
Abstract 
 
Weak Affinity Chromatography (WAC) is a technology that was 

developed to analyse weak (KD > 10-5 M) although selective 
interactions between biomolecules. The focus of this thesis was to 
develop this method for various applications in the drug development 
process.  

 
Fragment Based Drug Discovery is a new approach in finding new 

small molecular drugs. Here, relatively small libraries (a few hundreds 
to a few thousands of compounds) of fragments (150 – 300 Da) are 
screened against the target. Fragment hits are then developed into 
lead molecules by linking, growing or merging fragments binding to 
different locations of the protein’s active site. However, due to the 
weakly binding nature of fragments, methods that are able to detect 
very weak binding events are needed. In this thesis, WAC is 
presented as a new robust and highly reproducible technology for 
fragment screening. The technology is demonstrated against a 
number of different protein targets – proteases, kinases, chaperones 
and protein-protein interaction (PPI) targets. Comparison of data 
from fragment screening of 111 fragments by WAC and other more 
established technologies for fragment screening, such as surface 
plasmon resonance (SPR) and nuclear magnetic resonance (NMR), 
validates WAC as a screening technology. It also points at the 
importance of performing fragment screening by multiple methods as 
they complement each other.  

 
Other applications of WAC in drug development are also 

presented. The method can be used for chiral separations of racemic 
mixtures during fragment screening, which enables affinity 
measurements of individual enantiomers binding to the target of 
interest. Further, analysis of crude reaction mixtures is shown. By 
these procedures, the affinity of the product can be assessed directly 
after synthesis without any time-consuming purification steps. In 
addition, a high performance liquid chromatography (HPLC) system 
for highly efficient drug partition studies was developed by stable 
immobilization of lipid bilayer disks – lipodisks – on a high 
performance silica support material. These lipodisks are recognized 
model membranes for drug partition studies. A WAC system with 
incorporated membrane proteins into immobilized lipodisks has also 
been produced and evaluated with the ultimate objective to study 
affinity interactions between ligands and membrane proteins. 
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POPULÄRVETENSKAPLIG 
SAMMANFATTNING 

Ett läkemedel utövar sin funktion genom att påverka aktiviteten 
hos ett protein i kroppen då det binder till dess aktiva säte. 
Förändringen i aktivitet leder till fysiologiska förändringar i kroppen 
beroende på vilken funktion proteinet har. Med läkemedelsmolekyl 
avses här en liten organisk molekyl. Fragment-baserad 
läkemedelsutveckling är en ny metod for att ta fram nya läkemedel. 
Metoden fungerar genom att man bygger läkemedelsmolekyler utifrån 
mindre fragment som binder till målproteinet. Fragmenten hittar 
man genom att screena hela bibliotek av olika fragment mot samma 
målprotein för att urskilja de som binder till proteinets aktiva säte. 
Fördelen med den här metoden är bl. a. att med mindre molekyler 
som utgångspunkt kan en större del av antalet möjliga kombinationer 
av atomer representeras med ett mindre antal fragment än för större 
molekyler. Normalt utgörs ett fragmentbibliotek enbart av några 
hundra till några tusen substanser. Eftersom fragmenten är små har 
de få interaktionspunker och binder relativt svagt. De svaga 
bindningarna är svåra att se och mycket känsliga metoder behövs. 

 
Svagaffinitetskromatografi är en vätskekromatografisk metod som 

utvecklades för att studera svaga men mycket selektiva bindningar 
mellan biomolekyler. Den här avhandlingen syftar till att utveckla 
metoden för olika användningsområden inom läkemedelsutveckling, 
främst som en ny metod för fragment-screening. Här mäter man 
interaktionen mellan ett protein och ett fragment. Proteinet kopplas 
till ett material som sedan packas i en kolonn i formen av en cylinder. 
När provet pumpas igenom kolonnen kommer de analyter med 
affinitet till proteinets aktiva säte att fördröjas på kolonnen i relation 
till hur starkt de interagerar med målproteinet. 
 



I den här avhandlingen presenteras fragment-screening med 
svagaffinitetskromatografi gentemot ett antal olika typer av 
målproteiner. Resultatet överensstämmer väl med andra metoder för 
fragment-screening. Analys av reaktionsblandningar med 
svagaffinitetskromatografi demonstreras också. Därmed kan 
bindningen mellan en produkt i en reaktionsblandning och ett 
målprotein mätas direkt utan föregående uppreningssteg av 
reaktionsblandningen. Lipodiskar är små diskformade 
modellmembran som kan användas för att bl. a. mäta hur effektivt 
läkemedlet tas upp i kroppen vid behandling. Ett system med 
immobiliserade lipodiskar i en kolonn utvecklades med det framtida 
målet att kunna arbeta med membranproteiner med 
svagaffinitetskromatografi. 

 
Detta arbete utgör en del i att utveckla svagaffinitetskromatografi 

som en lättillgänglig och relativt billig metod för användning inom 
industrin och akademin för läkemedelsutveckling.  
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1 INTRODUCTION 

1.1 Fragment Based Drug Discovery 
 

During the last decade, the pharmaceutical industry has 
experienced a drop in productivity as evidenced by the reducing 
number of applications for new molecular entities to U.S. Food 
and Drug Administration (FDA) between 1996-20101. This can 
partly be explained by high attrition rates of drug compounds in 
clinical phases and a lack of innovations. Huge investments have 
although been made within the sector in for instance high 
throughput screening (HTS). In HTS, vast libraries of 
compounds (~500 Da in size) are screened against a target of 
interest with the aim of finding high affinity binders that can be 
developed into new drug compounds. The results have however 
not lived up to expectations2,3.  

 
While the development of new, small organic molecular drugs 

has decreased, protein based pharmaceutics have instead gained 
momentum such as hormone replacement therapies and highly 
selective antibodies. For the development of small organic 
molecular drugs, fragment based drug discovery (FBDD) has 
been developed as a new approach4–10. In FBDD, lead compounds 
are evolved from small molecular fragments (150 – 300 Da) 
binding weakly (transiently) - although efficiently – to the target. 
FBDD has gained ground during the last decade and 2011 came 
the first FDA-approval of a drug developed by FBDD – the 
oncogenic B-raf inhibitor Zelboraf as a therapy against malignant 
melanoma11,12. In an article from 2013, Baker lists another 8 
compounds currently in clinical phases that originates from 
FBDD programs13. 
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The general development process of a clinical candidate by 
FBDD is represented schematically in Figure 1. The first FBDD 
paper ‘SAR (Structure Activity Relationship) by NMR’ was 
published in 1996 by Shuker et al.14 where the authors developed 
a high affinity lead compound by linking two fragments with 
weak binding to the active site of the target. In 2001, Hann and 
co-authors presented a model showing that the probability of 
ligand binding decreased with increasing ligand complexity15. 
This is the basis of the higher hit rates during screening of a 
fragment library in comparison with a HTS library, as fragments 
are less complex molecules. The overall affinity of fragment 
binding will be low because of their small size and thereby few 
functional groups that form interaction points with the target. 
However, fragment-target binding events are described as highly 
efficient or of high quality as a high percentage of the atoms in 
each fragment will participate in binding. The low affinity 
fragment hits binding to various locations of the active site are 
then further developed by growing, linking or merging into a lead 
compound of larger size and substantially higher affinity. The aim 
is to preserve the high quality interactions with the target by 
maintaining the original positions of the linked fragments. By 
starting out with fragment molecules of suitable physiochemical 
properties it is also easier to develop a lead compound with good 
ADME (absorption, distribution, metabolism, excretion) 
properties in terms of for example solubility and molecular 
weight (MW). This has been a common problem with lead 
compounds developed by HTS16.  

 

 
 
Figure 1. Schematic representation of the development process of a clinical 
candidate during a FBDD campaign 

 
For FBDD, relatively small libraries of small molecular 

compounds (fragments) are screened against the target. The 
number of possible combinations of atoms increases 
exponentially with the number of atoms in a molecule. Therefore, 

drug target 

active site 

fragment screening 

fragment hits 

linking/ 
growing/ 
merging 

lead compound 
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a greater portion of chemical space will be covered by a smaller 
set of substances by a fragment library consisting of smaller 
molecules in the size 150 – 300 Da compared to a HTS library 
with larger molecules (~500 Da)17,18. Fragment libraries are 
generally in the size of a few hundreds to a few thousands 
compounds19,20, whereas HTS libraries can amount to millions of 
substances. Fragment libraries are designed to represent as much 
as possible of chemical space. Various strategies to determine 
diversity have been used to achieve this, such as the Tanimoto 
coefficient21. Good library design is essential to be able to find 
new unique fragment hits22,23. Further, filters are applied to 
remove fragments with notably toxic or reactive subgroups and to 
obtain desirable physiochemical properties. For the latter, a ‘rule 
of three’, which has been related to successful fragment hits, has 
been suggested24. This measure is similar to ‘Lipinski’s rule of 
five’ for the development of orally bioavailable drug 
compounds25. The ‘rule of three’ states that a fragment should 
have MW < 300 Da, cLogP � 3, number of hydrogen bond donors 
� 3 and number of hydrogen bond acceptors � 324.  
 

1.1.1 Target-Ligand Binding Interactions 
 

This section briefly discusses the theoretical basis behind the 
interaction between a protein target and a ligand. In this thesis, 
the protein target represents an enzyme that has been identified 
as a therapeutic target, and the ligand represents the enzyme’s 
substrate, a drug molecule or a fragment. The interaction 
between an enzyme (E), and a ligand (L) that forms the enzyme 
ligand complex EL can be described as: 

 
(1) 

 
 

where kon (M-1s-1) is the formation rate of the EL complex and koff 
(s-1) the dissociation rate of the EL complex. The association 
constant, KA (M-1) is thereby expressed as: 
 

KA =
EL[ ]

E[ ] ⋅ L[ ]
=
kon
koff

  (2)

 

 

 
while the dissociation constant, KD (M) is expressed as: 

E + L EL
kon$

koff$
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KD =
1
KA

=
E[ ] ⋅ L[ ]
EL[ ]

=
koff
kon

  (3) 

 

 
Equation 3 can be expressed by the Langmuir isotherm: 

 

EL[ ] =
E[ ]0 ⋅KA ⋅ L[ ]
1+KA ⋅ L[ ]

  (4)  

 
assuming that the total amount of enzyme [E]0 is expressed as 
[E]0=[E] + [EL], i.e. as the amount of free enzyme and enzyme in 
the enzyme-ligand complex. The change in free energy upon 
binding, ΔG is expressed as: 
 
ΔG = ΔH −T ⋅ ΔS = −R ⋅T ⋅ lnKA  (5) 
  
where ΔH is the change in enthalpy (J), T the temperature (K), ΔS 
the change in entropy (J/K) and R is the molar gas constant (8.314 
JK-1mol-1). 

 
Ligand efficiency (LE)17,26 is a measure of the binding energy 

per atom of a fragment. This metric enables comparison between 
the qualities of various fragment hits and is expressed as follows: 

  

LE = − ΔG
NHA

   (6) 

 
where NHA is the number of heavy atoms (non-hydrogens) of the 
fragment.  
 

1.1.2 Affinity 
 

Affinity is the binding strength between two molecules. In this 
report, KD values will henceforth be used to discuss affinity. 
Examples of various affinity ranges between biomolecules are 
shown in Figure 2. A transient interaction is normally referred to 
KD > 10-5 M. 
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Figure 2. Affinity ranges of target-ligand interactions 
 
Due to their small size, fragments bind weakly to the target with 
KD in the mM-µM range6,20. A fully evolved small molecule drug 
compound is typically 20 nM in KD

27. The strongest known non-
covalent interaction known is between the bacterial protein 
streptavidin and biotin (also known as vitamin B7) with a KD in 
the range of 10-14 M28. Biotin binds to a β-barrel structure of 
streptavidin. The extremely efficient interaction is formed by 
both hydrophobic binding and multiple hydrogen bonds, many 
of which are located deep within the binding pocket where 
competition from solvent is scarce29,30. The binding of biotin to 
streptavidin is visualized in Figure 3. Biotin is an interesting 
example of a fragment-sized compound (MW = 244 Da), that 
actually lives up to the ‘rule of three’ restrictions as defined 
above, but is still able to form an extremely strong interaction 
with its target. This is an interesting example of a fragment 
molecule that manages to bind with extremely high affinity, in 
contrast to what has previously been stated about fragments and 
transient binding. 
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Figure 3. Biotin (pink) bound to streptavidin. Hydrogen bonds to 
protein residues are denoted with dotted yellow lines. The structure 
(PDB ID: 3RY2) was generated by Maestro (v. 9.2, Schrödinger Suite 
2012) 
 

1.1.3 Drugs and Drug Targets 
 

A small molecular drug compound most often exerts its 
function in the body by binding to a protein target that is 
involved in some way or another in a pathological process. The 
drug compound can bind to the active site of the protein –which 
is the same site to which the protein’s natural substrate binds, or 
it can bind to an allosteric site outside the active site and thereby 
influence on the activity of the protein.  
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1.1.3.1 Druggability of Targets 

 
A protein that is well-validated as a pharmaceutical target is 

denoted as ’druggable’ if it has a pocket to which it is possible for 
a small organic molecular binder to bind with high affinity. A 
‘druggable’ target often has a relatively deep and narrow pocket 
to which a small molecule can form multiple binding 
interactions. Proteins that use other proteins as natural 
substrates, so called protein-protein interaction (PPI) targets, 
have however for long been regarded as ‘undruggable’ or 
‘difficult’. The interacting surfaces between two proteins are 
generally larger than the interacting surface between a protein 
and a small molecular binder (1,500-3,000 Å2 and 300-1,000 Å2, 
respectively) and more flat and featureless31. This makes PPI 
targets generally more difficult to target with a small molecular 
binder. 

 
Figure 4 illustrates the difference between a well-defined, 

druggable active site and a PPI site. In this figure, one fragment is 
docked to the adenosine triphosphate (ATP)-binding site of the 
molecular chaperone Hsp90. The ATP-binding site is deep and 
narrow which makes the docked fragment difficult to discern. 
Another fragment is docked to the PPI site of Pin1. Although the 
molecular chaperone Hsp90 also binds proteins, it is regarded as 
a druggable target due to the existence of the well-defined ATP 
binding site in addition to the binding site of client proteins.  
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Figure 4. (A) a fragment docked to the highly druggable ATP-binding 
site of Hsp90 (PDB ID: 2YEC), (B) a relatively developed fragment 
docked to the PPI site of Pin1 (B: PDB ID 3KAH). The structures were 
generated by Maestro (v. 9.2, Schrödinger Suite 2012). Colours indicate 
electrostatic potentials: red (negative charges) and blue (positive 
charges) 

 
In drug discovery programs targeting a PPI target, one 

generally looks for ’hot spots’ at the interacting surfaces between 
the two proteins. Hot spots are small binding sites which 
contribute significantly to the overall binding of the surface. They 
often include flexible aromatic residues, such as tyrosine and 
tryptophan31,32. In a study where the physiochemical properties of 
fragment hits to various classes of targets were investigated, it was 
found that fragments that interacted with PPI targets are 
generally heavier and that they contain in average one extra heavy 
atom, more ring structures and they are more hydrophobic in 
character33. 

 
The ability of FBDD to develop drugs binding to difficult 

targets has been suggested by Coyne and co-authors34. In one 
report, they listed seven targets, including the PPI target Bcl-XL 
where fragment based approaches proved successful in the 
development of efficient binders and where HTS screening 
campaigns had failed34. Further, fragment screening has been 
used to evaluate the druggability of protein targets35. Here, 
druggable targets were characterized by a relatively high number 
of fragment hits during screening of a fragment library. 
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1.1.3.2 Membrane Proteins 

 
Today, 60 % of the marketed drugs target membrane proteins. 

Of these, G-protein coupled receptors (GPCRs) represent the 
largest subgroup36. Nuclear receptors, voltage-gated ion channels 
and ligand-gated ion channels are other examples of membrane 
drug targets37. However, whereas membrane proteins are an 
important class of pharmaceutical targets they are notably 
difficult to work with in drug development programs. They are 
difficult to obtain in high amounts due to natural low 
concentrations in the cell and difficulties in their overexpression. 
The insolubility of membrane proteins makes them more difficult 
to work with and special methods are required for 
purification36,38. In addition, many membrane proteins depend on 
their natural lipid environment for optimal activity39. 

 

1.1.4 Fragment Screening 
 

Methods employed for fragment screening must be able to 
determine very weak binding events. Other requirements of 
fragment screening techniques are high throughput, moderate 
consumption of protein and fragments, automatization and 
applicability to many different targets. Biochemical functional 
screening has been used for HTS and was designed to find high 
affinity hits. Even though functional screening of highly soluble 
fragments with higher concentrations has been attempted to 
detect weak binders40, fragment screening is mostly performed by 
other biophysical methods. 

 
This thesis presents weak affinity chromatography (WAC) as a 

new technology of great potential for fragment screening. 
However, there are already a number of established biophysical 
techniques for fragment screening – all with their inherent 
benefits and limitations. Of these, nuclear magnetic resonance 
(NMR) and surface plasmon resonance (SPR) are probably the 
ones most commonly used41. This section presents some 
established technologies for fragment screening in addition to X-
ray crystallography and isothermal titration calorimetry (ITC). 
Due to relatively low throughput, X-ray crystallography and ITC 
are conventionally not used for primary fragment screening.  
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1.1.4.1 Nuclear Magnetic Resonance (NMR) 

 
In NMR, the chemical shift is measured, which is the 

resonance frequency of a nucleus relative to a standard, normally 
tetramethylsilan, in a magnetic field which results from the 
nuclear spin42. For fragment screening, the chemical shift that 
results from ligand binding to a target is measured either by 
protein-observed NMR or ligand-observed NMR.  

 
For protein-observed NMR, 13C or 15N-labelled proteins are 

required. Ligand binding is studied in a 2D spectrum in the 
absence and presence of fragments. Labelling of specific residues 
can provide information about the location to which the ligand 
binds. This technique is more robust than ligand-observed NMR, 
but is restricted to proteins smaller than 30-40 kDa in size43. 
Protein-observed NMR is very sensitive, robust and informative. 
However, it is also resource-intensive and has relatively low 
throughput41. 15N heteronuclear single quantum coherence 
(HSQC) NMR is an example of a protein-observed method. 

 
Ligand-observed NMR does not require labelling of either 

protein or ligands and there is no restriction in molecular weight 
of the target protein. To distinguish selective binding to the 
active site of the protein, a spectrum must be recorded both in 
absence and in presence of a competitive inhibitor. The ligand-
observed NMR techniques are applicable only for ligands of low 
affinities (KD > 10 µM) and with fast exchange time between 
bound and non-bound state. The resonance of the unbound 
ligand is measured. Fast exchange times enable properties of the 
ligand that are acquired in its bound state to be measured also in 
its unbound state43. Screening can be performed in fragment 
mixtures to increase throughput19. 

 
There are a number of different ligand-observed NMR 

techniques44, such as saturation transfer difference (STD) and 
water-ligand observed via gradient spectroscopy (water-LOGSY) 
NMR where the signal is amplified in proportion to the 
concentration of bound ligand43. Hence, the ligand-protein 
affinity can be determined by measurements of increasing 
concentrations of ligand to obtain a Langmuir binding isotherm.  

 
The STD is the difference in signal of the ligand between the 

presence and absence of receptor saturation. For saturation, the 
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target protein is irradiated, and the magnetization spreads 
through the protein by intra-molecular cross-relaxation. Spin 
polarization is transferred from the target to bound ligands by the 
nuclear Overhauser effect (NOE). NOE is the transfer of nuclear 
spin polarization between two atoms that are not connected by a 
covalent bond i.e. through space transfer. For large ligands, the 
regions binding to the target can be identified as the STD signal 
will be stronger at these parts than regions more peripheral to the 
target binding site43,45. 

 
In water-LOGSY, the bulk water surrounding the target and 

the ligand is selectively excited and the water magnetization is 
transferred to the protein either directly by NOE, or by exchange 
of protons with reactive residue side chains such as carboxylic 
groups, amines and hydroxyl groups. The magnetization is then 
further transferred to the ligand from the protein43,46.  

 
A third ligand-observed NMR technique - relaxation filtered 

NMR - is based on that molecules tumble with different speed 
depending on their molecular mass. A small ligand will upon 
binding to a target tumble more slowly, which cause a broadening 
of the NMR signal for this ligand. This is measured by T2 
relaxation times in a 1D experiment43,47. 

 

1.1.4.2 Surface Plasmon Resonance (SPR) 

 
SPR occurs at the interface between two media of different 

refractive indices. In this case the two medias are a glass sensor 
chip and the liquid sample of the flow cell connected by a thin 
layer of gold that works as conductor. Light is reflected onto the 
sensor chip surface. During total internal reflection, a portion of 
the energy produces an evanescent wave across to the adjacent 
medium (the liquid of the flow cell). At a certain angle and 
wavelength of incoming light, excitation of plasmons in the thin 
layer of gold occurs, as measured by a drop in the intensity of the 
reflected light. 

 
The target is immobilized onto the surface of the sensor chip 

and the sample is flowed across the surface in the flow cell. 
Binding to the target results in a concentration change in the flow 
cell close to the sensor chip and thereby a change in the 
refractive index of the media. This results in a shift in the SPR 
signal as measured in resonance units. The SPR signal is thereby 
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linear to the mass of the ligand binding to the immobilized 
target48. The resulting sensorgram includes an association phase 
as the ligand associates to the immobilized target and a 
dissociation phase as it dissociates (Figure 5).  
 

 
 
Figure 5. SPR experimental setup and sensorgram 
 

SPR is a sensitive and high-throughput technique49. Once 
immobilization of the target has been optimized, consumption of 
the target is very low (µgs). The technique enables real-time 
monitoring of the target-ligand interaction and it can determine 
the stoichiometry of binding50. Kinetic data (kon and koff) can be 
obtained from the association and dissociation phase of the 
sensorgrams and the affinity of the ligand can be calculated. 
However, due to the fast kinetics of fragments, fragment 
screening will mostly produce square-shaped pulses, which 
obstructs assessment of kinetic constants. As a consequence, 
affinity determination of fragment by SPR is generally performed 
by screening of several ligand concentrations to obtain a binding 
isotherm.  

 
Detection by SPR is restricted by the molecular weight of the 

ligand as small ligands are not able to cause a measurable change 
in refractive index. As a consequence, more sensitive SPR 
techniques have been developed to meet the demands of 
fragment screening campaigns51–53. Another issue is dimethyl 
sulfoxide (DMSO), which is a common solvent for fragment 
libraries. DMSO has high refractive index and must be taken into 
account to avoid false positives. SPR analysis therefore requires 
extensive control of the DMSO concentration in the flow buffer 
and samples51. 

 
Interestingly, successful analyses of target-ligand interactions 

of membrane proteins, such GPCRs by SPR have been 
reported51,54. There are also reports about the ability of SPR to 
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detect conformational changes of the target protein upon ligand 
binding55.  

 

1.1.4.3 Isothermal Titration Calorimetry (ITC) 

 
ITC measures the heat change during ligand binding to a 

target. The change in heat is measured between a sample cell and 
a reference cell either as a temperature difference between the 
cells or by compensation in voltage to maintain constant 
temperature between the two cells as a result of ligand addition at 
constant ambient temperature56. The ligand is titrated to the 
protein in the sample cell until a plateau in the temperature curve 
is reached. From the resulting curve in heat change as a result of 
sample injections, a number of parameters can be determined by 
nonlinear regression analysis such as binding constant (KA), 
binding stoichiometry (n), change in enthalpy (ΔH), free energy 
change (ΔG) and change in entropy (ΔS). The importance of 
knowing how each of these parameters contributes to binding has 
been emphasized by some57,58. This makes ITC an especially 
valuable tool in the development of new drugs. 

 
ITC is a relatively low-throughput technique which consumes 

a lot of protein58. Because of this, ITC is not conventionally used 
for screening of entire fragment libraries but rather for 
characterization of small sets of compounds. Furthermore, the 
range of weak affinities that can be monitored by ITC is rather 
limited. 
 

1.1.4.4 Thermal Shift Analysis 

 
Thermal shift analysis is based on the ability of ligands to 

thermally stabilize the protein upon binding. Hence, binding of a 
ligand to the protein will cause an increase in the melting 
temperature (Tm) of the protein, i.e. the temperature at which 50 
% of the protein is unfolded from its tertiary structure. The target 
is dissolved in a buffer together with a fluorescent dye that binds 
to exposed hydrophobic groups as the protein unfolds. The Tm 
of the protein is measured in a quantitative polymerase chain 
reaction (Q-PCR) instrument which intermittently goes through 
thermal cycles59. 
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Thermal shift analysis is cost-effective and easy to operate. 
However, the thermal shift is not directly related to affinity 
constants of the fragments and the technique is not as sensitive 
for weak affinities, as for instance NMR. This makes the 
technique not ideal for primary fragment screening19. In addition, 
the technique requires relatively high fragment concentrations as 
the ligand concentration needs to be at least 2-3 times its KD for 
accurate measurements49.  

 
For targets such as the tumour suppressor target p53, where 

reactivation of the protein upon binding of small organic 
molecules is due to thermal stabilization, thermal shift analysis 
was proven to be the most appropriate method for fragment 
screening60. However, not all weakly binding ligands are able to 
stabilize the protein enough to cause a change in Tm, which can 
result in many false negatives during fragment screening19.  

 

1.1.4.5 X-ray Crystallography 

 
X-ray crystallography does not provide any affinity data but 

determines the binding pose of the ligand to the target. This 
information is essential in the continuous development of a 
fragment hit into a lead compound. An X-ray beam is directed 
through the crystal of the protein (or any other compound), 
causing the light to scatter as it passes through the crystal. The 
diffraction pattern that is formed generates an electron density 
map, from which the arrangement of the atoms of the crystal can 
be determined. A 3D structure of the protein-ligand complex can 
be produced as the diffraction pattern is generated of the crystal 
from all directions61. 

 
X-ray crystallography is a resource-intensive and low 

throughput technique, even though attempts have been made to 
increase the throughput by automation of various steps of the 
process62–64. Crystal growing of a protein can be difficult and for 
fragment screening crystals of the same protein must effectively 
be obtained and in a reproducible manner. The crystallization 
step is always associated with optimization in terms of pH, buffer 
composition etc. to obtain a stable protein, which is generally 
very time-consuming63. For fragment screening by X-ray 
crystallography, crystals of the protein are typically grown and 
then soaked in solutions of the fragments as singles or in 
mixtures with a concentration of 25-100 mM63. 
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1.1.5 Studying Binding Interactions in silico 
 

Computational chemistry is an increasingly important tool for 
FBDD. These methods can be applied to design fragment 
libraries that optimally represent chemical space and contain 
fragments of desirable physiochemical properties and with 
synthetic accessibility for lead evolution65. During linking, 
libraries of linkers are screened to find a linker of appropriate 
length and properties66. 

 
In silico ligand docking enables screening of vast commercially 

available fragment libraries of hundreds of thousands fragments, 
which could not be performed experimentally at reasonable costs. 
Various docking poses of each fragment in the target’s active site 
are tested iteratively and the docking scores (energy) for each 
pose are determined by energy penalties or energy gain. The 
preferred docking pose is thereby determined.  

 
However, as most ligand docking programs were originally 

developed for larger ligands with higher affinities to the target 
than fragments, a few limitations for virtual fragment screening 
exist. Due to the small size of fragments, they are able to be 
docked in many different ways inside the pocket and false 
docking poses may be suggested. The low binding affinity of 
fragments also makes it troublesome for the software to 
differentiate between fragment hits and non-binders65. A number 
of different programs for virtual screening exist, each using 
different algorithms to determine energy difference upon 
binding. Glide67 has been used for the studies performed in this 
thesis. This docking software has previously been validated by 
Astra Zeneca by comparison of docking poses and ligand scoring 
for 190 fragment-protein complexes68. Glide, as well as similar 
software programs perform virtual screening on a rigid protein, 
which means that only fragments can be detected that bind to the 
conformation of the protein that the 3D structure represents68.  
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1.2 Weak Affinity Chromatography (WAC) 
 

WAC69,70, which can be referred to as a zonal affinity 
chromatography technique of high performance, was developed 
to study weak interactions between biomolecules. The technique 
is a development of conventional high performance (liquid) 
affinity chromatography (HPAC or HPLAC). Affinity 
chromatography is typically a purification method based on 
selective binding of molecules to an immobilized binding partner. 
As a sample passes through the column, molecules that are 
recognized by the immobilized binding partner are bound to the 
column. Conventional affinity chromatography utilizes low 
resolution matrixes, high affinity binding partners and harsh 
conditions to elute bound molecules. In WAC however, the 
selective although weak binding between analytes in the sample 
and the immobilized binding partner in the high-performance 
liquid chromatography (HPLC) column cause the analytes to be 
retained on the column, not bound, and they will elute without 
changing the elution conditions. The retention of the analytes is 
hence related to their affinity to the immobilized affinity partner 
under isocratic conditions. 

 

1.2.1 Calculation of Affinity Constants by WAC 
 

The binding interactions between the target protein and 
ligands (analytes) are generally assumed to follow the Langmuir 
binding isotherm (see equation 4). If KA ! [L] << 1, which is 
equivalent to [L] << KD, the Langmuir expression can be 
expressed in the simplified form: 
 

  (7) 

 
Meanwhile, the retention factor k is defined as the amount of 
moles of ligand L in the stationary phase (i.e. in complex with the 
immobilized protein E) divided with the amount of moles of L in 
the mobile phase at equilibrium: 
 

k =
EL[ ] ⋅VS
L[ ] ⋅VM

   (8) 

EL[ ] = E[ ]0 ⋅KA ⋅ L[ ]
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where VS  is the volume of the stationary phase and VM the volume 
of the mobile phase, or the void volume of the column.  
 

k can also be expressed in elution volumes:  
 

k = VR −VM
VM

   (9) 

 
Combining equation 7 and equation 8 results in the 

expression of k: 
 

k =
KA ⋅ E[ ]0 ⋅VS

VM
  (10) 

 
where VR is the elution volume of the ligand L. Combining 
equation 9 and equation 10 results in:  
 

  (11) 

 
which enables the determination of a ligand’s KD from its 
retention on a column immobilized with protein E by: 
 

  (12) 

 
where Btot = [E]0 ! Vs, i.e.  Btot is the total amount of binding sites 
on the WAC column, which in this thesis is generalized to the 
number of protein active sites on the column.  
 
  

VR −VM = KA ⋅ E[ ]0 ⋅VS

KD =
Btot

VR −VM
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1.2.2 Applications 
 

Many of the reported applications of WAC employ the natural 
ability of proteins for selective, although transient binding to 
carbohydrates or steroids71,72. For instance, a monoclonal 
antibody that bind glucose in this manner was evaluated for its 
use in a glucose sensor for diabetes patients73. Lectins are 
proteins that selectively bind saccharide structures. By the use of 
immobilized lectins, WAC has been employed to measure the 
affinities of glycomimetic cholera toxin inhibitors74,75. Further, 
Ohlson et al demonstrated in 2006 the use of WAC to measure 
affinities for transiently binding drug molecules to a model target 
albumin76. A model for nonlinear adsorption conditions was 
proposed by Hubble, which could be used in for instance semi-
preparative separations by WAC where overloading of the 
column is common77. Kim and Wainer used a human serum 
albumin (HSA) column to measure affinity interaction between 
drugs and HSA78. The method has also been used for chiral 
separation on bovine serum albumin (BSA) columns79. 

 

1.2.3 Fragment Screening by WAC 
 

For a fragment screening campaign by WAC as described in 
this work, a WAC column is produced by immobilization of the 
target protein of interest onto a silica support prepared as 
described in section 1.2.5. Btot can generally be estimated from the 
amount of immobilized protein. A more precise determination of 
Btot can be performed by analysis of compounds with documented 
affinity to the target and the number of active sites can be 
estimated from the retention by applying equation 12. If no such 
documentation exists, Btot can be determined from analysis by 
frontal affinity chromatography (FAC) as described below. 
Fragments are analysed on the column under isocratic conditions 
with a physiological buffer as mobile phase, typically at a column 
temperature of 22°C. Although fragment screening can be 
performed as singletons using phosphate buffered saline (PBS; 10 
mM sodium phosphate, 150 mM sodium chloride) pH 7.4 as 
mobile phase and UV detection, increased throughput can be 
achieved by screening mixtures of fragments. Mass spectrometry 
(MS) detection, in some cases in combination with UV detection, 
is used to identify fragments in the mixture on basis of their 
mass-to-charge ratio (m/z). Ammonium acetate buffer is used as 
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mobile phase instead of PBS to avoid contamination of the MS 
detector by non-volatile salts. The fragment mixtures are 
designed to contain fragments with unique molecular masses for 
identification of all compounds. For continuous monitoring of 
the activity of the immobilized protein, a reference substance can 
be included in each fragment mixture. A constant retention of the 
reference indicates that the active site of the immobilized target is 
stable. Upon protein deterioration, fragment retention can be 
corrected for the change in retention of the reference substance. 

 

1.2.4 Frontal Affinity Chromatography (FAC) 
 

FAC was first described by Kasai et al., in 198680. The analysis 
is performed by injection of large volumes of an analyte of known 
concentrations, onto an affinity column. During each injection, 
equilibrium is reached between the analyte and the immobilized 
target on the column. The analyte is thereby eluted as a front, 
indicating the amount of moles of the analyte needed for 
equilibrium to be reached, which depends on the analyte’s 
affinity to the target and the concentration of the analyte. The 
breakthrough time of each analyte concentration is determined 
from the fronts, which are further used to produce a binding 
curve. The binding curve includes interaction with the binding 
site, as well as non-selective binding to other parts than the active 
site of the protein or the column itself. The selective interaction 
is visualized by a Langmuir binding hyperbola and the non-
selective interactions as a linear correlation between binding and 
analyte concentration. Thus, the shape of the binding curve can 
give information about contributions from both selective and 
non-selective binding events of the analyte. 

 
In this thesis, FAC was used for characterization of 

immobilized WAC columns in terms of Btot, which is used in 
further calculations of KD during zonal affinity chromatography. 
Moreover, the KD of the analyte used for the FAC analysis can be 
determined concomitantly by non-linear regression analysis of 
the binding hyperbola as described by equation 1374.  

 
 
  (13) 

 

V 'R ⋅ L[ ] =
Btot ⋅ L[ ]
KD + L[ ]
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where V’R is the adjusted retention volume, i.e. the elution 
volume of the analyte, corrected for the void volume. Equation 13 
is essentially the Langmuir equation (equation 4) expressed with 
KD instead of KA. 

 

1.2.5 Silica Support Material as a Matrix for WAC 
 

Small, spherical, porous silica beads with high surface area are 
a common support material in HPLC. Derivatization of the 
otherwise hydrophilic silica surface (used in normal phase 
chromatography) by long hydrophobic side chains results in a 
material appropriate for reversed phase chromatography. To 
create an HPLC support material on which proteins can be 
immobilized, the silica is derivatized into diol silica as described 
previously74. The diol silica is further oxidized into aldehyde 
silica, which is used for protein immobilization as described in 
the reaction scheme in Figure 6. Aldehyde groups are covalently 
linked to the primary amines of lysine side chains of the protein 
by reductive amination81. Here, a Schiff’s base is formed as an 
intermediate step and sodium cyanoborohydride (NaCNBH3) is 
used as a reducing agent to drive the reaction through the last 
irreversible step. The concentration of immobilized protein onto 
the silica material dictates the affinity range that the WAC 
column can be used for. High protein concentrations enable 
analysis of more weakly binding analytes. As reference column 
without any immobilized protein, a column packed with aldehyde 
silica or ethanolamine silica can be used in the chromatographic 
evaluation. The latter is produced by coupling of ethanolamine 
groups to the reactive aldehyde silica groups.  
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Figure 6. Reaction scheme for derivatization of silica for WAC analysis. 
 

1.2.6 Mass Spectrometry Detection 
 

Electrospray ionisation (ESI) in combination with a single 
quadropole mass spectrometer was employed for MS detection in 
the experiments described in this thesis. The ionisation 
technique ESI falls under atmospheric pressure ionisation (API) 

diol%silica)

aldehyde%silica)

Schiff’s)base)

ethanolamine%silica)

Schiff’s)base)

H5IO6)

NaCNBH3) NaCNBH3)
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techniques together with atmospheric pressure chemical 
ionisation (APCI) and atmospheric pressure photoionisation. 
These technologies enable ionisation of macromolecules, such as 
proteins82, as well as small organic compounds to be used in 
combination with HPLC for detection by mass spectrometry. ESI 
is a soft ionisation technique, which means that analyte 
fragmentation does not generally occur42. As a consequence, 
analytes can be detected by their protonated molecular ions 
([M+1]+). For detection in single ion monitoring (SIM) mode, 
individual m/z values are monitored, whereas in scan mode 
monitoring occurs within a range of m/z values. Monitoring in 
scan mode means however reduced sensitivity, depending on the 
width of the m/z range used. Total ion chromatograms (TIC) 
represent all ions monitored simultaneously in either scan mode 
of SIM mode. Individual masses can be viewed in extracted ion 
chromatograms (EIC) where each chromatogram represents the 
selected m/z.  

 
For ionisation by ESI by the instrument used in this thesis, 

the sample first passes through a nebuliser needle. A spray of 
electrically charged droplets is formed at the end of the needle in 
a spray chamber in the presence of a strong electrostatic field 
which meets a flow of heated drying nitrogen gas83. The droplet 
surface decreases by evaporation of solvent and are broken up to 
smaller droplets by increasing repulsion forces within the 
droplets. When the droplets are small enough, gas-phase ions of 
the analytes are emitted from the droplets that can enter into the 
mass analyser42,84. 

 
The optimal mobile phase in MS should be volatile with a low 

surface tension, such as methanol or acetonitrile. Theoretically, 
purely water based mobile phases are not optimal for MS 
detection84. However, in the experimental studies using WAC 
described in this thesis, ammonium acetate buffers without any 
addition of organic solvents were used as mobile phase with 
satisfying detection sensitivity. Detection sensitivity is also 
influenced by properties such as polarity and pKa of the analyte. 
ESI is more efficient for polar compounds than non-polar 
compounds84. Optimization of the detection technique can be 
performed by varying parameters such as buffer concentration 
capillary voltage, nebulizer pressure and drying gas flow. 

 
The single quadropole mass analyser of a mass spectrometer 

works like a mass filter where ions of selected m/z are sorted out. 
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It consists of four parallel cylindrical rod-shaped electrodes. 
Opposite rods obtain the same charge – two are positively 
charged and two are negatively charged. Ions are accelerated 
through the space between the rods in an electromagnetic field 
generated by the voltages of the rods which is varied 
continuously. As a result, only ions of the selected m/z pass 
through to the detector at a stable trajectory and further into the 
detector. Ions of differing m/z strikes the rods at some time inside 
the quadropole and are converted to neutral molecules42,83. 
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1.3 Studied Protein Targets and Lipodisks 
 

1.3.1 Thrombin and Trypsin 
 

Thrombin and trypsin are serine proteases, which means that 
a serine residue in the active site has a central role in the catalytic 
triad of the enzyme85. Since they cleave proteins with high 
efficiency, both proteins exist in their zymogen form – inactive 
form – in the cells. Cleavage of the zymogen cause exposure of 
the active site of the protein and result in protein activation86. 
Although thrombin and trypsin are highly homologous proteins, 
their functions are entirely different. Trypsin cleaves proteins 
during digestion in the small intestine. Thrombin cleaves the 
plasma protein fibrinogen as an essential step in the coagulation 
cascade86. Thrombosis – formation of a blood clot inside a vessel - 
is a common cause of death in the developed countries87. As a 
consequence, thrombin is an important and well-studied target in 
cardiovascular diseases and much research has been devoted in 
developing new thrombin inhibitors. The active site of thrombin 
consists of multiple pockets, the S1 specificity pocket being one 
of them. An aspartic acid residue at the bottom of the pocket 
binds to arginine present on the substrate88. In Paper I, thrombin 
and trypsin are used as model proteins for the introduction of 
WAC as a new technology for fragment screening. Here, 
screening of amidine fragments is performed. The amidines serve 
as arginine mimics and binds to the S1 specificity pocket of 
thrombin. 

 

1.3.2 Kinases 
 

Kinases are a group of proteins which encompasses more than 
500 members in the human genome. Many of the kinases have 
been related to various diseases, such as conditions of 
immunodeficiency, cardiovascular diseases, cancer and 
neurodegenerative diseases89–91. Consequently, many kinases are 
interesting pharmaceutical targets. FBDD has proven to work 
well in the development of new kinase inhibitors.  

 
Kinases exert their actions in signalling, proliferation, 

apoptosis and differentiation by moving phosphate groups from 
ATP to their protein substrates89. A magnesium ion or another 
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divalent cation coordinates the phosphate groups of ATP inside 
the active site and is thereby crucial for ATP binding and hence 
the activity of kinases92. The necessity of magnesium for ATP 
binding to the ATP-binding site of Hsp90, which is presented in 
section 1.3.3 has also been reported93. Kinase inhibition is most 
often achieved by competitive binding to the ATP-binding site. 
This site is highly druggable, but a selective inhibition of a 
specific kinase is difficult to obtain as this site is well-preserved 
between different kinases. 

 

1.3.2.1 Cyclin G-Associated Kinase (GAK) 

 
Some classes of kinases have been subjected to extensive 

studies, while the function of many other kinases is poorly 
understood. The serine/threonine kinase cyclin G-associated 
kinase (GAK) is an example of a kinase whose function is not very 
well-known. GAK has been proposed as a potential target in 
Parkinson’s disease94,95. The non-small cell lung cancer (NSCLC) 
drug Iressa (Gefitinib) has been reported to bind GAK as 
efficiently as its target, the kinase epidermal growth factor 
receptor (EGFR) leading to pulmonary dysfunction as a side 
effect of this drug. This study emphasized the necessity of 
obtaining selective inhibition of EGFR without targeting GAK96. 
In Paper II, GAK was used as a model protein for kinases and 
fragment screening by WAC was performed targeting this kinase.  
 

1.3.3 Heat Shock Protein 90 (Hsp90) 
 

Heat shock protein 90 (Hsp90) is a chaperone that, as its name 
indicates, is upregulated as a response to stress. Chaperones 
assist in protein folding and stabilization. Many of the client 
proteins of Hsp90 have proven to participate in cancer 
progression. Hence, Hsp90 has been identified as a selective and 
effective oncology target97,98.  

 
The N-terminal domain of Hsp90 contain an ATP-binding site 

and can be seen in Figure 4A. Dephosphorylation of ATP 
activates the protein98,99. In similarity to kinases, Hsp90 inhibitors 
most often target the highly druggable ATP-binding site rather 
than the protein binding site. Many FBDD projects are dedicated 
to the design of Hsp90 inhibitors and clinical candidates 
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exist100,101. In Paper III, parallel fragment screening campaigns by 
various techniques were performed in screening of 111 fragments 
against Hsp90. The screening result of WAC was compared and 
validated to other established technologies such as NMR, SPR 
and X-ray crystallography. 

 

1.3.4 Peptidyl-propyl cis-trans isomerase NIMA 
interacting 1 (Pin1)  

 
Peptidyl-propyl cis-trans isomerase NIMA interacting 1 (Pin1) 

interferes in a range or different pathways by catalysis of the cis-
trans isomerization of phosphorylated serine/threonine-proline 
bonds. This action influences the conformation of the substrate 
proteins. Its interference in pathways related to cancer, as well as 
observed upregulation in cancer tissues makes it an interesting 
oncogenic target102. 

 
Pin1 is a PPI-target and its PPI binding site is shown in Figure 

4B. Finding appropriate hits from fragment screening or HTS 
hits has proven to be difficult103. Fragment screening targeting 
Pin1 was performed in Paper IV using WAC to demonstrate the 
implementation of a difficult target. In addition, analysis of crude 
reaction mixtures was performed directly on the WAC column 
without purifying the reaction product prior to analysis. 

 

1.3.5 Lipodisks 
 

Drug partition studies are often performed using model 
membranes, such as liposomes104,105. Since drug uptake is often 
based on passive diffusion over cellular membranes, the 
partitioning of a drug in biological membranes is of great interest 
in order to predict how efficiently it will be taken up by the cell 
upon administration. Another, more simplified model for drug 
partition studies is to study the distribution of a drug between 
octanol and water, from which a log P value is determined 
according to equation 14106: 

 
   

(14) 
 

logP = log
L[ ]oct
L[ ]water

!

"
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where [L]oct is the concentration of the analyte in octanol and 
[L]water the concentration of the analyte in water. Model 
membranes in drug partition studies do however have an 
advantage over the octanol/water system, since the drugs 
interaction with both hydrophilic and hydrophobic parts of the 
model membrane is studied. Model membranes are built up by 
amphiphilic molecules that contain a hydrophilic head group and 
a hydrophobic tail, such as phospholipids. Polyethylene glycol 
(PEG) substituted lipids are commonly used at low amounts as 
components of liposomes to increase their circulation time in 
blood107. However, it was found that if the concentration of PEG 
lipids is increased in a lipid mixture to 5 mol% of the total lipid 
amount, bilayer disks begin to form instead of liposomes107,108. In 
samples containing about 10 mol%, or more, PEG-lipid bilayer 
disks are the dominating structures. The lipid components of the 
bilayer disks, henceforth referred to as lipodisks, that were used 
in the study described in Paper V are visualized in Figure 7.  
 

 
 
Figure 7. Lipid components of lipodisks produced in Paper V. From above: 
DSPE-PEG(2000) Amine, C16-PEG(2000) Ceramide, POPC and Soy PE 
 

Lipodisks are flat and circular in shape (Figure 8). The PEG-
lipids DSPE-PEG(2000) amine and C16-PEG(2000) Ceramide 
shields the hydrophobic rim of the disk and stabilize it, whereas 
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) and L-
α-phosphatidylethanolamine (Soy PE) builds up the lamellar 
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bilayer. Cholesterol is also an essential component of the 
lipodisks. It increases the strength and reduces the permeability 
of membranes, stabilizes the lamellar structure and prevents the 
lipodisks from forming threadlike micelles. 
 

 

 
 
Figure 8. Schematic view of lipodisks seen from above and in cross section. 
Phospholipid head groups are shown as green circles. Head groups of 
PEG-lipids are shown in darker green and with PEG-chains extending 
from the rim of the disk. Cholesterol in the lipid bilayer is shown as rods. 
This figure was reproduced from the original article109 by permission from 
Elsevier Ltd. 

 
 Cryo-transmission electron microscopy (cryo-TEM) has been 
used to study samples of liposomes and lipodisks at various 
compositions of lipids107,108. A representative micrograph is 
shown in Figure 9.  
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Figure 9. Cryo-TEM image of lipodisks composed of POPC/Soy 
PE/cholesterol/Ceramide-PEG2000/DSPE-PEG2000amine (30:28:17:21:4 
mol%). The arrow and arrow head indicate lipodisks observed edge-on 
and face-on, respectively. Scale bar = 100 nm. This figure was 
reproduced from Paper V by permission from Springer 

 
Drug partition studies using lipodisks have been conducted 

both by capillary electrophoresis (CE)110 and liquid 
chromatography (LC). In the LC system, the lipodisks were 
sterically immobilized in a Sephadex (soft gel) column111. 
Lipodisks have been suggested to be an interesting alternative to 
liposomes in drug partition studies since their membrane 
surfaces are more accessible to the surroundings. This means that 
drug partition studies using lipodisks should generate more 
accurate results and that equilibrium is reached more rapidly in a 
lipodisk system than in a liposome system111. 

 
The normalized capacity factor (KS) can be used as a measure 

of the distribution of a drug compound in a model membrane 
and is expressed as: 
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  (15) 

 
where t’R, lipodisk is the adjusted retention time of the drug on the 
lipodisk column, t’R, ref the adjusted retention time on the a 
reference column without lipodisks, F the flow rate during 
analysis and A the amount of lipids on the column (in moles). 
The adjusted retention time is the retention time of the analyte 
on the column corrected for the void time. 

 
In order to demonstrate lipodisks as potential drug carriers, 

the interaction between melittin and lipodisks has been 
studied112. Melittin represents a model peptide for studies of 
interactions between lipid membranes and peptides with 
antimicrobial properties. Melittin was shown to bind to the 
curved rim of lipodisks, which demonstrated the potential of 
lipodisks as drug carriers112. The role of lipodisks as model 
membranes has been further studied by reconstitution of the 
transmembrane receptor Bacteriorhodopsin into lipodisks111. 
Immobilization of lipodisks onto the surface of SPR sensors has 
also been performed, followed by in situ incorporation of 
cyclooxygenase (COX) into the immobilized lipodisks. The aim 
with these studies was to develop a biosensor with the ability to 
detect affinity interactions with COX by the use of lipodisks109.  

 
In Paper V, an HPLC system for drug partition studies was 

developed by immobilizing lipodisks onto a silica support 
material. Further, COX was used as a membrane model protein 
which was incorporated into the immobilized lipodisks on the 
support material of the HPLC column. 

1.3.5.1 Cyclooxygenase (COX) 

 
COX is the target for the non-steroidal anti-inflammatory 

drugs (NSAIDs) paracetamol, acetylsalicylic acid (ASA; aspirin), 
ibuprofen and diclofenac. Two main COX isoforms exist: COX-1 
and COX-2. Both isoforms catalyse the conversion of arachidonic 
acid to the prostaglandin precursor PGH2

113. Paracetamol, 
ibuprofen and diclofenac exert their function by binding 
reversibly to the binding site of arachidonic acid, whereas ASA 
blocks substrate binding by acetylation of a side chain in the 
binding site113,114. NSAIDs bind primarily to the COX-1 isoform. 
However, it has been found that a selective inhibition of COX-2 

KS =
t 'R, lipodisk− t 'R, ref( ) ⋅F

A
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can give an anti-inflammatory effect with less side effects. A new 
class of COX inhibitors - coxibs - was obtained by exploitation of 
an unique hydrophobic pocket present in the COX-2 active 
site115. 

 
COX is an integral membrane protein with a hydrophobic part 

which is buried into the membrane bilayer, interacting with only 
one leaflet of the membrane bilayer116. The structure of COX-1 
located in the cellular membrane as a homodimer as can be seen 
in Figure 10.  

 

 
 
Figure 10. The overall structure of COX-1 as a homodimer submerged 
into the cellular membrane (light blue field): A drug (yellow and green) 
is docked into the active site (blue). The heme groups (turquoise are 
shown in each subunit. Image from the RCSB PDB September 2008 
Molecule of the Month feature by David Goodsell (doi: 
10.2210/rcsb_pdb/mom_2008_9) 
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2 OBJECTIVES 

The overall objective of this thesis was to develop WAC as a tool 
in drug discovery. The work was focused on the applicability of 
the technology to various protein target classes, validation of 
WAC as screening methodology and introduction of new 
applications of WAC in drug development. 

 
Paper I This study aimed to introduce WAC as a new 

methodology for fragment screening using thrombin 
and trypsin as model protein targets. 

Paper II The objective with this study was to develop WAC as 
a fragment screening methodology targeting kinases 
and to find interesting fragment hits binding to the 
kinase model protein GAK. 

Paper III In this project, the aim was to compare fragment 
screening results from WAC with other established 
fragment screening technologies, such as NMR, SPR 
and X-ray crystallography. In this study, the 
chaperone Hsp90 was used as target. 

 
Paper IV The primary objective with this study was to perform 

fragment screening by WAC against a difficult target 
(a PPI target). The secondary objective was to analyse 
crude reaction mixtures directly on a WAC column. 

Paper V The aim with this project was to develop an HPLC-
MS system with stably immobilized lipodisks that 
serve as model membranes for drug partition studies. 
A further goal with this project was to develop a WAC 
system for studies of membrane protein interactions. 
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3 PRESENT INVESTIGATION – 
RESULTS AND DISCUSSION 

3.1 Fragment Screening by WAC (Paper I-
IV) 

 

3.1.1 In situ Immobilization 
 

During the course of this work, the in situ immobilization 
approach was developed for efficient coupling of protein to diol 
silica support packed into an HPLC column. This was achieved 
by injection of reagents and target onto the column and stopping 
the flow between injections for the reaction to occur. The 
advantage with the in situ immobilization procedure is that 
protein consumption is kept to a minimum since immobilized 
silica does not need to be produced in excess prior to packing. 
Another advantage is that the column packing of for instance 
capillary columns can be outsourced or commercial pre-packed 
columns can be used. 

 
Immobilization was performed in situ by reductive amination 

(see Figure 6) to produce a number of WAC columns using 
various protein targets (see Table 1). The coupling yield was 
typically between 80-92 %. In Paper I, the target proteins were 
immobilized onto the support material of two 35 x 2.1 mm 
stainless steel column leading to the consumption of about 5 mg 
protein during the production of each WAC column. In Paper II 
-IV, capillary columns (100 x 0.5 mm) were used to minimize 
protein consumption and about 0.5 – 1.0 mg protein was used for 
each column. 
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3.1.2 Targeting Various Protein Types 
 

Fragment screening was performed by WAC targeting a 
variety of important protein target classes – proteases (Paper I), a 
kinase (Paper II), a chaperone (Paper III) and a PPI target (Paper 
IV). The fragment screening campaigns included in this thesis are 
summarized in Table 1. Chromatograms (EIC) from the analysis of 
fragment mixtures in three different projects are shown in Figure 
11. 

 
Paper I demonstrates the first fragment screening regime by 

WAC. The proteases trypsin and thrombin were used as model 
target proteins. A set of 20 amidine fragments with documented 
binding to thrombin and 3 aromatic fragment compounds with 
no amidine subgroup and with no documented binding were 
screened. Columns with immobilized protein with blocked active 
sites were used as reference columns. Despite the similarity 
between trypsin and thrombin, distinctive affinity profiles for the 
23 fragments were obtained for these two proteases. Most 
amidines showed binding to both targets whereas none of the 3 
non-amidine fragments showed affinity to trypsin and only one of 
these to thrombin.  

 
Kinases are important pharmaceutical targets due to their 

involvement in several pathological processes89. In Paper II, the 
kinase GAK was targeted for fragment screening by WAC. 
Whereas Paper I included screening of a relatively homogenous 
collection of fragments, Paper II included screening of 170 
fragments selected by in silico screening from a structurally 
diverse 3,200 fragment library. An ethanolamine column was 
used as a reference column instead of competitive binding studies 
with a high affinity GAK inhibitor. Therefore, a relatively low cut-
off of 200 µM in KD was set to exclude non-selective binders. A 
number of fragments (30) could not be detected in the analysis, 
which may be due to the MS ionisation settings not being optimal 
for all analytes and the analyte concentration being relatively low 
(10 µM). A few fragments with an expected high affinity were 
among the ones that were not detected. It is possible that the 
affinities of these fragments were too high to be detected on this 
column due to long retention times and severe peak broadening. 
This study identified some fragments that could be of interest in 
the development of selective GAK inhibitors or probes in order 
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Table 1. Overview of fragment screening studies performed on various targets by WAC 
 
 

Paper I Paper II Paper III Paper IV 

Target class protease kinase chaperone PPI- target/  
isomerase 

Target trypsin thrombin GAK Hsp90 Pin1 

Number of fragments 
screened 

23 170 111 32 

MW range (Da) 93-307 147-284 112-349 89-266 

Number of fragments 
identified as hits 

19 19 78 40 8 

Fragment hits affinity 
range (µM) 

11-850 8.4-980 2-200 10-2000 243-2233 

Column dimensions 
(mm) 

35 x 2.1 100 x 0.5 

Concentration of 
immobilized protein 
(mM) 

1.95 0.99 1.04 1.04 1.15 

 



36 

to study the function of the protein for a better understanding of 
its role in disease. 

 
In Paper III, fragment screening was performed against the 

chaperone and oncology target Hsp90 with the objective to 
compare screening results from WAC and well-established 
fragment screening technologies. The study included screening 
of 111 fragments which represented a diverse selection from 
Vernalis’ library in addition to some fragments with documented 
binding to Hsp90 as measured by NMR. Only fragments that were 
ionisable by MS were included in the study. As a result, all 
fragments were detected during screening by WAC even in the 
presence of a high affinity inhibitor in the mobile phase, which 
was expected to impair MS detection. The correlation in 
screening results from WAC and other methods is presented in 
section 3.1.4. 

 
In Paper IV, the PPI target Pin1 was studied. PPI targets are 

generally regarded as difficult objects in fragment screening 
because of the shallow binding site that makes it difficult for 
small molecule inhibitors to bind effectively to it (see section 
1.1.3.1). Two functional Pin1 columns were produced and 
columns without any immobilized protein, with the same surface 
chemistry as the Pin1 columns, were used as reference columns.  

 
Together, these studies show the applicability of WAC as a 

fragment screening technology targeting a range of proteins 
belonging to different protein classes. GAK represents kinases 
which are a group of protein of great therapeutic importance, 
whereas thrombin and Hsp90 are interesting targets in 
themselves. The Pin1 study shows the potential of WAC in 
designing new protein-protein inhibitors by FBDD. 
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Figure 11. EICs from fragment screening of fragment mixtures on three 
different drug targets. The void time was typically 1.2-1.3 min 
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3.1.3 Column Stability 
 

Immobilization of a protein can greatly increase its stability. 
An improvement in stability was especially observed for the 
proteases trypsin and thrombin (Paper I), which have 
autocatalytic activity when stored in solution at high 
concentrations. The immobilization of these proteins prohibited 
the ‘self-degradation’ process. The trypsin and thrombin column 
were used for a few months and were exposed to about 200 
injections of sample during this time period. The measured 
decrease in column activity was 13 % for trypsin and 26 % for 
thrombin, as indicated by the reduction in retention of the 
reference compound 3-aminobenzamidine. Furthermore, during 
the experimental work using the GAK column (Paper II), no 
significant difference in the retention time of the reference 
compound adenosine could be observed during the course of 
these studies that lasted for a few weeks.  

 
A more thorough stability study was performed using an 

Hsp90 column in Paper III, where the column was exposed to 
long-term storage at 4°C in PBS buffer pH 7.4. The column was 
taken out at irregular intervals and a mixture of fragments was 
analysed on the column repeatedly. After 206 days of storage, 91 
% of the activity of the column remained, as measured by 
retention of two fragments and adenosine that showed selective 
binding to the ATP-binding site. This can be compared with the 
stability of Hsp90 protein in solution, as measured by protein-
observed NMR in a parallel study (not published) which could not 
detect any significant change in the spectra of the protein for a 
month at room temperature. Thus, Hsp90 is a relatively stable 
protein in itself.  

 
The general observation in our studies is that immobilized 

proteins are mostly very stable. WAC analyses can be performed 
for weeks at ambient temperature without any loss in activity. 
However, this measure of protein stability is not as informative as 
for instance stability studies by protein-observed NMR. Changes 
that may occur in allosteric sites are for example not monitored in 
WAC. More extensive stability studies of WAC columns with 
different immobilized targets would be of interest to further 
substantiate the stability profiles. 
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It can also be discussed whether immobilization of a protein to 
a surface influences screening results as compared to techniques 
where the protein is free in solution, such as in NMR and ITC. A 
comparison of screening from immobilized protein by amide 
coupling onto an SPR chip and protein in solution by ITC was 
made by Day et al.117. The conclusion in this study was that the 
results from the different studies correlated well. This view was 
confirmed in Paper III where measured KD values by SPR and 
ITC correlated well. In this study, Hsp90 was immobilized to the 
SPR chip using a His tag. 
 

3.1.4 Validation of WAC as a Fragment Screening 
Technology 

 
Validation of a new fragment screening methodology is 

essential for its implementation in industry and academia. In 
Paper I, the KD values of six amidine containing fragments 
measured by WAC were compared with the fragments’ IC50 
values (the concentration at which 50 % of the proteins’ activity is 
inhibited). The result is presented in Figure 12. In Paper IV, six 
reference compounds were analysed on the Pin1 column for 
validation of its activity. Measured KD values of these substances 
by 15N HSQC or SPR and by WAC resulted in affinities within 
the same range which validated the functionality of the WAC 
column. The correlation in KD values was however relatively poor, 
as can be seen in Figure 12. 
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Figure 12. Correlation of KD values as measured by WAC and other 
screening technologies targeting various proteins.  

 
A more thorough comparison of fragment screening between 

WAC and other fragment screening technologies is described in 
Paper III. Screening of 106-111 fragments was performed with 
WAC as well as the more established fragment screening 
methodologies of NMR, SPR, thermal shift analysis and 
fluorescence polarization (FP) assay. Further, selected fragments 
identified as hits by WAC were characterized by ITC and 32 
fragments were selected for X-ray crystallography. Fragment 
screening results are presented in Figure 13. Detection limits were 
set as follows: 4 mM (NMR), 2 mM (WAC), 4 mM (SPR), 9.9 mM 
(FP) in KD values and 0.6 °C in temperature shift for Tm analysis. 
The screening outcome of WAC correlated well with other 
methodologies: NMR 88 % (n=103) and SPR 83 % (n=107). 
Fragments identified as hits by WAC had an 81 % success rate 
during X-ray crystallography. Out of the 15 highest ranked 
fragment hits from screening by WAC, 14 were identified as hits 
by ITC as well. The one fragment that did not produce a dose-
response curve by ITC was however identified as a hit by all other 
methods besides WAC. The relatively limited affinity range of 
ITC can also be seen in Figure 13. In accordance with previously 
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reported studies by Hubbard and Murray19, thermal shift analysis 
is not as sensitive as for instance NMR. This is because weakly 
binding fragments are not always able to thermally stabilize the 
protein. The method has been deemed as not appropriate for 
primary fragment screening although its performance varies for 
different protein targets19. Regarding the FP assay, despite a 
threshold of 9.9 mM in KD, this assay produced a number of false 
negatives. 

 
Although WAC, SPR and ITC correlated well in identification 

of the same fragment hits, KD values as measured by WAC did 
not correlate well with the ones determined by ITC or SPR as can 
be seen in Figure 12. An almost identical buffer (4-(2-
hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES) pH 7.4) 
was used for ITC and SPR, whereas ammonium acetate buffer 
pH 6.8 was used for WAC, which may explain some of the 
differences.  

 
Screening by SPR was performed in the presence of 10 mM 

MgCl2 in Paper III, whereas ITC and WAC assays were 
conducted in a magnesium-free environment. Despite 
magnesium dependence for ATP binding to kinases and Hsp90 as 
discussed in section 1.3.2, the absence of magnesium is not 
thought to influence screening result even though magnesium 
normally is included in the buffer in assays targeting these 
proteins. In both Paper II and Paper III, it was however 
postulated that MgCl2 is not necessary for fragment binding. In 
order to confirm this, three fragments with documented binding 
to the ATP-binding site from Paper III, adenosine, adenosine 
monophosphate (AMP), adenosine diphosphate (ADP) and ATP 
were screened against an Hsp90 column using PBS as mobile 
phase with various concentrations of MgCl2 (0-15 mM). The 
results (unpublished data) showed that magnesium is crucial for 
ATP and ADP binding. The binding of adenosine and fragments 
14, 15 and 67 was however unaffected by increasing 
concentrations of MgCl2 and no binding to AMP was observed. 
These results verify that differences in measured KD values 
between WAC and ITC or SPR are not due to the absence of 
MgCl2 in the buffer during screening by WAC. The absence of a 
high correlation between measured KD values by WAC and other 
methods, as seen here both for Hsp90 and Pin1 remains to be 
better explained and could be further evaluated. 
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Figure 13. Screening of 111 fragments by 
WAC, NMR, SPR, FP and Tm shift. 
Selected fragments were also assessed by 
ITC and X-ray crystallography. Green 
boxes represent fragments that were 
regarded as hits for each technology and 
red boxes are fragments that failed to meet 
the cut-off criteria. Empty boxes indicate 
that no data is available. For X-ray 
crystallography, the green boxes show the 
fragments for which crystal structures 
could be obtained and red boxes when 
crystal structures were attempted but could 
not be obtained. Fragments are listed from 
above with decreasing affinities as 
measured by WAC. 
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The study in Paper III shows an overall good correlation of 
screening outcomes in terms of identification of the same 
fragment hits by various methods. This is in contrast with a 
recent report by Wielens et al., where two fragment screening 
campaigns (STD-NMR or SPR) showed surprisingly poor 
overlap118. The authors hypothesized that a major contributor to 
these results was the use of different selection criteria in each of 
the two methods rather than slight differences in screening 
conditions. 

 
The differences in results that did occur between various 

technologies in this study may be explained by a number of 
different factors such as buffer composition, pH and temperature. 
All assays were performed under optimal conditions for each 
assay rather than identical conditions for all assays which would 
potentially have led to an even better correlation. Different 
inhibitors were also used for competitive binding in various 
assays. The ability of these inhibitors to inhibit the ATP-binding 
site differently may also block slightly different parts of the active 
site. Variation in screening results between methods was also 
most prominent for fragments binding very weakly to the target 
(KD > 200-500 µM). 

 
Apart from validating WAC as a fragment screening 

technology, this study also shows the importance of 
complementary screening methods in a fragment screening 
campaign – especially in the identification of more weakly 
binding fragments. The methods can also complement each other 
as reliable results could not be obtained for all fragments by every 
method.  

 

3.1.5 Selectivity 
 

Due to the small size and low complexity of fragments, they 
are able to bind in many different ways to a target15. It has been 
argued whether or not weak binders, such as fragments, are able 
to bind to a target with high selectivity. Certain chemical 
structures seem to result in more promiscuous binding than 
others, i.e. non-selective binding to many different protein 
targets. Whereas carboxylic acids and hydrogen bonds contribute 
to a ligand’s selectivity, hydrophobic groups generally contribute 
to the ligand’s affinity and promiscuity. Further, positively 
charged ligands have been found to be more promiscuous than 
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negatively charged species119. Barelier and Krim discuss so called 
privileged substructures, i.e. ‘the minimal substructure able of 
binding several types of receptors’120. These structures have in 
common that they are rigid and aromatic and are hence able to 
form π-stacking interactions with the target, which has been 
shown to contribute to a ligand’s affinity rather than selectivity120, 
as mentioned above. In Paper I, it was found that fragments that 
contained a naphthalene group and hence rather hydrophobic, 
were more prone to interact with protein surfaces outside the 
active site than other fragments. 

 

3.1.5.1 Non-Selective Binding to Target Protein (Paper I-III) 

 
During analysis by WAC, both selective binding to the 

protein’s active site and weak interactions with other parts of the 
protein and silica matrix contribute to the overall retention of the 
analytes on the target column. Competitive inhibition of the 
active site is therefore necessary to be able to distinguish the 
selective binding from interactions with other parts of the target. 
This applies to other fragment screening techniques as well, such 
as ligand-observed NMR and SPR.  

 
The optimal reference column contains the same target 

without any binding of fragments to the site of interest. Blockage 
of the active site can be achieved either by a covalent inhibitor or 
a high affinity non-covalent inhibitor. In Paper I, the S1 pocket 
of thrombin was inhibited by the covalent binder 
phenylmethylsulfonyl fluoride (PMSF). Similarly, two different 
experiments were performed for trypsin where the access to the 
active site was inhibited by PMSF and the high-affinity non-
covalent binder melagatran. In this study, inhibition by 
melagatran was more effective than inhibition by PMSF, which 
generally resulted in shorter retention on the melagatran 
inhibited trypsin column compared to the PMSF inhibited 
trypsin column. This supports the previous statement that 
utilizing different competitive inhibitors in Paper III may 
influence screening results in terms of measured affinities from 
various technologies. 

 
If a high affinity, non-covalent binder is used, the inhibitor 

should be present in the mobile phase preferably at a 
concentration that is much higher than its approximate KD to the 
target. Alternatively, if the KD value of the inhibitor is known, a 



45 

concentration in the same range as the KD can be used. The non-
selective contribution to the overall retention of the analyte on 
the active column can thereby be extrapolated from the change in 
retention. Still, the presence of an inhibitor at very high 
concentrations in the mobile phase may lead to blockage of non-
selective binding of the analytes as well, which could lead to 
underestimation of the extent of non-selective binding of analytes 
to the column. It may be argued that covalent inhibitors are more 
advantageous and more practical to use as they irreversibly 
inactivates the protein. Covalent inhibitors are however available 
only for a few targets. 

 
Competitive studies were performed in Paper I on trypsin and 

thrombin and in Paper III on Hsp90. The retention on the 
inhibited columns from these studies was used to calculate an 
apparent KD for fragment interactions to protein surfaces outside 
the active site. This apparent KD was used to set a threshold in 
the GAK study in Paper II where no competitive inhibitor was 
available. The average retention times for the fragments on these 
inhibited columns were 1.7–2.3 min, corresponding to an 
apparent KD of 170–300 µM. The retention times on the inhibited 
columns were relatively constant, regardless of the fragments 
affinity to the active site of the target. Obviously, the contribution 
from non-selective binding to the overall retention on the column 
will then increase with weaker affinities, as can be seen in Figure 
14. This graph distinguishes between the amidine fragments used 
in Paper I and the more diverse set of fragments from Vernalis’ 
library used in Paper III. Nevertheless, the results from the two 
studies were rather similar and indicate that in order to identify 
fragment hits with affinities above 200 µM in KD, competitive 
screening using an inhibited column is necessary. This implicates 
that for a fragment to obtain a KD < 200 µM, it must probably 
interact to some extent with the druggable active site of the 
protein. As a result of this, a cut-off of 200 µM was used in Paper 
II for the non-competitive fragment screening by WAC.  
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Figure 14. Contribution from non-selective binding (%) at various affinities 
for the amidine library screened to trypsin and thrombin in Paper I and the 
diverse set of fragments (Vernalis library) screened to Hsp90 in Paper III. 
The fragment screening study of the amidine fragments did not include any 
binders with KD > 1000 µM. 
 

3.1.5.2 Non-Selective Binding to the Surface of the Support 
Material (Paper II-IV) 

 
Even though a large portion of the surface area of the silica 

support material is covered by protein after immobilization, the 
surface chemistry of the support material can still influence the 
analytes’ retention on the column of the analytes. In cases where 
no inhibitor is available for competitive studies or when binding 
to the entire protein is of interest rather than to one specific site, 
a reference column without any immobilized protein can be 
considered. This reference column should contain support 
material of the same surface chemistry as for the column with the 
immobilized target.  

 
Using a blank column without any immobilized protein as a 

reference column has however some limitations as some analytes 
can interact to a great extent with the support material of the 
column. In extreme cases this may lead to longer retention on the 
blank reference column than on the column with immobilized 
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target as a portion of the silica surface is shielded by the 
immobilized protein. Binding to the surface of derivatized silica 
in the reference column is typically characterized by very broad 
peaks, which makes it difficult to detect the analyte and to 
determine the retention time. In Paper II-IV remaining aldehyde 
groups of the GAK and Hsp90 columns and one Pin1 column 
were derivatized by ethanolamine after protein immobilization to 
minimize the reactivity of the surface. A reference column was 
produced in the same manner but by immobilization of only 
ethanolamine. For Paper II, III and IV, a number of fragments 
(13, 24 and 9 % of the total number of screened fragments, 
respectively) had longer retention on the ethanolamine reference 
column than on the WAC column with immobilized target. It 
should be noted that screening on the ethanolamine column in 
Paper III was performed in parallel with the competitive studies 
and these data were not used for comparison with other fragment 
screening technologies.  

 
In Paper IV, analysis of reference compounds with 

documented binding to Pin1 required a WAC column where 
remaining aldehyde silica groups after protein immobilization 
were left intact. An aldehyde silica column was used as a 
reference. This was because these substances showed non-
selective binding to immobilized ethanolamine groups on the 
silica surface. Hence their retention was longer on the 
ethanolamine reference column than on the Pin1 column where 
remaining aldehyde groups were encapsulated by ethanolamine. 
All of these compounds included negatively charged carboxylic 
acid and it can be postulated that these groups interacted to a 
great extent with the positively charged surface of the 
ethanolamine silica. Carboxylic acid subgroups are however not 
common in fragment libraries. These results show that alternative 
surface chemistries may be of interest for certain structures of 
analytes.  

 

3.1.6 In silico Fragment Screening (Paper II) 
 

In Paper II, 170 fragments were selected from a 3,200 
fragment based library by ligand docking with Glide. Since no 3D 
crystal structure of GAK was available for ligand docking at this 
time, the ATP-binding sites of five kinases and the chaperone 
Hsp90 were used for the in silico screening. The purpose was to 
select fragments with affinity to an ‘average’ ATP binding site in 
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order to obtain a set of fragments with a possible high hit rate for 
the screening campaign against GAK. All 3,200 fragments were 
ranked according to their binding strength to each protein 3D 
structure. An average rank, taking into account all six proteins, 
was calculated and the 170 fragments that were in average ranked 
highest (predicted to have the highest affinity) were selected for 
screening by WAC. The screening results from the WAC analysis 
showed a high hit rate among the selected fragments with 78 
fragments (44 % of the screened compounds) defined as hits with 
KD < 200 µM. Of these, 44 fragments (31 %) had KD < 50 µM. 
Though, several selected fragments were very similar in structure. 
The relatively high affinities of the screened fragments indicate 
that the in silico screening procedure for selection of fragments 
was successful.  
 

During writing of this thesis, a crystal structure of GAK with a 
docked ligand was obtained (A. Chaikaud and S. Knapp, 
unpublished results). To test the performance of the in silico 
screening approach, ligand docking was performed against this 
structure using the 140 fragments that could be detected by MS 
by screening by WAC. The computer calculations were 
performed by Glide essentially as described in Paper II. No 
correlation was found between the Glide gscore obtained by 
ligand docking by Glide and the measured KD values for the 140 
fragments in this study (unpublished data). This was expected as 
it has been observed by others that a ligand docking software is 
not able to accurately determine the binding strength of such 
transiently binding fragments68. By ligand docking of the entire 
3,200 fragment library against the correct GAK crystal structure, 
43 fragments out of the 140 fragments were among the 170 
highest ranked mentioned in the paragraph above.  

 
This investigation aimed to evaluate the performance of Glide 

for selection of interesting fragments for screening from a larger 
library. The credibility of computational methods has been 
questioned on a number of occasions by others121,122. It can be 
concluded that computational methods should always be 
supported by experimental work. However, bearing in mind the 
inherent weakness of the ability of software to predict accurate 
binding events, computational chemistry is still an important tool 
in drug discovery and is likely to remain so in the future. 
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3.1.7 Chiral Analysis (Paper II) 
 

HPLC columns with immobilized protein such as BSA and 
HSA have previously been used for chiral analysis79,123. These 
methods use the proteins’ natural ability to bind a vast number of 
ligands and to bind enantiomers slightly different. In Paper II, 
chiral separation during fragment screening was presented for 
the first time. Since then, the ability of WAC to separate and 
selectively determine affinities of stereoisomers during fragment 
screening has been further validated by Duong-Thi et al.124. In 
Paper II, the enantiomers bind specifically to the ATP-binding 
site of GAK with various affinities, giving an indication of which 
fragment enantiomer that could be of most interest for further 
development. 

 
Out of the 170 fragments that were analysed on the GAK column 
in Paper II, some fragments contained one or more chiral centres 
according to their molecular structures. According to the 
manufacturer of the library these fragments may exist as racemic 
mixtures of enantiomers and mixtures of diastereomers. For two 
fragments, double peaks were detected at the same m/z. One 
example is shown in Figure 15. These results showed the ability of 
WAC for chiral analysis by selective binding to the target protein 
during fragment screening. The reason why the remaining 
fragments that also contained chiral centres only resulted in 
single peaks during analysis may be that these do not exist as 
racemic mixtures in the samples, that there is no difference in 
affinity between the enantiomers or that only one enantiomer is 
eluted from the column by a visible peak, whereas the other one 
sticks to the column. 
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Figure 15. Structure of fragment ST057236 and EIC from analysis on the 
GAK column (solid line) and on the reference column (dotted line). The 
chiral centre of fragment ST057236 is indicated by a black circle. Detection 
was performed in SIM negative mode of the [M-1]- ion m/z 271. The KD 
values of the enantiomers were estimated to be 2.5 and 4.9 µM. Spikes are 
artefacts of the MS detector. This figure was reproduced from Paper II by 
permission from Springer 
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3.2 Analysis of Crude Reaction Mixtures by 
WAC (Paper IV) 

 
In Paper IV, a crude reaction mixture was analysed on the 

Pin1 column, showing a highly useful application of WAC. WAC 
makes it possible to separate the compound of interest from 
reagents and by-products in the mixture and the affinity can be 
assessed directly without extensive purification steps. An example 
of analysis of a crude reaction mixture is shown in Figure 16. 
During the reaction, an amide product was formed by linkage of 
two fragments by an amide bond. The amide product was formed 
by standard coupling conditions using (1-Cyano-2-ethoxy-2-
oxoethylidenaminooxy)dimethylamino-morpholino-carbenium 
hexafluorophosphate (COMU). Ammonium acetate pH 6.8 was 
used as mobile phase and the reaction product was monitored by 
its m/z in SIM mode. The KD of the product was estimated to 23 
µM at a column temperature of 32°C.  

 

 
 
Figure 16. Reaction scheme and EIC of the [M+1]+ ion of the reaction 
product during analysis on a Pin1 column by WAC  

 
This result presents a new and interesting application of WAC 

within the area of FBDD and in general lead design. The affinity 
of a product in a crude reaction mixture can be obtained against 
the target of interest without time-consuming purification steps. 
This application may be of great importance and interest for the 
pharmaceutical industry. 
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3.3 Development of an HPLC-MS System 
with Immobilized Lipodisks as Model 
Membranes (Paper V) 

 
An HPLC-MS system based on immobilized lipodisks 

(presented in section 1.3.5) was developed in Paper V. Functional 
groups at the distal end of the PEG chains of the lipodisks were 
used for stable immobilization onto a silica material which was 
packed into HPLC micro columns (35 x 2.1 mm). Immobilization 
was performed both by using streptavidin-biotin coupling for 
lipodisks with biotin-functionality and coupling by reductive 
amination for lipodisks with amine functionality.  

 

3.3.1 Drug Partition Studies 
 

The immobilized lipodisks in Paper V can be used to study the 
partition of drugs in a model membrane system by HPLC-MS. 
Drug partition studies were performed using 15 drug compounds 
of various charges and log P values. This system is a further 
development of a previously reported LC system with passively 
immobilized lipodisks111. The HPLC system described in Paper V 
offers improved robustness, stability and reproducibility. In 
addition, analysis using ammonium acetate buffer as mobile 
phase and MS detection has the potential to increase throughput 
considerably by analysing drug compounds in mixtures. Figure 17 
shows an example of a chromatographic analysis of a mixture of 
seven drug compounds.  
 

The use of ammonium acetate buffer pH 6.8 as mobile phase 
was evaluated by comparison of screening results from this buffer 
with PBS pH 7.4. It was found that log KS values showed overall 
good correlation between the mobile phases (Figure 18) although 
charged analytes showed slightly different behaviour. This is 
assumed to be a result of the lower ionic strength of the 
ammonium acetate buffer which makes electrostatic interactions 
between analytes and the charged lipodisks more apparent. The 
same behaviour was also observed in previous drug partition 
studies with lipodisks111.  
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Figure 17. Examples of analysis of a mixture of seven compounds on the 
lipodisk column using ammonium acetate buffer as a mobile phase. (A) UV 
detection at 214 nm, (B) TIC in SIM positive mode, (C) EICs of individual 
analytes in SIM positive mode (1. theophylline, 2. naproxen, 3. 
prednisolone, 4. pindolol, 5. diclofenac, 6. indomethacin 7. propranolol). 
The void time was 0.63 min. This figure was reproduced from Paper V by 
permission from Springer. 
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Figure 18. Comparison of log Ks values for uncharged (circles), 
positively (squares), and negatively (triangles) charged drugs obtained 
using covalently immobilized lipodisks in PBS compared to ammonium 
acetate buffer. This figure was reproduced from Paper V by permission 
from Springer 
 

As expected, the retention in this study did not correlate very 
well with log P values for the 15 drug compounds, which has also 
been observed earlier by Johansson et al.111 as discussed in 
section 1.3.5. Model membranes, such as the lipodisks, are 
regarded as a more accurate system for drug partition studies 
than the octanol/water system.  
 

3.3.2 Production of a COX-1 Column 
 

Membrane proteins are generally more difficult to study 
compared to globular proteins, as described in section 1.1.3.2. 
Lipodisks have been shown to serve as model membranes in 
which membrane proteins can be inserted109. Keeping the 
membrane proteins in an environment similar to their natural 
milieu should enable them to function optimally. By inserting 
membrane proteins into immobilized lipodisks on the stationary 
phase of an HPLC column, this system also has the potential to 
be used for studying interactions between ligands and membrane 
proteins. 
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In Paper V, a COX-1 column was produced by in situ 
incorporation of this protein onto immobilized lipodisks on the 
column. This was achieved by repeated injections of the protein 
onto the lipodisk column. During the short delay time between 
injections the flow was stopped between injections. Amino acid 
analysis of the content of the column showed that 0.6 nmol COX-
1 had been incorporated onto the 35 x 2.1 mm column. The 
protein concentration on the column was 5 µM.  
 

3.3.3 WAC Studies Targeting COX-1 (unpublished 
data) 

 
As a continuation of Paper V, an attempt was made to measure 

selective COX-1 interactions on a COX-1 column by WAC. Drug 
compounds were analysed on a lipodisk column before and after 
incorporation of COX-1 as described above. Four NSAIDs 
(diclofenac, indomethacin, naproxen and flurbiprofen) and five 
reference substances with no documented affinity to COX 
(lidocaine, pindolol, warfarin, cortisone and hydrocortisone) were 
used for the analysis. As mobile phase, an HEPES buffer pH 8.0 
was used that was as similar as possible to the buffer that was 
used for activity studies of the protein by the manufacturer.wo 
new lipodisks columns (50 x 3.2 mm) were produced essentially as 
described in Paper V and used for WAC analysis*. From the 
retention of analytes and their previously measured KS values, the 
amount of lipids immobilized onto the column could be 
estimated. On basis of the COX-1/lipid ratio during COX-1 

                                                   
*WAC analysis was performed in triplicate samples with a flow 

rate of 0.4 ml/min and a column temperature of 22°C before and 
after incorporation of COX-1 onto the column with immobilized 
lipodisks. The injection volume was 5 µl and the concentration of 
each sample 0.1 mM. The buffer used for mobile phase was 0.1 M 
Tris buffer pH 8.0, 5 mM EDTA, 1 µM hematin and 300 µM 
diethyldithiocarbamate (DDC). Detection of the drug compounds 
was performed by UV detection at a wavelength of 214 and 254 
nm. Incorporation of COX-1 onto the lipodisk column was 
performed by 20 x 100 µl injections of 78 µg/l COX-1 and 0.03% 
Tween dissolved in mobile phase. The total time for COX-1 
incorporation onto the column was 75 min and the column 
temperature was 37°C.  
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incorporation in Paper V, the amount of COX-1 incorporated on 
this column was approximately 1.4 nmol. Provided that 100 % of 
the protein was active, a COX-1 binder with a KD of 10 µM to 
COX-1 would have a 0.35 min longer retention time on the 
column after COX-1 incorporation as result of selective binding 
to the protein.  

 
However, in contrast to what was expected, the retention of 

the four NSAIDs decreased by 18-21% after incorporation of 
COX-1 into the lipodisk column. These substances are all 
negatively charged at pH 8.0 with pKas of 4-5. The negatively 
charged reference compound warfarin (pKa = 5) showed a similar 
behaviour, whereas the remaining reference compounds that 
were positively charged or neutral (pKa 8-12) increased in 
retention by 1-28%. These results imply that incorporation of 
COX-1 into immobilized lipodisks on the column affects the 
charge of the surfaces on the support material, which influence 
retention of charged analytes to a greater extent than selective 
binding to the active site of COX-1. These results show that 
additional studies are needed in order to use WAC in 
combination with immobilized lipodisks to study ligand 
interactions with membrane proteins. Some ideas on this subject 
are presented in section 5 of this thesis. 
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3.4 General Considerations about WAC as a 
Screening Technology 

 
WAC is in this thesis first and foremost presented as a primary 

screening method for fragments. Benefits with this technique, 
such as ease of operation, reliability, robustness and proven 
stability of columns, speak for successful implementation in 
FBDD projects both within industry and academia. Further, 
fragment screening can be performed on standard HPLC 
equipment which most pharmaceutical companies or academic 
institutions already possess in their laboratories. WAC is a highly 
reproducible technology for fragment screening, which was 
demonstrated in Paper III during screening of a mixture of 
fragments on an Hsp90 column. The resulting coefficient of 
variation (CV value) was 1.1 % for retention times measured 
within the same day and 4.8 % between retention times measured 
during three consecutive days. 

 
Some important aspects differentiate WAC from most other 

screening technologies. For instance, the affinity of a compound 
is obtained by the analysis of the compound at one single 
concentration. For technologies such as SPR, analysis of multiple 
sample concentrations is necessary for accurate KD determination 
of ligands of fast kinetics such as fragments. The same applies 
also for NMR. Another benefit with WAC is that the technique is 
based on separation. While other fragment screening techniques 
require pure or well-characterized samples, this is not essential 
for WAC. This has been shown by analysis of racemic mixtures 
and crude reaction mixtures. Additionally, degradation of 
samples is also a minor problem since degradation products are 
separated from the original compound on the WAC column 
during analysis and/or by m/z during MS detection. Another 
benefit with the separation aspect is that the ligand-protein 
interactions will take place in a DMSO-free environment as 
DMSO is eluted in the void and thus separated from ligands with 
affinity to the target.  

 
Whereas most fragment screening technologies rely on high 

concentrations of analytes to be able to detect weak binding 
events, WAC requires very low sample concentrations (10 µM – 
0.1 mM) to accurately determine affinities. It can be noted that in 
Paper III, it was found that sample concentration of 0.1 mM was 
low enough for accurate affinity measurement of a fragment with 
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a KD value of 10 µM because of dilution of the sample on the 
column upon injection. Low sample concentrations mean less 
sample consumption and less restrictions in fragment solubility 
for screening. Further, due to the low concentration of each 
individual analyte less competition for the active site can be 
expected between fragments during screening in mixtures. For 
instance, in order to increase throughput during screening by 
ligand-observed NMR, fragments were analysed in mixtures in 
Paper III. However, high concentrations of each fragment are 
required for this assay, which increases the risk for problems with 
adverse reactions between fragments in the mixture and of 
competition between fragments for the active site. For WAC, 
retention times of fragments analysed both as singles and in 
mixtures have been compared to investigate whether this is a 
concern for WAC at the low sample concentrations used. In 
Paper I, there was a difference of < 7 % between retention times 
of mixtures and singletons. However, since all these fragments 
contain an amidine subgroup which binds specifically to the 
same location of the active site, these fragment may be expected 
to compete with each other to a greater extent than a standard 
(more diverse) mixture of fragments. In Paper III, the difference 
in retention times of 10 fragments, analysed in mixtures of 6 
fragments in each mixture was < 4 % (or < 0.125 min). The low 
amount of sample injected during WAC analysis also reduces 
problems with high affinity binders blocking all active sites on 
the column.  

 
When MS detection is used in combination with fragment 

screening by WAC, the screening campaign is restricted to 
ionisable fragments. This may cause detection problems of non-
polar fragments that are generally more difficult to ionise by ESI, 
which was used exclusively in the experiments described here. 
However, other API techniques, such as APCI is a useful 
alternative for these types of compounds84. All analyses in this 
thesis were performed using water-based buffers as mobile 
phases. Although this is not an ideal solvent to be used in 
combination with MS detection due to high surface tension and 
low volatility, detection has worked relatively well with some 
optimization in setting the ESI variables. However, it may be 
problematic with fragment libraries dissolved in DMSO at 
relatively low concentrations, as this means that the fragment 
concentrations of the samples will be low and/or the DMSO 
concentration very high, which disturbs detection. Analytes that 
are eluted in or close to the void together with DMSO are 
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especially difficult to detect due to signal suppression. Signal 
suppression, or matrix effects, result from competition of the 
available surface area of the electrospray droplets in the MS 
between analytes and the solvent. 

 
This thesis has shown fragment screening in the affinity range 

2 µM – 2 mM. A limitation that has been noted with WAC is the 
difficulties associated with analysis of high affinity binders (KD < 
1 µM). Low off rates lead to extreme peak broadening which 
makes the peaks difficult to detect. Consequently, high affinity 
binders, such as unexpectedly efficient binders during a fragment 
screen can be falsely regarded as negatives. Changes in 
temperature can be used to elute compounds faster. This was 
shown in Paper III.  

 
For compatibility with MS detection, mobile phases are also 

restricted to buffers without any non-volatile salts to avoid 
contamination of the ion source. Therefore, ammonium acetate 
buffer was used together with MS detection. Comparison of 
retention times during analysis by WAC using either PBS pH 7.4 
or 20 mM ammonium acetate pH 6.8 is of interest as PBS pH 7.4 
represents a physiological buffer in terms of pH and ionic 
strength. A comparison like this was performed in Paper II and 
Paper III. In addition to the screening on a GAK column 
presented in Paper II, 22 fragments were analysed on a different 
GAK column using PBS pH 7.4 as mobile phase and at a flow 
rate of 12.5 µL/min (unpublished data). A comparison between 
these two data sets obtained in either mobile phase (PBS versus 
ammonium acetate) shows a good correlation between retention 
volumes (R2=0.875). In addition, in Paper III, a similar 
comparison is presented for 12 fragments which also shows 
correlating retention times between mobile phases (R2 = 0.998) 
even though retention in ammonium acetate was generally 
slightly shorter. 
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4 CONCLUSIONS 

This thesis presents the introduction and further development 
of WAC as a tool in drug discovery. WAC is demonstrated as 
applicable for primary fragment screening against a range of 
different targets of various protein classes – proteases, kinases, 
chaperones and PPI targets. A great advantage with WAC is that 
fragment screening can be performed using standard HPLC 
equipment. Protein consumption is then kept at a satisfying level 
(a few mg) but can be further minimized by the use of capillary 
systems (0.5 – 1 mg). The WAC columns were proven to remain 
stable for long periods of time. WAC was demonstrated as highly 
reproducible and with very low sample consumption (0.04 nmol 
analyte per injection) in relation to other technologies. Fragment 
screening can be performed by WAC in a high throughput 
manner by analysis in mixtures of fragments. 

 
Comparison of screening results between WAC and other 

more established technologies for fragment screening showed a 
good correlation between WAC and other methods which were 
all based on entirely different physiochemical principles for 
detection of binding. This study also points out the importance of 
using more than one fragment screening technology for primary 
fragment screening. This was shown as reliable data could not be 
obtained for all fragments by each technology. Further, the 
methods may complement each other in their ability of detecting 
all fragment hits of potential interest. This is especially important 
for fragments that bind very weakly to the target.  

 
Chiral separation of fragments was also shown during 

fragment screening targeting the kinase GAK. This is an 
additional application of WAC of great interest as chiral analysis 
enables screening of fragment libraries with unknown 
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stereochemistry of the components. Analysis of crude reaction 
mixtures was also performed by WAC. This application of WAC 
would be of great interest to use in organic synthesis laboratories 
as the affinity of a product can be determined without its 
isolation and purification. Simultaneous monitoring of reagents 
and by-products is achieved as all components of the mixture are 
separated directly on the WAC column. 

 
Immobilization of lipodisks as model membranes on a silica 

matrix was also performed. This demonstrates how a system 
based on HPLC-MS can be used for drug partition studies, which 
represents a more stable and reproducible alternative to drug 
partition studies compared to previously reported methods. 
Further, a WAC system for affinity interaction analysis targeting 
certain membrane proteins could be produced by in situ 
incorporation of membrane proteins into immobilized lipodisks 
in an HPLC column. This method was attempted and a COX-1 
column was produced. More studies are however needed within 
the field for affinity interaction analyses of membrane proteins. 

 



62 

5 FUTURE PERSPECTIVES 

This section addresses some aspects that could be of interest 
in the future development of WAC as a screening technology. 
Elution of high affinity binders is one example as very strong 
binders (KD in the nM range) may be falsely mistaken for non-
binders. Strategies for elution of high affinity binders should 
therefore be developed. Analysis at higher column temperatures 
(thermal elution) has been used in this thesis, but additional 
methods would be of interest especially for thermally unstable 
proteins. More thorough stability studies are also needed where 
relatively unstable proteins are targeted.  

 
A number of fragments hits of potential interest with affinity 

to different pharmaceutical targets were identified in the 
fragment screening projects included in this thesis. Further 
development of some of these hits into more active compounds 
with the aim of finding selective GAK/Hsp90/Pin1 inhibitors 
would be of great interest. 

 
Analysis of crude reaction mixtures by WAC was also 

demonstrated in this thesis and this application should be 
evaluated with various reaction mixtures from different sources. 
WAC also has the potential to be used to simultaneously monitor 
reagents present in a mixture. The possibility of monitoring 
multiple products and reagents by WAC may also be used in 
parallel synthesis which can be highly useful in the lead 
development process. 

 
The challenge of targeting membrane proteins is addressed in 

this thesis as well. Methods for stable immobilization of 
membrane proteins on a WAC column are needed. The use of a 
vehicle such as lipodisks for immobilization of membrane 
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proteins onto a surface is essential in order to maintain the 
protein in its natural milieu. The concentration of immobilized 
membrane protein must also be high enough for analysis of 
binder with KD values in the µM range. In addition, in order to 
distinguish selective binding of for example NSAIDs to COX-1 
on a WAC column, more appropriate reference columns are 
required, such as a COX-1 column with a blocked active site, or a 
COX-2 column in combination with analysis of highly isoform-
selective analytes. As affinity studies targeting membrane proteins 
are an area of great unmet need today, this is a most important 
application for WAC to be realized. 
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