratio and by the high plate height. It is preferable to use higher flow-rates because it 

limits the effect of mass transfer so that the kinetics can be seen easier. This is possible since th e 

column back pressure (134 bar at the highest flow-rate) did not reach the full system potential (400 

bar). Using higher flow-rates could result in more imprecise values for the peak variance as can be 

derived from the coefficient of variation rising with the flow-rate. Since the peak variance is the most 

deviating value used in this study for providing the kinetics of the interaction the next step could be 

to work for better estimation of peak variance. Another way to see the kinetics of the interaction 

more clearly is to increase the amount of immobilized protein and thus increase the band-

broadening effect from specific protein-analyte interaction. This was done for the second column by 

using more starting material but can be further increased in future columns. 

 

It is also possible that PPACK had a significant effect on the non-specific binding resulting in 

inaccurate estimates of the kinetic band-broadening and this is a reason for other inhibitors to be 

tried. The software-HPLC platform communication error influenced on the resulting on and off rate 

constants since the extra column volume was affected but the fault was small and should not 

influence the result to this extent. It can however be a good idea to calculate for the software-HPLC 

platform mismatch for future studies. 
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