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Abstract
Christopeit, T. 2013. Protein Interaction Studies with Low Molecular Weight Ligands:
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Universitatis Upsaliensis.  Digital Comprehensive Summaries of Uppsala Dissertations from
the Faculty of Science and Technology 1007. 34 pp. Uppsala. ISBN 978-91-554-8566-5.

In this thesis, the interactions between different proteins and small ligands were characterized
by surface plasmon resonance spectroscopy (SPR) and fluorescence resonance energy transfer
(FRET) based assays.  

For the C-reactive protein (CRP), a new type of artificial binder was identified which
allows designing diagnostic assays superior to commonly used standard assays. Furthermore,
an interaction study with the endogenous ligand phosphocholine revealed the importance of
the avidity of pentameric CRP for the distinction of different types of lipid membranes. The
interaction study with calcium showed how SPR based assays can be used to study ion-protein
interactions despite the low atomic weight of ions.  

The transmembrane protease BACE1, an important drug target for Alzheimer’s disease, was
immobilized to an SPR biosensor surface and embedded into a lipid membrane. An interaction
study with a set of known BACE1 inhibitors showed that the transmembrane region has only
minor effects on the interactions. Furthermore the pH-dependencies of the interactions were
investigated and revealed new important conclusions for inhibitor design. Computer aided
modelling showed that the protonation state of the aspartic dyad is dependent on the interacting
inhibitor which offers new perspectives for in silico screenings.

The SPR assay developed for BACE1 was adapted to a more complex membrane protein,
the pentameric β3 GABAA receptor. The assay allowed the pharmacological characterisation
for histaminergic and GABAergic ligands and gave further evidence for cross-talk between the
two signal transduction pathways. This study shows that the immobilisation method used for
BACE1 and the ß3 GABAA receptor has the potential to become a standard method for handling
membrane proteins. 

The identification of new drug leads from natural sources is a common strategy for drug
discovery. A combination of SPR and FRET based activity assays were explored to increase
the efficiency of this process. For HIV-1 protease, secreted aspartic protease (SAP) 1, 2 and 3
extracts from a marine vertebrate were identified containing potent inhibitors which interacted
with the active site of the enzymes.

The studies in this thesis show that the investigation of protein interactions is crucial for
understanding protein functions and can help to develop novel drugs for the treatment of
different diseases.

Tony Christopeit, Uppsala University, Department of Chemistry - BMC, Box 576,
SE-751 23 Uppsala, Sweden.
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Abbreviations 

AIDS Acquired immunodeficiency syndrome 
BACE1 β-site amyloid precursor protein cleaving enzyme 1 
CRP C-reactive protein 
C. albicans Candida albicans 
DNA Deoxyribonucleic acid 
E. coli  Escherichia coli 
ELISA Enzyme-linked immunosorbent assay 
FRET Förster (fluorescence) resonance energy transfer 
GABA γ−Aminobutyric acid 
GABAA γ−Aminobutyric acid type A
HCMV Human cytomegalovirus 
HPLC-MS 
 

High performance liquid chromatography-mass spec-
trometry 

HIV Human immunodeficiency virus 
HIV-1 Human immunodeficiency virus type 1 
IC50 Half maximal inhibitory concentration 
ka Association rate constant 
kd Dissociation rate constant 
KD Equilibrium dissociation constant 
kDa Kilodalton 
NMR Nuclear magnetic resonance 
PDB ID Protein Data Bank identification code 
RNA Ribonucleic acid 
SAP Secreted aspartic protease 
SPR Surface plasmon resonance spectroscopy 
 
Amino acids are referred to by three letter abbreviations as recommended by 
IUPAC and IUBMB.1 
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Introduction 

Since the beginning of the 19th century cells have been considered to be the 
basic unit of all living organisms and a main goal of scientist has been to 
understand their function. This goal is strongly connected to the understand-
ing of proteins, the “molecular machines” of a cell. Proteins participate in all 
processes of living cells and interact non-covalently with many different 
types of macromolecules. For example during translation and transcription 
they interact with DNA and RNA. Interactions with other proteins such as 
receptors are essential for signal transduction or formation of macromolecu-
lar complexes, like ion-channels or the proteasome. Enzymes, for example, 
interact with their substrates to carry out chemical reaction necessary for the 
catabolism and anabolism. The interaction with metal ions, e.g. calcium or 
magnesium, is a common way to induce conformational changes and thereby 
influence or change the activity of proteins. Furthermore, the pathological 
mechanisms of many diseases are based on altered protein interactions, e.g. 
in autoimmune diseases.2 Hence understanding protein interactions is a key 
to understanding how cells work. 

Another motivation for studying protein interactions is the development 
of new drugs. Most known drugs interact with proteins, so called drug tar-
gets, and thereby affect their function. For example, the inhibition of virus 
replication is often achieved by inhibiting essential enzymes of the virus 
assembly. Many psychoactive drugs, like antidepressant bind with high af-
finity to ion channels and receptors in the brain and thereby modify their 
performance.3 However, understanding the interactions between drugs and 
their targets is crucial for designing novel small molecules suitable as drugs.         

Forces in protein interactions 
Reversible protein interactions are based on the complementary match be-
tween the interaction partners and non-covalent forces primarily hydrogen 
bonds, hydrophobic effects and ionic interactions.  

Hydrogen bonds are formed when a hydrogen atom is shared between two 
electronegative atoms, the hydrogen bond donor and the hydrogen bond 
acceptor (Figure 1). Their importance for protein interactions is immense 
since many amino acid side chains as well as the peptide bond in the protein 
backbone, are able to act as hydrogen bond acceptors and donors. Further-
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more, many drugs contain groups that are able to participate in hydrogen 
bonds and in this way stabilize interactions with proteins.2, 4  

The hydrophobic effect is a result of the tendency of nonpolar molecules 
to form aggregates in aqueous solutions. This is mainly caused by entropic 
effects since nonpolar compounds disturb the network of hydrogen bonds 
between water molecules. Several amino acids, like phenylalanine, leucine 
or valine have a nonpolar character and can contribute in the formation of 
hydrophobic areas at protein surfaces. The interactions of such areas can 
significantly contribute to the binding affinity. This is also reflected in the 
structure of many enzyme inhibitors which have hydrophobic groups in dis-
tinct positions of their structure (Figure 1).2, 4 

 
Figure 1. Left: General structure of a hydrogen bond. Right: Example of hydrogen 
bond donors, acceptors (circles) and hydrophobic groups (arcs) in the structure of 
Fluoxetine an antidepressant and inhibitor of the serotonin transporter.  

Ionic interactions are formed through the attraction of opposite charges. This 
type of interaction occurs mainly between ions, but can also occur between 
atoms with partial charges induced by polarization. Several amino acids have 
charged or partial charged groups and can therefore participate in ion inter-
actions. Furthermore, this is a common way for proteins to incorporate ions 
like magnesium or calcium into their structure.2, 5  

All these non-covalent forces are weak compared to covalent bonds, but 
together they can produce interactions with binding affinities in a pM range 
like the biotin-streptavidin interaction or antibody-antigen interactions. 

Basic protein interaction kinetics 
The non-covalent and reversible interaction of a protein (P) and an interac-
tion partner (L) can be described by a simple equilibrium expression: 
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    Scheme 1 

The interaction can be described by the association rate constant, ka and the 
dissociation rate constant, kd which together define the equilibrium dissocia-
tion constant KD:  
 

    (1) 

It is worth noting that a lower value for KD corresponds to a higher affinity, 
and that KD can be seen as the concentration of L which results in 50% of the 
protein to be in complex, providing the system is in the equilibrium.5 

Methods to study protein interactions 
There are many different methods to study protein interactions. A common 
way is to use purified proteins in co-precipitation based methods such as pull 
down assays or immunoprecipitation assays. Other methods are yeast-two 
hybrid or phage display, which are able to determine protein-protein interac-
tions as well as protein-DNA interactions. To gain structural information 
about an interaction often X-ray crystallography or NMR spectroscopy are 
used. However, each method has their own strengths and weaknesses and to 
present them all here is beyond the scope of this introduction. Since this 
study focused on surface plasmon resonance spectroscopy (SPR) and Förster 
(fluorescence) resonance energy transfer (FRET) based enzyme activity as-
says only these methods are presented in detail.  
 
FRET based enzyme activity assays 
Measuring the activity of an enzyme can reveal important information about 
the interaction with its substrates or an inhibitor. Especially for the investiga-
tion of proteases, FRET based activity assays are widely used.6 Substrates 
for FRET assays normally consist of a peptide with an excitable fluorescent 
group and a quenching group covalently attached to the ends of the peptide 
(Figure 2). On excitation, the energy is transferred from the fluorescent to 
the quenching group which emits the energy as light with a special wave-
length. The cleavage of the FRET substrate separates the two groups and 
hence changes the fluorescent properties of the substrate. This allows a time 
resolved measurement of product formation. In this way, the kinetic parame-
ters of an enzyme can be determined and the influence of inhibitors can be 
investigated.5, 7   

P + L PL
ka

kd
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Figure 2. Schematic structure of a FRET substrate with two fluorescent groups. 
Cleavage by a protease separates the groups and changes the fluorescent which al-
lows the reaction to be followed in real time.   

Surface plasmon resonance spectroscopy (SPR) 
SPR is a powerful technology for the study of dynamic biomolecular interac-
tions in real-time. It provides important information about the affinity, kinet-
ics, chemodynamics and thermodynamics of an interaction.  

A typical SPR-biosensor consists of a gold coated glass plate with an im-
mobilized dextran matrix (Figure 3). Through a microfluidic system, it is 
possible to apply buffer or different reagents to the dextran matrix. The opti-
cal detection system is located on the opposite side of the glass plate. It al-
lows the measurement of changes in the refractive index which are directly 
proportional to changes in mass on the gold surface due to surface plasmon 
resonance effects. However, other effects like changes in buffer conditions 
or charges close to the surface, has also been observed to influence the re-
fractive index.  

 
Figure 3. Schematic structure of an SPR biosensor. 
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The first interaction partner is covalently immobilized to the dextran matrix 
and the second interaction partner is solubilized in buffer and applied 
through the flow system. Upon an interaction the mass on the sensor surface 
increases and the refractive index changes are recorded in a response units to 
time plot, referred to as sensorgram (Figure 4).8 

 
Figure 4. Set of typical sensorgrams for a concentration series of a 1:1 interaction. 
Equilibrium values are calculated from a single point at steady state (grey marked 
area). The inset shows the corresponding steady state plot. The maximum signal was 
100 response units.    

Sensorgrams are normally shown with an initial baseline representing the 
background signal from the continuous flow of buffer. During the injection 
of the second interaction partner, the signal increases until the interaction 
reaches equilibrium. After the injection is stopped, the second interaction 
partner dissociates from the surface and the signal changes back to the base-
line. For a kinetic characterization, the second interaction partner is injected 
in different concentrations. A so produced set of sensorgrams as shown in 
Figure 4 can be used to calculate kinetic parameters like association rate 
constant, dissociation rate constant and equilibrium constant with help of 
computer aided non-linear regression analyses. Models used for such anal-
yses can be for one as well as for several binding sites and a various number 
of mathematical factors can be included to compensate for effects like coop-
erativity, conformational changes or heterogeneous interaction partners. A 
different way to calculate the equilibrium dissociation constant for an inter-
action is a steady state plot (Figure 4). In this case the equilibrium values are 
plotted against the concentration and it is possible to determine KD through 
non-linear regression. Furthermore, the plot gives evidences about the num-
ber of binding sites and cooperativity.9 
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Proteins in this study 
The proteins investigated in this thesis belong to different classes and are of 
different origins. Still all are important and established drug targets or diag-
nostic marker and their interactions with low molecular weight interaction 
partners are therefore interesting research subjects.  

C-reactive protein (CRP) 
CRP is a plasma protein, which consist of five identical subunits symmetri-
cally arranged around a pore. Every subunit has a molecular weight of 
~23 kDa and can bind two calcium ions. The binding of Ca2+ induces a 
strong conformational change and thereby enables the protein to bind to 
phosphocholine (Figure 5).10 

 
Figure 5. The structure of pentameric CRP in complex with calcium (orange) and 
phosphocholine. The  binding of calcium induces a strong conformational change 
where a mobile loop (yellow) moves into the protein (PDB ID: 1B09).  

During the acute phase of an immune response, CRP is strongly up-regulated 
and it is assumed that it marks bacteria or disturbed cells for the complement 
system by interacting with the phosphocholine headgroups on the surface of 
lipid membranes. The mechanism how CRP distinguishes between different 
membranes is still elusive. However, due to the importance for the immune 
system CRP is a target for the development of novel anti-inflammatory 
drugs.11 Furthermore, it has been shown that high CRP levels in blood are 
associated with cardiovascular diseases and hence it is an interesting diag-
nostic blood marker.10, 12 
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HCMV protease 
The human cytomegalovirus (HCMV) is a widespread virus and in healthy 
individuals the virus has no harmful effects. In contrast, infection of immun-
ocompromised individuals can cause severe health problems. The virus en-
codes a serine protease with a molecular weight of 28 kDa. It is essential for 
the viral replication and is hence a potential drug target. The protein is syn-
thesized as a precursor protein and undergoes autocatalytic activation during 
virus assembly. Also every monomer contains a catalytic triad consisting of 
one serine and two histidine residues the protease is only fully active as a 
homodimer since the substrate interacts with both subunits. Despite the 
strong interest in the HCMV protease as a drug target, so far no inhibitors 
are in clinical use.13, 14 

GABAA receptor 
γ−Aminobutyric acid type A (GABAA) receptors are ligand-gated ion chan-
nels which are involved in many different neurological processes like modu-
lation of sleep, depression or recovery from stroke.15 Native receptors nor-
mally consist of two α, two β and one γ subunit, which are arranged around 
an ion pore (Figure 6).16 

 
Figure 6. Schematic structure of a pentameric GABAA receptor and molecular struc-
tures of ligands interacting with GABAA receptors.  

Today, 19 different genes encoding for GABAA receptors have been identi-
fied, leading to a large number of differently assembled receptors. Due to the 
difficulty in the recombinant expression of hetero-pentameric GABAA recep-
tors, homo-oligomeric receptors are often used as model systems. Although 
the endogenous main ligand is γ-aminobutyric acid (GABA), the receptors 
undergo complicated interactions with a large collection of compounds. 
Many of them are clinically relevant drugs, like benzodiazepines and general 
anaesthetics, like propofol and etomidate. However, the whole spectrum of 
interaction partners for the receptors is still unknown.15, 17, 18     
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Aspartic proteases 
Aspartic proteases represent an enzyme family where all members catalyse 
the cleavage of a peptide bond by a mechanism involving two catalytic as-
partic residues (Figure 7). All aspartic proteases have an acidic pH optimum 
and are inhibited by the active site inhibitor pepstatin.19 In this study the 
aspartic proteases β-site amyloid precursor protein cleaving enzyme 1 
(BACE1), HIV-1 protease and secreted aspartic protease (SAP) 1, 2 and 3 
were investigated and are therefore described in detail below. 

 
Figure 7. Catalytic mechanism of aspartic proteases.20  

BACE1 
BACE1 is an aspartic membrane bound protease and produces the Aβ-
peptide, a main constituent of amyloid plaques and the hallmark of Alz-
heimer’s disease. Hence, BACE1 is an interesting drug target and many ef-
forts have been done to develop inhibitors suitable as drugs. The normal 
function of BACE1 is still unknown, but a participation in signal transduc-
tion is suggested. Furthermore, many details about the interaction with the 
substrate or inhibitors are still unclear which complicates the design of novel 
potent inhibitors.21   

HIV-1 protease 
The human immunodeficiency virus (HIV) causes the acquired immunodefi-
ciency syndrome (AIDS) an infection that is spread worldwide. During the 
last decades, treatments for AIDS have been developed, but they only slow 
the course of the disease and a cure is still not available. Many of the clini-
cally used HIV drugs aim for the inhibition of the HIV-1 protease. This ho-
modimeric enzyme cleaves a polyprotein and creates thereby the mature 
protein components for building new virus particles. Clinically used HIV-1 
protease inhibitors e.g. saquinavir or atazanavir, reduces enzyme activity by 
binding to the active site of the enzyme.22 However, resistance against the 
used inhibitors emerge rapidly and the development of new drugs is neces-
sary.23 

Secreted aspartic protease (SAP) 
Candida albicans is a fungal pathogen and the major cause of candidiasis, 
which can be life threatening for immunocompromised patients. The genome 
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of C. albicans encodes for at least ten different SAPs, which differ in expres-
sion patterns, substrate specificities and enzymology. During infection, SAPs 
are released into the surrounding tissue and help C. albicans to acquire im-
portant nutrients as well as to defeat the host defence. Hence it is assumed 
that the inhibition of SAPs can lead to new drugs against candidiasis.24, 25 In 
this thesis the focus was on SAP1, 2 and 3, since it was shown that they are 
important for the virulence of C. albicans.26, 27      
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Aim of the present investigation 

The aim of the present work was to increase the knowledge about protein 
interactions as well as drug-drug target interactions and to improve present 
methods for this purpose. In detail, this included: 

 
• Development of an assay to study the interaction of CRP with natural 

and artificial ligands. 
• Characterization of the interaction between truncated BACE1 and differ-

ent inhibitors. 
• Developing a surface plasmon resonance based biosensor with mem-

brane embedded full length BACE1 to study the interactions with differ-
ent inhibitors.  

• Developing a surface plasmon based biosensor for the homo-oligomeric 
β3 GABAA receptor and characterization of the receptor interactions 
with small molecules 

• Increasing the efficiency of screening natural sources for novel drug 
leads by combining SPR and FRET based assays  
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Results 

Interactions between CRP and artificial protein binders 
– A tool for designing new diagnostic assays (Paper I) 
CRP is an important diagnostic marker for inflammation and cardiovascular 
disease and there is a clear need for detection assays able to determine CRP 
concentrations in body fluids like blood.10, 12 Antibody based assays are 
mainly used for this purpose today, although they have several disadvantages 
associated with the complex structure of the antibodies e.g. expensive pro-
duction and low stability.28 In this study we tested a new type of CRP-binder 
and its suitability for application in detection assays.  

A set of 16 artificial binders was synthesized, every binder consisting of 
phosphocholine, a spacer molecule and a 42-residue long polypeptide chain 
differing in total charge and the position of phosphocholine incorporation 
(Figure 8). An SPR biosensor assay with CRP was established and every 
binder was tested in a concentration series. The interactions were reversible 
and Ca2+ dependent, but due to their complexity it was not possible to deter-
mine equilibrium constants. However, an advantage of SPR is that interac-
tions can be followed in real-time and it was therefore possible to choose a 
binder with the intended binding properties directly from comparing the 
sensorgrams. One of the artificial binders showed an extremely slow dissoci-
ation and the estimated affinity was in the low nM range (Figure 8). Hence 
this binder was selected for further interaction studies.  

 
Figure 8. A: General structure of the artificial binders consisting of phosphocholine, 
a polypeptide chain and a chromophore. B: Sensorgram for the interaction between 
CRP and the selected artificial binder. The applied binder concentrations were be-
tween 0.54 and 1200 nM. 
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A chromophore was linked to the binder and the SPR results were confirmed 
by fluorescence titration. The selectivity of an antibody and the selected 
binder was compared by a pull-down assay from patient serums with in-
creased CRP concentration. Next to CRP, also several proteins of the com-
plement system were isolated in this pull-down assay, probably due to asso-
ciation with CRP. However, the binder and the antibody extracted the same 
protein pattern, which indicates similar selectivity. Furthermore, the applica-
bility in an ELISA assay was tested and the results were comparable with 
commercially available assays. This study showed that the selected binder 
has binding properties comparable to an antibody and hence offers an inter-
esting alternative to antibody based detection assays.  

Interactions between CRP and endogenous ligands – 
Insights into the regulation of lipid membrane binding 
(Paper II) 
It is clear that CRP has an important function during the activation of the 
complement system, but the mechanism how disturbed cells or bacteria are 
recognized is still elusive.10, 12 The established SPR biosensor assay was 
therefore used to investigate the interactions of CRP with different endoge-
nous ligands.  

The interaction with phosphocholine was too fast for the association and 
dissociation rate constants to be determined. However, from the steady state 
plot it was possible to calculate a KD of 5.0 µM. With a CRP concentration 
in blood much lower than the determined KD, it is obvious that the avidity of 
the multi binding sites in a pentameric CRP creates the high affinity neces-
sary for the tight interaction with lipid membranes.11 Furthermore, the results 
show how CRP distinguishes between different types of lipid membranes. 
To interact with CRP, a membrane has to have certain fluidity and the phos-
phocholine head groups have to be arranged in special way which allows 
binding to several head groups at the same time.  

Calcium ions have only a low mass and detecting their interactions with 
proteins is therefore difficult by using SPR. However, injections of different 
Ca2+-concentrations induced signals approximately 10-fold higher as ex-
pected from the mass of calcium (Figure 9). It is known that the interaction 
between Ca2+ and CRP induces a strong conformational change.29, 30 Fur-
thermore, previously reports have been shown that also conformational 
changes can induce SPR-signals.14, 31-35 Hence, it was assumed that the de-
tected signals were related to the conformational change.  
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Figure 9. A: Sensorgrams for the interaction between CRP and Ca2+. The corre-
sponding steady state plot (insert) shows a double sigmoidal shape typically for two 
binding sites B: Structure of the calcium binding site of CRP in complex with two 
Ca2+ (PDB ID: 1B09).   

It was not possible to calculate the association or dissociation rate constants 
for the Ca2+ interactions due to the fast kinetics. The saturation plot showed a 
double sigmoidal concentration dependency, as expected for a protein with 
two binding sites. The affinities were determined with a KD of 0.03 mM for 
the high affinity binding site and a KD of 5.45 mM for the low affinity bind-
ing site. The saturation level for the low affinity binding site was higher than 
for the high affinity binding site, which indicates that the low affinity bind-
ing site induces the major conformational change. From the three dimen-
sional structure of CRP it is clear that each calcium ion is coordinated by 
five oxygen atoms from different amino acids in the protein structure and 
one from the phosphate group of phosphocholine (Figure 9). In binding site 
1 the oxygen atoms are not as closely orientated to the ideal structure of the 
octahedron, which suggests a lower affinity of the binding site. Furthermore, 
all residues of binding site 1 are part of a mobile loop, which makes it likely 
that this interaction induces the conformational change. Hence it can be as-
sumed that binding site 1 is the low affinity binding site and binding site 2 
the high affinity binding site. Previous reports were not able to reveal the 
different affinities of the two binding sites and it was assumed that CRP 
circulates completely saturated in the blood stream with a Ca2+ concentration 
of 1.2 mM.36, 37 In contrast, the determined affinities indicating that only one 
out of five CRP molecules are saturated with two ions and thereby can inter-
act with phosphocholine. Hence under these conditions a pentameric CRP 
cannot bind with high affinity to a lipid membrane presenting phosphocho-
line head groups. On the other hand in areas with high Ca2+ concentration, 
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like during inflammation, pentameric CRP has high affinity for lipid mem-
branes due to avidity effects.  

This study showed that SPR assays are suitable for the investigation of 
the interactions between proteins and ions as long as a strong conformational 
change is provided, although theoretically the mass of ions is too low for 
detection. This offers new possibilities since it makes direct investigation of 
such interactions possible without the dependency of a protein activity. In 
this way new insights can be gained in the relationship between the function 
and the structure of ion binding motifs. Furthermore, the study suggests a 
mechanism for how CRP distinguishes between different lipid membranes 
and how this process is regulated. This knowledge can help to further under-
stand the function of CRP and to design new anti-inflammatory drugs.    

Interactions of BACE1 with small molecules – Lessons 
for finding new drug leads (Paper III and Paper IV) 
Despite the strong research interest in BACE1 as a drug target for the Alz-
heimer’s disease, so far only few inhibitors have reached clinical trial.38 A 
reason for this could be that commonly used assays are suboptimal for iden-
tification and optimization of new drug leads. The aim of this study was to 
improve such assays and to increase our basic understanding of BACE1 as a 
drug target. 

Comparing full length and truncated BACE1 
Membrane proteins are an important class of proteins and include many in-
teresting drug targets.39 Due to their hydrophobic character, handling can be 
difficult and standard biochemical methods can often not be applied. A 
common way to overcome such problems is to remove the transmembrane 
region and to work with the truncated protein although the influence on the 
structure is often unclear. Since this strategy has also been applied to 
BACE1, we investigated if the truncated protein is a suitable model enzyme 
to identify new potent drug leads for full length BACE1.40  

His-tagged full length BACE1 was expressed in an insect cell line and the 
proteolytic activity was confirmed by a FRET based activity assay with a 
peptide derived from the natural substrate. For immobilization to the SPR 
sensor, BACE1 was directly caught from the cell lysate by an immobilized 
anti-polyHistidine antibody and a solubilized lipid mixture was used to re-
build the membrane. In this way it was possible to immobilize the enzyme 
with the transmembrane region embedded into the lipid membrane (Figure 
10). Truncated BACE was expressed and purified from E. coli and covalent-
ly attached to the dextran matrix of a SPR sensor by amine coupling. 
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The interaction of full length and truncated BACE1 with a set of known 
BACE1 inhibitors was studied at pH 4.5 and 7.4. It was possible to charac-
terize the interactions by determining KD as well as association and dissocia-
tion rate constants. A comparison revealed no major differences in interac-
tion kinetics. Hence, it can be assumed that the transmembrane region has no 
or only little influence on the structure of the active site. Still the embedding 
of the protein into the lipid membrane had a stabilizing effect on the protein 
structure, since replacing of the membrane by detergent strongly reduced the 
stability of the surface. However, truncated BACE can be considered as an 
appropriate model enzyme to find potent inhibitors for endogenous BACE1.     
 

 
Figure 10. Immobilisation of full length BACE1 to the dextran matrix of an SPR 
biosensor embedded into a lipid membrane.  

Influence of inhibitor interactions on the protonation state of the 
catalytic dyad 
BACE1 belongs to the group of aspartic proteases which have a characteris-
tic aspartic dyad in the active site. During substrate binding the dyad is mon-
oprotonated and the same state therefore was assumed to be dominant when 
active site inhibitors bind (Figure 7). In addition it can be expected that other 
residues that can occur in different charged states can be influenced by con-
ditions and ligand binding.41-43  

The protonation states of all titratable residues for a set of BACE1 inhibi-
tor complexes were calculated and the structures obtained were used to make 
an affinity ranking at pH 4.5 and 7.4. The ranking reflected the experimental 
determined affinities well, which validates the model and shows that it is 
useful for the computer aided design of new inhibitors. Furthermore, the 
calculated titration curves for the aspartic dyad revealed that the protonation 
state is strongly influenced by the bound inhibitor. The interaction with some 
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inhibitors induced a deprotonated state of the aspartic dyad, whereas other 
induces a complete ionisation. So far, in silico screenings have been per-
formed under the assumption that the aspartic dyad is monoprotonated dur-
ing interactions. Our results show that it is a strong advantage to include 
several BACE1 structures differing in the protonation state into a screening.  

Importance of the pH-dependency for the pharmacokinetics of 
BACE1 inhibitors 
A known problem with BACE1 inhibitors is that compounds showing prom-
ising result in enzyme based assays often fail to show a similar potency in 
cell based assays.38, 44 By comparing the enzyme based inhibitor affinities 
from the previous experiments with IC50 values from cell based assays, we 
noticed that inhibitors with high affinity at both pH values also showed good 
results in the cell based assays. During intracellular trafficking, BACE1 is 
transported from the cell membrane into different cell compartments.21 An 
explanation for the observed correlation could be that only inhibitors with 
high affinity at the neutral environment of the cell membrane get transported 
together with the protein into the acid endocytic vesicle, where BACE 
cleaves its substrate. However, it seems that BACE1 inhibitors with high 
affinities at acid and neutral pH have smaller chance to fail later on in the 
drug discovery process.  

Investigating the interaction of inhibitors with BACE1 at a neutral pH can 
be difficult since the enzyme has no detectable activity under these condi-
tions and hence many assays cannot be used. In contrast, the SPR assay de-
veloped during this study allows investigating interactions independent from 
the activity which further increases the value of the assay for the drug devel-
opment process.    

Pharmacological characterization of the β3 GABAA 
receptor (Paper V) 
So far, only few assays are available to study membrane proteins by using 
SPR technology.45-48 In a previous study we established an assay for BACE1, 
a protease with one transmembrane region (Paper IV). The aim of this study 
was to adopt the assay to a more complex membrane protein containing sev-
eral transmembrane regions. 

A His-tagged homo-oligomeric β3 GABAA receptor was expressed with 
the help of an insect cell line. The receptor was extracted by using detergent 
solubilisation and kept in detergent throughout the interaction analyses. Im-
mobilization to the SPR sensor was successfully carried out by affinity cap-
ture with an anti-PolyHistidine antibody. The interactions with several GA-
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BAergic ligands were investigated and the results were in agreement with 
the literature data showing that the receptor was functionally immobilized.49, 

50 Replacing the detergent by embedding the receptor into a lipid membrane 
did not show any improvement of the signal intensity and hence was not 
necessary as for BACE1. The histaminergic pharmacology of GABAA recep-
tors has been demonstrated before and also the homo-oligomeric β3 GABAA 
receptor interacted with histamine. Although the signal intensity was low 
due to the low molecular weight of histamine it was possible to determine 
KD which was in a physiological relevant range and similar to the affinity of 
other histaminergic receptors (Figure 11).51, 52  

 
Figure 11. Sensorgram (left) and steady state plot (right) for the interaction between 
histamine and the β3 GABAA receptor. Histamine was injected in a concentration 
series from 8 to 1000 µM. The calculated affinity constant was 98 µM. 

Additionally, 16 ligands specific for histamine receptors interacted with the 
β3 GABAA receptor. Competition experiments showed that the GABAergic 
and histaminergic ligands bound to different binding sites. It has been specu-
lated before that there is a cross talk between the histaminergic and GA-
BAergic signal transduction networks and our results support this theory.52 

This study is a further example of how to apply SPR technology to trans-
membrane proteins and shows the potential of the experimental design to 
become a standard method which can significantly improve the drug devel-
opment process for transmembrane targets.  

Screening for protease inhibitors from marine sources 
(Paper VI) 
Screening marine sources for bioactive compounds is a common strategy 
and in this way many novel drug leads have been isolated during the last 
years.53 In a first step a crude extract is typically produced from the marine 
source, containing a complex mixture of chemical compounds.54, 55 The iden-
tification of extracts containing promising inhibitors can be difficult and 
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often is associated with false positive hits. Hence we explored a combination 
of an FRET based activity assay and an SPR assay to improve this process. 

An aqueous extract was prepared from Atlantic herring, containing com-
pounds with a molecular weight below 10 kDa. Further fractionation was 
carried out by differential solubility in methanol and by using solid phase 
extraction. The success of the fractionation was verified by HPLC-MS. 
FRET based activity assays were used to determine the influence on the ac-
tivity of the different proteases BACE1, SAP1, SAP2, SAP3, HCMV prote-
ase and HIV-1 protease. Several extracts reduced protease activities by more 
than 50 %. With help of an SPR assay and competition experiments with 
known inhibitors, the inhibition mechanisms were elucidated. The results 
indicated that the inhibition of SAP1-3 and HIV-1 protease is caused by 
interaction with the active site of the enzymes. The extracts with promising 
result from the FRET and the SPR assay were chosen for further experi-
ments. Since this is an on-going project we currently try to isolate the inhibi-
tors from the extracts by weak affinity chromatography and SPR. However, 
the combination of FRET assays and SPR assays provided information about 
the inhibition potency and the causing inhibition mechanism and thereby 
helps to avoid false positive hits early during the drug discovery process 
from natural sources.  
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Sammanfattning på svenska 

Proteiner deltar i nästan alla processer i en cell, exempelvis DNA-
replikation, katalys av kemiska reaktioner eller signaltransduktion. Vid dessa 
processer interagerar proteiner med andra molekyler för att kunna utföra sina 
uppgifter. Många läkemedel verkar även genom interaktioner med proteiner 
och påverkar därmed deras funktion. Att förstå molekylära interaktioner med 
proteiner är därför viktigt för att förstår hur celler fungerar och för att ut-
veckla nya läkemedel. I detta arbete undersökts interaktioner mellan protei-
ner och mindre interaktionspartners genom användning av ytplasmon reso-
nans spektroskopi (SPR) baserade biosensorer och fluorescens baserade ak-
tivitets mätningar. 

C-reaktivt protein (CRP) är ett blodplasmaprotein som markerar bakterie 
och skadade cellen för immunförsvaret. Dessutom är CRP en viktig in-
flammationsmarkör och mätningar av koncentrationen i blod används van-
ligtvis i medicinisk diagnostik. För att analysera interaktioner mellan CRP 
och olika ligander har proteinet kopplats till en SPR biosensoryta. Interakt-
ionsstudier med den endogena liganden phosphocholin belyste hur CRP 
känner igen cellmembran hos bakterier och skadade celler. Dessutom stude-
rades interaktioner med flera artificiella ligander som kan användas för att 
utveckla nya förbättrade metoder för att mäter CRP koncentrationer i blod-
prov. En interaktionsstudie med kalcium visade att biosensor analyser kan 
användas för att mäta jon-protein interaktioner. Denna typ av metod har 
knappt används förut och öppnar därmed upp för nya användningsområden 
för biosensor baserade analyser.   

BACE1 är ett transmembran protein och ett viktigt mål för läkemedel mot 
Alzheimers sjukdom. Hitintills har det inte vart möjligt att hitta BACE 
hämmare som är lämpliga att använda som läkemedel. I denna studie för-
sökts därför att förbättra metoder för att söka efter nya BACE1 hämmare. 
Vanligtvis använder man en trunkerad och därmed löslig variant av BACE1, 
däremot är det inte klart att denna variant är lämplig för att identifiera och 
karaktärisera hämmare. En SPR biosensormetod utvecklades för både den 
trunkerade varianten och den membranbundna varianten i vilket enzymet var 
integrerat i ett lipid membran. Analysering av växelverkan med kända 
BACE1 hämmare visade att interaktionen inte blir påverkad av den trans-
membran regionen och att den trunkerade varianten är ett bra modellsystem. 
Dessutom visade det sig att hämmare med en hög affinitet for BACE1 i ne-
utrala och sura pH även är bra hämmare i cellbaserade analyser. 
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Samma metod som används för att koppla membranbundet BACE1 till en 
biosensor yta används också för en GABAA receptor, en viktig jonkanal i det 
centrala nervsystemet och ett mål för många läkemedel. Karakterisering av 
dess interaktion med små molekyler såsom histamin eller GABA gav nya 
insikter i GABAA receptorernas funktion i hjärna. I framtiden kan denna 
metod användas för att hitta nya molekyler som interagerar med GABAA 
receptorn och därmed finna nya läkemedel. 

Att söka efter nya bioaktiva ämnen från havsdjurs extrakt är en vanlig 
strategi i marin bioprospektering. En kombination av SPR baserade metoder 
och fluorescens baserade aktivitets mätningar undersöks för att förbättra 
denna process. Det var möjligt att identifiera extrakt från sill som innehåller 
ämnen som reducerar aktiviteten hos olika proteaser. För HIV-1 proteasen 
och SAP1, 2 och 3 som är läkemedel mål för olika sjukdomar, var det möj-
ligt med SPR baserade kompetitions analyser visar att denna hämning är 
med stor sannolikhet orsakat genom interaktion med enzymets aktiva säte. 

Denna avhandling visar att det är viktig att studera protein interaktioner 
för att förstå proteiners funktion och för att utveckla nya läkemedel.   
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