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Abstract 
Fragment based lead discovery (FBLD), where libraries of small fragments are screened and 
later on developed to lead compounds, is an alternative to the classical drug discovery 
methods such as high trough-put screening. Weak affinity chromatography (WAC) is a new 
promising approach to the screening process of FBLD. WAC is performed by injections of 
fragments onto a high performance liquid chromatography (HPLC) column in which a 
protein is immobilized to a silica support. The retention of the injected fragments is 
correlated to the binding affinity of the fragments towards the immobilized protein. 
Immobilization capacity of three different silica materials with varying pore size (Kromasil 
240 Å, Nucleosil 1000 Å and Kromasil 300 Å) was evaluated by immobilization of trypsin. 
Retention of benzamidines on the trypsin columns was evaluated with different mobile 
phases. Contribution of non-specific binding in the interaction between the 4-amino-
benzamidine and thrombin was estimated by frontal chromatography on a capillary column 
using PBS and PBS/acetonitrile as mobile phases. This study showed that the Kromasil 300 
Å had a superior immobilization capacity of trypsin compared to the Kromasil 240 Å and 
the Nucleosil 1000 Å (100 mg compared to 87.4 mg and 15.1 mg trypsin/g silica, 
respectively). However, the Nucleosil 1000 Å might be a more suitable support for the 
immobilization of larger proteins. Adding 5 % methanol or acetonitrile to the mobile phase 
resulted in a significant (p < 0.05) decreased retention of benzamidine fragments on the 
trypsin 240 Å column. Non-specific binding between thrombin and 4-ABA was not 
statistically significantly altered when 5 % acetonitrile was added to the mobile phase. 
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SAMMANFATTNING: 
 
Fragment-baserad läkemedelsutveckling (FBLD) är en metod för att finna nya 

läkemedel. I denna teknik genomsöks relativt små bibliotek av fragment/molekyler efter 

kandidater till bindning av kroppsegna enzym/protein. Proteinerna bör ha en 

regulatorisk roll som är relevant för utveckling/förhindrande av en sjukdom. När ett 

passande fragment hittats kan det sedan vidareutvecklas till ett färdigt läkemedel genom 

att sättas ihop med andra fragment eller kemiska grupper. Fragmenten har oftast låg 

bindningsaffinitet vilket ställer vissa krav på metoden för genomsökning av biblioteket. 

En passande metod för detta är svag affinitets kromatografi (WAC) där fragmenten 

injiceras på en kolonn som innehåller ett packningsmaterial till vilket ett protein 

immobiliserats. Ämnen med hög affinitet till det immobiliserade proteinet kommer att 

passera kolonnen långsammare än ämnen med låg affinitet. En effektiv WAC-kolonn 

måste ha en hög mängd immobiliserat protein vilket ställer krav på en hög 

immobiliseringskapacitet hos packningsmaterialet. Syftet med denna studie var att 

jämföra kapacitet hos två intressanta packningsmaterial (Kromasil 240 Å och Nucleosil 

1000 Å) med det vanligen använda Kromasil 300 Å. Immobiliseringskapaciteten för 

standardmaterialet var högre än de två nya materialen. Eftersom Nucleosil 1000 Å-

materialet har större porer är det mer lämpligt att använda vid immobilisering av större 

proteiner. I en annan del av studien undersöktes hur en tillsats av organiskt 

lösningsmedel till mobilfasen påverkar retention och icke-specifik bindning. Det visade 

sig att en tillsats av organiskt lösningsmedel signifikant minskade retentionen av en 

serie utvalda fragment men att det inte påverkade den icke-specifika bindningen.
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1. INTRODUCTION 

 

1.1 Drug discovery 

The paradigm of drug discovery has been to find a molecule with a high affinity (tight 

binder) towards a protein with regulatory functions relevant to a disease. Discovery of 

such a molecule might be done by screening of libraries or by rational drug design 

based on known information about the target protein. The compounds that are found by 

these methods (lead compounds) are further developed and tested in pre-clinical and 

clinical trials.(1) High-throughput screening (HTS) is one of the most used methods in 

finding these compounds. In HTS a large library, comprising hundreds of thousands of 

full-sized compounds is screened in a one-step procedure. However, the HTS-screening 

is complex and expensive and there has been a reduction in lead compounds that can 

make it to the consumers market by this method, indicating the need for new drug 

discovery methods. (2-4) 

 

1.2 Fragment-based lead discovery (FBLD) 

The main idea of fragment-based lead discovery is to use small fragments, with a 

molecular weight of about 120-300 Da. When a fragment that binds is found, the 

fragments size is increased by merging it with another fragment or by adding other 

functional groups to generate a suitable high affinity lead compound (2, 5). The small 

fragments in the library usually have a relatively weak affinity towards their target with 

a disassociation constant, Kd, in the range of mM-µM (1).  

FBLD has some advantages to the classical screening process in drug discovery. First, 

the small size of the fragments reduces the probability of steric obstructions in the 

binding to the target molecule. Second, because of the low molecular weight of the 

fragments, the prospect of covering a large chemical space with just a small number of 

fragments is greatly improved if the fragments are chosen carefully. There is a higher 

probability that large compounds will have similar functional groups and thereby 

affect/bind to the same targets, limiting the chemical space coverage, compared to small 

fragments. Finally, the probability of small fragments matching the targets binding site 

is greater than of larger compounds. (2, 6)  
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One of the most important steps in FBLD is the screening for possible binding 

fragments. The outcome of the screening depends on the quality of the library that may 

consist of somewhere between 1000 and 3000 fragments, chosen on criteria such as no 

observed toxicity, functional groups suitable for chemical synthesis, solubility at high 

concentrations and wide chemical space. (6) 

 

There are several different biophysical methods available for screening of weakly 

binding fragments such as Nuclear Magnetic Resonance (NMR), X-ray crystallography 

and Surface Plasmon Resonance (SPR) (7). X-ray crystallography gives a complete 

picture of the interaction between a fragment and a target molecule by sending x-ray 

beams into a crystallized complex. The x-rays will then diffract into different directions 

and thereby create a three-dimensional electron density map. In FBLD this method is 

used by soaking mixtures of fragments into crystals of the target protein which will 

provide information of which fragments that bind to the target molecule and also the 

conformation of the fragments that bind (8). There are some disadvantages of this 

method as it requires crystals of the target molecule that should survive a high 

concentration of fragments. This will yield many false-negative results because of the 

difficulties in the crystal soaking process. Some proteins cannot be crystallized and the 

method generally suffers from a low through-put (6). 

 

NMR was the first method used for FBLD and there are numerous of different NMR-

methods in use such as the traditional chemical-shift mapping. This method uses 

differences in chemical shift between bound and free proteins in 15N/1H and/or 12C/1H in 

a two dimensional spectra when the target is titrated with the analyte. Other NMR 

methods may among other things, measure changes in nuclear spin relaxation properties 

(9). While NMR-methods are a robust way of detecting binding of fragments to a target 

protein it may also give information of precipitation, protein unfolding, competitive 

binding and the site of binding. However, it requires a large amount of protein and 

expensive equipment and thereby the cost of each experiment is high. (8) 

  

Another fast spreading screening method is SPR where the target is attached to a metal-

covered sensor surface. When polarized light is sent onto the surface it is reflected and 
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causes the formation of surface plasmons. The binding of a ligand to the target on the 

surface changes the refractive index, leading to a measurable change in the created 

surface plasmons. Drawbacks with this method are that it requires high concentrations 

of the fragments, which have to be analyzed one by one.(10)  

 

One new approach in the screening process of FBLD is the use of a high-performance 

liquid chromatography (HPLC) method, named weak affinity chromatography (WAC). 

WAC has previously been shown to be a robust and sensitive method in the analysis of 

weakly binding complexes (7, 11, 12). In WAC a high concentration of target protein is 

immobilized onto a support that is used as the stationary phase in an HPLC-column. 

The retardation of injected molecules, i.e fragments in this text, is directly correlated to 

the binding affinity of the molecules to the immobilized target protein. If the number of 

binding sites on the target protein is known, the disassociation constant, Kd, of the 

interaction can be calculated (11). It is possible to add another agent in the mobile phase 

to study if it affects the interaction between the ligand and the target protein (13). The 

WAC screening method has the ability to screen mixtures, i.e. several fragments at a 

time and by this greatly increasing throughput (7, 11). Since screening can be done with 

mixtures it is also possible to use samples with chiral fragments, reducing the 

requirement for the purification of reaction mixtures (7). 

 

1.3 High Performance Liquid Chromatography (HPLC) 

The HPLC-system consists of a pump, an injector, a column and a detector. A mobile 

phase is pumped through the system with a flow rate of about 0.2 and 2 ml/min. The 

pressure in the system is highest between the pump and the beginning of the column and 

depends of the flow rate, length of the column, packing material in the column and the 

mobile phase. Normal pressure in HPLC is 2-20 MPa (20-200 bar). It is very important 

that the mobile phase is filtered and completely free of any contaminants before use 

since they can affect the detector or bind irreversibly to the column. (14) 

The injector is usually a six-port rotary valve that has two different modes, load and 

inject. In the load mode the sample is able to be drawn to the loop of the injector but has 

no connection with the rest of the system: the mobile phase goes straight from the pump 



 

  7 

 
 
 
 
 

to the column. When the valve rotates to inject mode, it causes the mobile phase to pass 

through the loop with the injected sample and then to the column. (14) 

  
The column with the stationary phase is where the separation/retardation of the analytes 

occurs. The stationary phase is packed into a tube (the column) and is hold in place by 

small filters at both ends. The stationary phase usually consists of grains of porous silica 

that have been chemically modified to carry a stationary phase such as long 

hydrocarbon chains or amino groups, depending on the aim of the analysis (14). In 

WAC the stationary phase consists of covalently coupled proteins (7). 

 

There are numerous types and combinations of detectors available for a HPLC-system 

such as UV-detectors, fluorescence detectors, refraction index detectors and mass-

spectrophotometer detectors although the UV-detector is the most common. The UV-

detector measures absorbance of the elutent from the column. The most used 

wavelength in HPLC is 254 nm but this may vary depending on what is being analyzed. 

(14) 

 

1.4 Serine proteases 

Trypsin is a digestive enzyme and not very interesting to study in the view of drug 

discovery/development. However, there are a number of trypsin-like proteolytic 

enzymes such as thrombin, plasmin, kallikrein and acrosin which all have important 

regulatory effects. Because of the high similarity of these enzymes, trypsin might be 

studied to achieve a deeper understanding of how these enzymes function in different 

environments and how they react to various stimulants/inhibitors(15). Thrombin is a 

key regulatory enzyme in the coagulation of blood and is a major drug target in diseases 

as thrombotic vascular disease (16). It hydrolyzes factor V, VIII and XIII and fibrinogen 

leading to clotting of the blood (17). Trypsin and the trypsin-like protease thrombin 

contain a highly conserved hydrophobic pocket with an aspartic acid at the bottom in 

position 189. Benzamidines are known to bind to this recognition pocket of trypsin by a 

salt bridge to the aspartic acid. (16) 
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1.5 Weak affinity Chromatography (WAC) 

When screening for potential drug candidates with WAC a high concentration of protein 

in the column is desired. To achieve this, the silica used as support must have a high 

immobilizing capacity, which is correlated to a high surface area and small pores. 

Before immobilization the silica is allowed to react with a silane such as 

glycidoxypropyltrimethoxysilane. The glycidoxy group is hydrolyzed to generate 

diolsilica that is packed into a column. It is oxidized to aldehyde silica in the column by 

a flow-through of periodic acid. Thereafter, the protein is immobilized by exposing the 

column to a solution of protein and cyanoborohydride. Cyanoborohydride acts as a 

reducing agent, enabling primary amine groups of the protein to bind to the aldehyde 

groups of the silica by reducing the created schiff base to a stable secondary amine. 

Afterwards, the silica is treated with ethanolamine and cyanoborohydride with the 

purpose of binding ethanolamine to the remaining non-bound aldehydes. Since 

ethanolamine is a small molecule it can bind to the aldehyde groups in the silica pores 

that are unavailable for proteins. (11) 

 

1.5.1 Zonal chromatography 

Zonal chromatography is performed by injecting a low volume and concentration of 

analytes onto a WAC column. The analytes with a relatively high affinity for the 

immobilized protein will interact with the stationary phase, i.e. the protein immobilized 

onto silica, and elute more slowly than compounds with a lower affinity. The 

interaction between the analyte/ligand and target protein may be defined by the 

equation: 

 

A+B↔AB    (1) 

 

Where A is the analyte/ligand, B is the target protein and AB is A bound to B.  

At equilibrium the equation may be described as: 

 

Ka = [AB] / [A][B]   (2) 
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Where Ka is the affinity constant, which is inversely related to the disassociation 

constant, Kd. Equation (2) may be transformed into the Langmuir-equation (3):  

 

[AB] = [B 0] Ka [A] / 1 + Ka [A]  (3) 

 

Where [B0] is the total concentration of B (target protein) defined as: 

 

[B0] = [B] + [AB]   (4) 

 

Weak affinity chromatography is thought to follow the Langmuir-equation. The analyte, 

A, is injected at a low concentration with a low volume (Ka [A] << 1) and equation (3) 

may therefore be simplified to: 

 

[AB] = K a [B0] [A]   (5) 

 

The retention factor, k´, in liquid chromatography may be defined as in equation (6) and 

(7) 

 

k´ = [AB] V s / [A] V m   (6) 

 

k´ = Vr – Vm /Vm   (7) 

 

where Vm is the volume of the mobile phase while Vs is the volume of the stationary 

phase (target protein) and Vr  is the elution volume of the analyte, A. Combining 

equation (5) and (6) results in equation (8) which may be combined with equation (7) 

resulting in equation (9). 

 

k´ = Ka [B0] Vs/ Vm   (8) 

 

Vr – Vm = Ka [B0] Vs = Ka Btot  (9) 

 



 

  10 

 
 
 
 
 

According to equation (9) an analyte with a low affinity constant (Ka) will require a 

larger amount of immobilized protein than an analyte with a high affinity constant to be 

retarded to the same extent. The efficiency of a column used in chromatography may be 

described by its plate number, N, which is related to the width of the peak, W, and the 

retention time, tr, of an analyte according to equation (10).  

 

N = L/H = 16 x (tr/W)2    (10) 

 

Where L is the length of the column and H is the plate height. Thus, narrow and high 

peaks together with a long retention time are desired to achieve a high plate number and 

efficiency of the column. (18) 

  

1.5.2 Frontal chromatography 

In frontal chromatography the analyte, A, is injected in varying concentrations into a 

column immobilized with the target protein, B, until the column is saturated. The 

interaction between the analyte and the target protein follows the Langmuir equation 

(3), as described in the previous section. The point when the interaction between A and 

B has reached equilibrium can be determined from the elution profiles of the 

chromatograms, see fig 1.  

 
Figure 1. Break-through curves from injections of an analyte onto a column immobilized with 

glycopolypeptides where the different concentrations have been integrated in the same chromatogram 

together with the elution volume of the void. The plateau of the break-through curve indicates when the 

column is saturated with the injected analyte. Higher concentrations will elute/saturate the column faster 

compared to lower concentrations. (11) 
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The plateau of the break-through curve shows when the column is saturated with the 

injected analyte and the equilibrium position is defined as the midpoint of the break-

through curve. Since the flow rate and the injected concentration of A are known the 

amount of A required to reach equilibrium can be calculated. The amount of A required 

to saturate the column for each concentration may be plotted against the concentration 

of A to obtain a Langmuir binding isotherm. The isotherm will increase linearly at low 

concentrations but should level out at higher concentrations, since the amount of A 

required to reach equilibrium cannot increase when all binding sites are occupied. 

The amount of A required to reach the point where the plotted curve levels out is thus 

correlated to the amount of immobilized target protein. If the plotted curve keeps 

increasing linearly at the higher concentrations, it would indicate that the analyte has a 

non-specific binding to the target protein. (19)  

Frontal chromatography can be used to determine the Btot and the Kd of the interaction 

between the analyte and the immobilized protein. The contribution of non-specific 

binding can be evaluated by analyzing the obtained data with different binding models. 

Non-specific binding is defined as all binding that are not occurring at the targets 

binding site/catalytic site and may consist of hydrophobic binding of the analyte to the 

protein or binding to the support material (20). 

 

1.6 The present study 

Kromasil diolsilica with a pore size of 300 Å has previously been used as a 

chromatographic support in WAC since it has a suitable pore size and high 

immobilization capacity. Kromasil diolsilica 240 Å is a new material that might be even 

better for the immobilization of trypsin and thrombin due to its smaller pore size and 

larger surface area. The immobilization capacity of the Kromasil 240 Å and a silica 

with larger pores, Nucleosil 1000 Å, will be evaluated by measuring the maximum 

immobilization of trypsin. Nucleosil 1000 is an interesting support when immobilizing 

large proteins or protein complexes. One protein column with immobilized thrombin 

will be evaluated using different mobile phases, to estimate the contribution of non-

specific binding. Hence, small amounts of organic solvents such as methanol and 

acetonitrile will be added to phosphate buffered saline (PBS) buffer and frontal 

chromatography will be performed. 
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1.7 Aim 

The aim of this study is firstly to evaluate the immobilization capacity of trypsin onto 

different types of support and secondly to investigate the impact on non-specific 

binding of analytes to the target protein when an organic solvent is added to the mobile 

phase. 
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2. MATERIAL AND METHODS 

 

2.1 Materials 

Cyanoborohydride, sodium dihydrogen phosphate dihydrate, periodic acid, isopropanol, 

ethanolamine, methanol, sodium chloride, acetonitrile, ammoniumacetate and trypsin 

(8300 IU/mg, bovine pancreas) were obtained from Sigma-Aldrich. Human thrombin 

(2400 IU/mg) was supported from Octapharma. Silica used were: a) Kromasil diolsilica 

5 µm, 300 Å (particle size of 5 µm, pore diameter of 300 Å) and a surface area of 105 

m2/g previously shown to have the capacity of immobilizing 100 mg trypsin/mg silica, 

b) Kromasil diolsilica 5 µm, 240 Å with a surface area of 153 m2/g, and c) Nucleosil 

diolsilica 10 µm 1000 Å with a surface area of 33 m2/g. Kromasil silica were kindly 

provided by EKA Chemicals and Nucleosil silica was from Machery-Nagel. 

Benzamidines were provided by Astra-Zeneca, see Fig 2. A capillary column (3.5 x 

0.05 cm) containing immobilized thrombin was used in the frontal chromatography 

study, which was provided by Minh-Dao Duong-Thi. The support in this column was 

Poroshell silica 2.7 µm, 120 Å from Agilent Technologies. HPLC used was the Agilent 

1100 system. 

 

2.2 Packing of diolsilica in HPLC column 

About 140 mg of Diolsilica or Nucleosil silica was weighed and then added to 1 ml of 

isopropanol. The mixture was ultrasound-treated for two minutes and was transferred to 

a small reservoir connected to a column (stainless steel, 3.5 x 0.21 cm) which was 

attached to the HPLC- packing pump system (Haskel air driven fluid pump). Packing of 

the column proceeded for about 15 minutes at 370 bar with isopropanol as mobile 

phase. Other columns used in this text were packed using the same procedure except for 

the capillary column used in the frontal chromatography study that was supplied by 

Agilent Technologies. 

 

2.3 Immobilization of protein 

Immobilization of trypsin was performed on columns (3.5 x 0.21 cm) packed with 

Kromasil diolsilica 5 µm 240 Å and Nucleosil diolsilica 10 µm 1000 Å. The column 

was attached to the HPLC and then equilibrated with deionized water for 30 minutes. 
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Thereafter, 100 µl periodic acid solution (0.2 g periodic acid in 1.5 ml deionized water) 

was injected ten times with a ten minutes delay between each injection.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 2. Chemical structure of benzamidines used in the study.  

 

After the oxidation the column was rinsed with 0.1 M phosphate buffer, pH 7.0, for 

about 30 minutes with a flow rate of 0.1 ml/min. Trypsin was dissolved in 1.5 ml of 0.1 

M phosphate buffer, pH 7.0, creating a trypsin concentration of about 10 to 15 mg/ml. 

Thereafter, 150 µl of a 0.1 g/ml cyanoborohydride solution was added to the trypsin 

solution. The cyanoborohydride-trypsin solution was injected ten times with a volume 

of 100 µl per injection and a break for 100 minutes between each injection while the 

flow-through was collected in a vial. After the protein immobilization the column was 

rinsed with 0.1 M sodium phosphate buffer, pH 7.0, with a flow rate of 0.1 ml/min. 

Absorbance of the collected flow-through and the remaining cyanoborohydride-trypsin 

solution was measured at 280 nm with a spectrophotometer (Beckman, DU 640).  

Finally, the column was injected ten times with 100 µl of a solution of 10 µl 

ethanolamine dissolved in 1.4 ml 0.1 M phosphate buffer pH 7.0 and 150 µl (0.1 g/ml) 

cyanoborohydride using a ten minute delay between each injection.  
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2.4 Zonal chromatography 

The immobilized columns were evaluated using different mobile phases by fragment 

screening with a selection of modified benzamidines from Astra- Zeneca, fig 2, with a 

fragment concentration of 0.1 mM in 1 % DMSO/water. Two microliters of each 

fragment were injected with washing of the needle in deionized water between each 

injection. Each injection was repeated at least once. Absorbance was measured at 254 

nm with a bandwidth and response time of 16 nm and 2 s, respectively. 

 

The screening was performed in pure PBS and thereafter, the same fragments were 

screened using PBS buffer with 1 % and 5 % methanol added to the mobile phase. The 

1 % and 5 % methanol mobile phases were accomplished by preparing a PBS buffer 

with 10 % methanol and then mix this buffer with the pure PBS buffer using the solvent 

delivery system of the HPLC system. Screening was also performed with a PBS buffer 

with 1 % and 5 % acetonitrile and with a 0.1 % (0.013 M) ammoniumacetate buffer, pH 

6.88, with and without the addition of 1 % and 5 % acetonitrile. 

 

The Kromasil 240 Å trypsin column was evaluated with all the mobile phases discussed 

above while the trypsin columns with Nucleosil diolsilica (10 µm, 1000 Å) and 

Kromasil diolsilica (5 µm, 300 Å) were evaluated with three mobile phases (PBS, 

PBS + 1 % acetonitrile and PBS + 5 % acetonitrile). Lastly, screening was performed on 

control columns containing Kromasil diolsilica (5 µm, 300 Å) with and without 

immobilized ethanolamine using PBS with and without the addition of 5 % acetonitrile 

as mobile phases. All chromatograms were evaluated with Agilent ChemStation. 

 

2.5 Frontal chromatography 

Frontal chromatography was performed with 100 µl injections of fragment 36 (para-

amino-benzamidine, 4-ABA) with various concentrations (15, 30, 50, 75, 100, 200 and 

300 µM) on a capillary column (35 mm x 0.5 mm) with thrombin immobilized 

Poroshell silica. PBS and PBS + 5 % acetonitrile were used as mobile phases with a 

flow rate of 0.02 ml/min. Injections of 4-ABA were also done on a capillary column 

packed with Poroshell diolsilica without immobilized thrombin to determine the void 

volume. Detection was performed at 254 nm and the midpoint of each front (break-
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through curve) was determined from the first derivative of the chromatographic curve. 

Chromatograms were evaluated with Agilent ChemStation. Results were analyzed with 

GraphPad Prism (version 5) applying different non-linear fits (regression curves).  
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3. RESULTS 

 

3.1 Immobilization capacity of different silica supports 

The immobilization capacities of different silica supports were examined by 

immobilization of trypsin onto columns (35 x 2.1 mm) containing approximately 60 mg 

silica). The total amount of immobilized trypsin was calculated from the injected 

amount subtracted with the amount of trypsin in the collected flow-through. The 

concentration of trypsin in the collected flow-through and the remaining solution in the 

HPLC-vial were calculated from the absorbance at 280 nm using a 0.1 % absorption 

coefficient (A0.1%) of 1.2 mg-1/cm-1. Immobilized amounts of trypsin were 5.24 mg and 

0.90 mg regarding the Kromasil 240 Å and Nucleosil 1000 Å, respectively.  

Previously obtained immobilization data of columns packed with Kromasil 300 Å 

together with calculated immobilization results of columns with Kromasil 240 Å and 

Nucleosil 1000 Å are presented in table 1. 

 

Table 1. Results of immobilization of trypsin onto columns packed with Kromasil diolsilica 240 Å and 

Nucleosil diolsilica 1000 Å. Retention time of 4-ABA from zonal chromatography are also presented 

together with previously acquired immobilization data of Kromasil diolsilica 300 Å.  

Type of silica support Kromasil 240 Å Nucleosil 1000 Å Kromasil 300 Å 

Total surface area (m2/g) 153 33 105 

Amount of silica/column (mg) 60 60 60 

Amount of immobilized trypsin (mg) 5.24 0.9 6 

Retention time, t´r, of 4-ABA (min) 5.86 3.04 16.04 

Immobilization capacity  
(mg trypsin/g silica) 87.37 15.12 100 

Immobilized trypsin/surface area  
(mg/m2) 0.57 0.45 0.95 

t´r/ immobilized trypsin (min/mg) 1.12 3.37 2.67 
 

3.2 Evaluation of trypsin columns with different mobile phases 

Evaluation of the different immobilized silica supports was performed by zonal 

chromatography of a collection of benzamidines, see fig 2. Retention time (tr), plate 

numbers and symmetry were collected from the zonal chromatography results on the 

trypsin Kromasil 240 Å column. Retention of the benzamidines from screening on the 
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trypsin Kromasil 240 Å with PBS and PBS/methanol/acetonitrile and ammonium 

acetate and ammonium acetate/acetonitrile as mobile phase are presented in fig 3-5. 

Retention of the benzamidines from screening on the trypsin Nucleosil 1000 Å column 

with PBS and PBS/acetonitrile as mobile phase are presented in fig 6. Retention of the 

benzamidines from screening on the trypsin Kromasil 300 Å with PBS and 

PBS/acetonitrile as mobile phase are presented in fig 7. Retention of the benzamidines 

on a Kromasil 300 Å column immobilized with ethanolamine was used as a reference in 

fig 3-7, demonstrating the retention on a column without immobilized protein. As seen 

in the figures 4-ABA (fragment 36) is the most retarded compound on all columns and 

with all mobile phases. The peak shape differed using the PBS and ammonium acetate 

mobile phases which is shown for BA in fig 8.  
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Figure 3. Retention of benzamidines when injected onto a trypsin Kromasil 240 Å column. PBS or PBS 

with added methanol (1 % and 5 %) were used as mobile phase with a flow rate of 0.2 ml/min. Retention 

of benzamidines in PBS + 5 % acetonitrile on a Kromasil 300 Å column immobilized with ethanolamine 

was used as a reference. UV-detection was performed at 254 nm.  
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Figure 4. Retention of benzamidines when injected onto a trypsin Kromasil 240 Å column. PBS or PBS 

with added acetonitrile (1 % and 5 %) were used as mobile phase with a flow rate of 0.2 ml/min. 

Retention of benzamidines in PBS + 5 % acetonitrile on a Kromasil 300 Å column immobilized with 

ethanolamine was used as a reference. UV-detection was performed at 254 nm. 
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Figure 5. Retention of benzamidines when injected onto a trypsin Kromasil 240 Å column. 

Ammoniumacetate or ammoniumacetate with added acetonitrile (1 % and 5 %) were used as mobile 

phase with a flow rate of 0.2 ml/min. Retention of benzamidines in PBS + 5 % acetonitrile on a Kromasil 

300 Å column immobilized with ethanolamine are used as a reference. UV-detection was made at 254 nm 
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Figure 6. Retention of benzamidines when injected onto a trypsin Lichrospher 1000 Å column. PBS or 

PBS with added acetonitrile (1 % and 5 %) were used as mobile phase with a flow rate of 0.2 ml/min. 

Retention of benzamidines in PBS + 5 % acetonitrile on a Kromasil 300 Å column immobilized with 

ethanolamine was used as a reference. UV-detection was performed at 254 nm. 
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Figure 7. Retention of benzamidines when injected onto a trypsin Kromasil 300 Å column. PBS or PBS 

with added acetonitrile (1 % and 5 %) were used as mobile phase with a flow rate of 0.2 ml/min. 

Retention of benzamidines in PBS + 5 % acetonitrile on a Kromasil 300 Å column immobilized with 

ethanolamine was used as a reference. UV-detection was performed at 254 nm. 

 



 

  21 

 
 
 
 
 

mAU

min0 2.5 5 7.5 10 12.5 15 17.5 20

0

2

4

6

8

10

mAU

min0 2.5 5 7.5 10 12.5 15 17.5 20

0

2

4

6

8

10

 
Figure 8. Overlay of chromatograms from injection of benzamidine onto a trypsin 240 Å column 

showing the difference in peak shape using the PBS and ammonium acetate mobile phases. Fully drawn 

black line is PBS used as mobile phase; fully drawn grey line is ammonium acetate + 5 % acetonitrile 

used as mobile phase; dashed black line is ammonium acetate used as mobile phase. 

 

3.3 Estimation of non-specific binding 

Frontal chromatography was performed on a capillary column (35 x 0.5mm) with 

immobilized thrombin to examine the occurrence of non-specific binding. The amount 

of 4-ABA required to saturate the column at different concentrations of the analyte was 

plotted as previously described. A non-linear regression curve with a one site total 

binding produced the best fit. Saturation curves with the mobile phases PBS and PBS + 

5 % acetonitrile are presented in fig 9 and fig 10, respectively. The total binding 

equation combines a specific binding according to the Langmuir equation and a linear 

component from non-specific binding. A simulated saturation curve of the two mobile 

phases is presented in fig 11 where the specific and nonspecific binding has been 

separated.   
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Figure 9. Saturation curve derived from frontal chromatography of 4-ABA when applied in 

concentrations ranging from 15 µM to 300 µM to a thrombin capillary column with PBS as mobile phase. 

 
Figure 10. Saturation curve derived from frontal chromatography of 4-ABA when applied in 

concentrations ranging from 15 µM to 300 µM to a thrombin capillary column with PBS + 5 % 

acetonitrile as mobile phase. 
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Figure 11. Simulated saturation curve derived from frontal chromatography of 4-ABA when applied in 

concentrations ranging from 15 µM to 300 µM to a thrombin capillary column with PBS and PBS + 5 % 

acetonitrile as mobile phases. The specific (spec) and non-specific (NS) binding component has been 

separated for each mobile phase. 

 

Results from the frontal chromatography non-linear regression fit with a one site 

binding model with PBS and PBS + 5 % acetonitrile as mobile phases are presented in 

table 2. 

 

Table 2. Results from the frontal chromatography where 4-ABA where injected in various concentrations 

to a thrombin capillary column with PBS and PBS + 5 % acetonitrile. Data were evaluated with GraphPad 

Prism’s non linear regression fit with one site binding. NS is the nonspecific binding calculated from, the 

slope of the curve. 

Mobile phase PBS PBS + 5 % acetonitrile 
Btot (nmol) 2.594 ± 0.8741 2.032 ± 1.334 
Kd (µM) 37.92 ± 23.24 23.52 ± 35.93 
NS (nmol/µM) 0.01952 ± 0.002417 0.0143 ± 0.004269 

PBS NS 

ACN NS 

PBS spec 

ACN spec 
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4. DISCUSSION 

 

4.1 Immobilization capacity of different silica supports  

To establish an effective column for an accurate and precise screening of weakly 

binding fragments a high amount of immobilized protein in the column is desired 

according to equation (9). A small pore size of the silica used as packing material will 

result in a larger area per amount of silica which should cause a higher immobilization 

capacity. However, the pores have to be large enough to fit the protein to be 

immobilized and avoid clogging of the pores. 

 

Diolsilica has a density of about 0.5 g/ml and giving that the volume of the columns are 

121 µl, theoretically it should be possible to pack about 60 mg of diolsilica in the 

columns, which was assumed in the calculations of the immobilization results. Kromasil 

diolsilica 240 Å and Nucleosil diolsilica 1000 Å have an area of 153 m2/g and 33 m2/g, 

respectively. Therefore, theoretically, the immobilization capacity of the Kromasil 

diolsilica 240 Å should be about five times greater than the 1000 Å diolsilica from 

Nucleosil. This coincides with the obtained results of total amount of trypsin 

immobilized (5.24 mg and 0.9 mg onto the Kromasil diolsilica and Nucleosil diolsilica, 

respectively) and immobilization capacity (15.12 mg trypsin/g silica and 87.37 mg 

trypsin/g silica for the Nucleosil diolsilica and the Kromasil diolsilica, respectively). 

  

It was expected that the Kromasil diolsilica with a pore size of 240 Å and a surface area 

of 153 m2/g silica would be superior in immobilization capacity compared to the 

standard Kromasil diolsilica having a pore size of 300 Å and a surface area of 105 m2/g 

silica. However, the immobilization results clearly show that the Kromasil diolsilica 240 

Å did not have a greater immobilization capacity compared to the 300 Å support. In 

fact, it was slightly lower (87.37 mg trypsin/g silica compared to 100 mg trypsin/g 

silica, respectively). With these results in hand there is no evidence that the Kromasil 

240 Å would be superior to the 300 Å in immobilization capacity. When the amount of 

trypsin immobilized per surface area is calculated the Kromasil 300 Å has a higher 

value than the Kromasil 240 Å and the Nucleosil 1000 Å. The higher immobilization 

capacity of the Kromasil diolsilica 300 Å might be due to a higher number of 
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“effective” aldehyde groups that trypsin can be coupled to. Despite that the amount of 

immobilized trypsin for the Nucleosil 1000 Å was lower than the Kromasil 240 Å they 

have a similar value in amount of trypsin immobilized per surface area which would 

indicate a comparable amount of “effective” aldehyde groups. 

 

Since a high concentration of immobilized protein in the column is desired, the amount 

of trypsin immobilized per gram of silica is more interesting than the value per surface 

area, although it may be a valuable indication of how effective the immobilization has 

been performed since the immobilization capacity should be related to the area. 

According to these results the 300 Å diolsilica would be the best choice for 

immobilizing trypsin and other proteins of similar size. However, if a larger protein or 

membrane would be immobilized, it is possible that a pore size of 300 Å would be too 

small. In this case the 1000 Å diolsilica would be better suited to avoid clogging of the 

pores. 

 
4.2 Evaluation of trypsin columns with different mobile phases  

Zonal chromatography was performed to evaluate the different silica supports with a 

selection of benzamidines. The effects of different mobile phases on retention and 

elution profiles of the injected analytes were analyzed. The retention on the different 

columns and mobile phases are presented in fig 3-7. As all benzamidines fragment are 

bound to the trypsin column to some extent the retention of the individual benzamidines 

on a reference column packed with Kromasil 5 µm 300 Å with immobilized 

ethanolamine is included in the figures to illustrate the retention without any protein 

present. A mobile phase with PBS + 5 % acetonitrile was used for the references 

included in the figures. The retention on the columns without immobilized protein was 

close to the void with all mobile phases and there were no observed differences in 

retention time between the fragments. These results indicate that the interaction with the 

support can be neglected and that the retardation on the trypsin columns is due to the 

immobilized protein. It is however impossible to conclude if the binding is specific or 

not. A more suitable reference may have been to use a column where the trypsin binding 

site has been blocked, as has been performed in a previous study with PMSF and 

melagatran as blocking agents (7). The obtained retardation under such conditions is a 

good estimation of the non-specific interaction.  
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It is clear from the chromatograms of the zonal chromatography that all benzamidines in 

the study are retarded and that 4-ABA is the most retarded and therefore the one having 

the highest affinity for trypsin. This benzamidine has an additional amine-group at para-

position compared to fragment 68 (BA), which is the original benzamidine. Fragment 

87 (4-BrBA, which has a bromine at para-position) and BA were shown to be among 

the most retarded fragments. From these results it appears as a structure with a 

benzamidine as foundation with an amine or bromine group at para-position has the 

highest affinity towards trypsin. Conclusions of this type could be valuable in a real 

screening situation. 

 

As seen in fig 3-7 the addition of 5 % organic solvent to the mobile phase reduces the 

retention of the fragments (p < 0.05, obtained by a paired t-test from screening with BA 

on the trypsin 240 Å column) while the addition of 1 % of either methanol or 

acetonitrile had a negligible effect. Organic solvents such as acetonitrile and methanol 

have less polar properties compared to water, which reduces binding to hydrophobic 

areas on the protein surface when added to the mobile phase. By adding a low 

concentration of organic solvent to the mobile phase the intention was to selectively 

decrease the non-specific binding to small hydrophobic pockets. The retention of all 

benzamidines was higher with ammonium acetate as mobile phase compared to PBS on 

the trypsin 240 Å column. The pH of the two mobile phases is different (6.9 for 

ammonium acetate and 7.4 for PBS) and the ionic strength for PBS is much higher 

compared to ammonium acetate. The peaks of the benzamidines were asymmetrical in 

the ammonium acetate mobile phase and seemed to consist of two compounds eluting at 

approximately the same time (fig 8). The reason for using ammonium acetate as mobile 

phase is that this buffer is compatible with MS detection but because of the 

unsatisfactory results, ammonium acetate was excluded when evaluating the other 

trypsin columns.  

 

The retention of the benzamidines was greater on the trypsin 300 Å compared to the 

trypsin 240 Å and trypsin 1000 Å. This was somewhat unexpected since the amount of 

immobilized trypsin is about the same for the Kromasil 240 Å and 300 Å (5.24 and 

6 mg, respectively). As seen in table 1 the trypsin 300 Å column has a higher retention 
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of 4-ABA per amount of immobilized trypsin than the trypsin 240 Å silica. This 

indicates a higher number of active trypsin immobilized onto the Kromasil 300 Å 

compared to Kromasil 240 Å. The trypsin 1000 Å column has the highest retention per 

amount of immobilized trypsin. The reason for the difference in activity might be that 

the protein is more available in a column with large pores. 

 

Plate numbers and symmetry of the benzamidines peaks on the trypsin 240 Å were 

evaluated but there were no observed trend regarding the addition of organic solvents to 

the different mobile phases. The plate number varied from 50 to 130 plates per column, 

corresponding to about 300 plates per meter. The symmetry varied from 0.25 to 0.7 for 

mobile phases with PBS (0.13 to 1.5 with ammonium acetate). Therefore plate numbers 

and symmetry were not included in the analysis of the other 300 Å and 1000 Å 

columns. 

 

4.3 Estimation of non-specific binding 

It is important to evaluate the occurrence of non-specific binding during fragment 

screening since it can create false-positive hits. A false positive hit might be further 

developed causing unnecessary time and money spent on an, in most cases, ineffective 

compound. To examine the nonspecific binding, frontal chromatography was performed 

by injecting 4-ABA onto a capillary thrombin Poroshell 120 Å column (fig 9 and 10). 

Mobile phases used were PBS and PBS + 5 % acetonitrile since 5 % acetonitrile 

previously had shown to decrease the retardation of 4-ABA on the trypsin columns. The 

analysis with GraphPad Prism of the obtained binding curves resulted in a Kd value of 

37.92 ± 23.24 µM and 23.52 ± 35.93 µM with PBS and PBS + 5 % acetonitrile, 

respectively, compared to a previously reported value of 80 µM (7). The amount of 

immobilized protein, Btot, were 2.59 ± 0.87 nmol and 2.03 ± 1.33 nmol with PBS and 

PBS 5 % acetonitrile, respectively, compared to 13.5 nmol (data acquired during 

immobilization of the column). This indicates a very low number of active thrombin in 

the column and is probably the explanation of why the obtained results of Kd and Btot 

from the frontal chromatography diverge from previously reported data.  
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When the contribution of the non-specific binding is separated from the specific binding 

of 4-ABA to thrombin, as seen in fig 11, it is apparent that the total binding consists to a 

large part of non-specific binding. As seen in table 2 the addition of acetonitrile causes 

the Kd, Btot and non-specific binding to decrease, which was expected. However, the 

large standard deviation causes the results from the two mobile phases to overlap at a 

95 % confidence interval. Thereby there is no statistically significant difference between 

the two mobile phases. When analysing data with a binding model that uses a two-layer 

curve (specific and non-specific binding) there is a higher uncertainty in the produced 

results compared to a one-layer curve. The large standard deviation is probably also due 

to problems with high pressure and fluctuations in pressure throughout the frontal 

chromatography experiments. When the retardation was evaluated on another capillary 

column packed with an identical diolsilica (not immobilized with any protein), there 

were no observed fluctuations in pressure. This may be an indication on that the 

capillary column used in the frontal chromatography was malfunctioning, most likely 

due to errors during packing of the column. The results may therefore change with a 

fully functional column and most likely yield higher reproducibility and greater 

statistical significance. 

 

4.4 Conclusions 

The Kromasil 240 Å and the Nucleosil 1000 Å were studied as an alternative to the 

Kromasil 300 Å regarding support material in weak affinity chromatography. This study 

showed that the Kromasil 300 Å had a superior immobilization capacity of trypsin 

compared to the Kromasil 240 Å and the Nucleosil 1000 Å. Since the Nucleosil 1000 Å 

has larger pores it is more suitable for immobilizing larger proteins. Adding an organic 

solvent to the mobile phase resulted in a significant (p < 0.05) decreased retention of 

benzamidine fragments on all trypsin columns when either 5 % methanol or acetonitrile 

were used. Frontal chromatography on a capillary column with immobilized thrombin 

indicated a decrease in non-specific binding from the addition of 5 % acetonitrile to a 

PBS mobile phase, although the results were not statistically significant. 
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