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Sammanfattning
Affinitetskromatografi är en proteinreningsmetod där målproteinet fångas upp av en
molekyl, en s k ligand, som binder det specifikt. Traditionellt användes naturligt
förekommande molekyler med specificitet för ett visst protein. Nya metoder har
utvecklats där molekyler designas för att kunna binda målproteinet. Efter att dessa
potentiella ligander syntetiserats måste den proteinbindande förmågan testas.
I det här examensarbetet utvärderades möjligheten att använda instrumentet
Biacore 2000 för att testa små ligander i lösning och rangordna dem med avseende
på bindningsstyrka. Som ett testsystem användes proteinet HSA
(Humant Serumalbumin) och 18 små ligander med känd bindningsstyrka till HSA.
Resultaten från Biacore-studien jämfördes med publicerade bindningsdata och
resultat från STD-NMR, en annan metod för att mäta protein och ligand interaktioner.
Eftersom överensstämmelsen mellan Biacore-data och publicerade bindningsdata är
god borde instrumentet kunna användas som ett led i utvecklingen av affinitetsmedia.
NMR-data korrelerar också väl med Biacore-data men i vissa fall tenderar NMR att
klassificera liganderna som starkare bindare än vad som anges i litteraturen.

Examensarbete 20 p i Molekylär bioteknikprogrammet
Uppsala universitet april 2003
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1 INTRODUCTION
During the last decade the pharmaceutical field has been directed towards the
development of biomolecular drugs. The development in gene technology has made it
possible to produce recombinant proteins that can be used in medicine. This has led to
an increased demand for techniques to purify the proteins from cell homogenates.
Currently available chromatographic techniques are based on the physical
characteristics of proteins, such as charge, size and hydrophobicity (Scopes, 1994).
Because of its specificity towards the target molecule, affinity chromatography is a very
attractive alternative for the more traditional types of chromatography.
Traditionally, the development of affinity media for protein purification was based on the
biospecifity of naturally occurring ligands (Scopes, 1994). Recently, new strategies for
the design of affinity ligands have been developed, including in silico screening of
molecule data bases such as Available Chemicals Directory (ACD) for potential ligands
that can bind to a hydrophobic pocket or surface cleft on the target protein. By using
computer simulated docking of the molecules into the pocket on the protein surface, it is
possible to select a number of potential ligands with favorable binding energy in the
interaction with the protein. These putative ligands are then synthesized for further
verification of binding in solution. At Amersham Biosciences, the Saturation Transfer
Difference Nuclear Magnetic Resonance (STD NMR) technique is the method mainly
used to test for binding in solution (Baumann et al., 2003). STD NMR however, gives
semi-quantitative information of the binding strength and it is of great interest to find
another method with the possibility to quantify the binding strengths of the ligands.
The Biacore 2000 is a surface plasmon resonance (SPR)- based biosensor. The SPR
technique utilizes the change in refractive index (RI) caused by ligands binding to a
protein immobilized on a sensor chip surface. An increase of mass, and consequently a
change in RI, near the sensor chip surface, is registered as an increase of Resonance
Units (RU) and presented in a sensorgram. From the sensorgrams it is possible to
observe binding, calculate steady state affinity constants, and rate constants. SPR has
many advantages. Not only is it a label-free method, the interactions are also measured
in real-time and very small amounts of sample are required (Rich et al., 2001). At
Amersham Biosciences, It would therefore be convenient to use the SPR technique in a
high-throughput screening mode, where the target protein could be immobilized to the
sensor chip and the affinity ligands flown in solution across the surface.
Several challenges are encountered while screening low molecular weight affinity
ligands with SPR. The Biacore 2000 instrument was originally developed to detect
protein-protein interactions, and the system is not optimized for the detection of the
small signals generated by low molecular weight ligands. Systems better adapted for
this purpose are the Biacore 3000, which has a greater sensitivity than the Biacore
2000, or state of the art, the S51, a system specially developed for high-throughput
screening of small molecules (Baird and Myszka, 2001). A more general problem is that
differences in refractive index between sample and running buffer give very large bulk
or solvent effects. Most organic molecules are insoluble in water and are therefore often
dissolved in dimethyl sulfoxid (DMSO) containing buffers. The fact that DMSO has a
large RI implies that very small differences in DMSO concentrations will give large
differences in RU. To eliminate this effect while using DMSO containing buffers, a
DMSO calibration procedure must be implemented on all Biacore instruments (FrostellKarlsson et al., 2000).
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This project was performed at Amersham Biosciences. The aim of the study was to
evaluate the screening potential of the Biacore 2000 instrument using a test system
consisting of Human Serum Albumin (HSA) and eighteen compounds known to bind to
HSA. The obtained Biacore data are compared with data from the literature using the
BIAsimulation software as well as with results from STD NMR experiments.

2 BACKGROUND
2.1 Biacore 2000
The Biacore 2000 is a biosensor, i.e. an instrument that combines a biological
recognition mechanism with a sensing device or transducer. The Biacore 2000 monitors
biomolecular interactions by SPR, an optical phenomenon described in detail in
paragraph 2.1.1. In the Biacore 2000, one of the molecules is coupled to a sensor chip
surface and the other molecule is flown in liquid over the surface, enabling association
to and dissociation from the immobilized target molecule. Interactions are registered in
real time by a detection unit sensitive to RI changes and the signal is displayed in a
sensorgram (Biacore, 1998a). The Biacore 2000 is presented in Figure 1 where the
general principles for interaction analysis and the most important components of the
instrument are outlined.

BIACORE

7

!

6
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1

2
3
Waste
BIACORETM 2000
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!

Figure 1 General principles for interaction analysis.
A sensor chip (1) is docked into the instrument and forms the lock of the flow cells (2) in the IFC (Integrated Fluidic
Cartridge), a unit that delivers liquid to the sensor chip surface. The pumps (3) maintain a continuous buffer flow
from the inlet bottle compartment (4) through the system. Samples from the sample racks (5) are injected over the
sensor chip surface using the auto injector (6) in the auto sampler. RI changes are detected by the detection unit (7).
A thermostat unit controls the temperature of the whole system.

2.1.1 Surface Plasmon Resonance (SPR)
SPR is based on the dispersion of light at the interface between two media of different
RI. Light coming from the medium with the higher RI is partially reflected and partially
refracted (Young and Freedman, 1996) (Figure 2 a.). In Biacore 2000 the higher RI
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medium is glass and the lower RI medium is water (aqueous buffer). When incident light
is above a certain critical angle (qcrit) (see Figure 2 b.), no refraction occurs and light is
totally reflected. This Total Internal Reflection (TIR) is crucial for the SPR phenomenon.
Although all light is reflected at the interface, an electromagnetic component, called the
evanescent wave, is formed and propagates into the lower RI medium, where it decays.
This phenomenon is amplified if the glass surface is covered with a thin layer of gold,
allowing free electrons (plasmons) on the gold surface to resonate with the evanescent
wave. Energy absorbed by the surface plasmons markedly reduces the intensity of the
reflected light at a certain angle. The specific angle where this decrease in the intensity
of the reflected light occurs depends on several factors. The most interesting factor in
this context is the RI of the medium into which the evanescent wave propagates. The RI
of the medium is affected by the surface concentrations of solutes. When ligands bind to
a target covalently coupled to the gold layer, the change in RI can be visualized by
monitoring the change of the SPR angle (see Figure 3). The change in the SPR angle
as a function of time is presented in a sensorgram where the ordinate is marked in RU
(cf. Figure 6)(Biacore, 1998a).

a.)

b.)

qa

qa

Glass prism

>qcrit

qb

Water

Evanescent wave

Figure 2 Light dispersion and TIR
a.) At the interface between media of different RI, incident light is partially reflected and partially refracted This
dispersion of light is depicted by the angles qa and qb.
b.) Although the incident light is totally reflected above a certain critical angle (qcrit), an electromagnetic
component called the evanescent wave is formed and propagates into the medium of lower RI.
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a)

Light source

Detection unit

Reflected intensity

Reflected light

Sensor chip
Flow cell
Angle

b)
Reflected intensity

Angle
Figure 3 Principles of the SPR phenomenon

SPR detects changes in the refractive index near the surface of a sensor chip. a.) A sharp dip is observed in the
reflected light at a specific angle. This SPR angle depends on the refractive index close to the sensor chip surface.
b.) When ligands bind to the protein surface there is a change in refractive index and the SPR angle shifts.

2.1.2 The sensor chip
The sensor chip used in the Biacore instruments consists of a glass slide with a thin
layer of gold deposited on one side. The gold surface is covered with a covalently
coupled hydrophilic matrix on which biomolecules can be immobilized (Figure 4). The
matrix is composed of non-crosslinked carboxymethylated dextran. The carboxyl groups
serve two purposes. In the first place, it provides a chemical handle for immobilization of
biomolecules. Secondly, it leaves a negatively charged surface so that proteins at pH
values below their pI value will be electrostatically attracted, facilitating the covalent
attachment (Biacore, 1998b).
2.1.3 Coupling procedures
In this report, the interactant in free solution i.e. the low molecular weight molecule will
always be referred to as the ligand, while the protein immobilized to the surface is
referred to as either the protein or the target molecule. This is in contrast with literature
from Biacore (Biacore, 1996, 1998a, b), in which the molecule coupled to the sensor
surface is called the ligand and the molecule in solution is referred to as the analyte.
Several chemical reactions can be utilized to couple a target molecule to the sensor
chip surface. The most general coupling method is amine coupling, where a mixture of
N-hydroxysuccinimide (NHS) and N-ethyl-N'-(dimethyl-aminopropyl)-carbodiimide
(EDC) introduces N-hydroxysuccidimid esters into the surface matrix (Figure 4). The
produced esters react spontaneously with amines and other nucleophilic groups on the
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protein, forming covalent links. As a typical example, the sensor chip in Figure 5 is
activated with a mixture of NHS and EDC. This results in an esterification of about 40%
of the carboxymetyl groups and will give a positive response of about 200 RU. A
subsequent injection of protein at a carefully chosen pH, below the pI of the protein but
above the pH that protonates the matrix, will couple the protein to the handle. Finally,
the excess of reactive groups will be deactivated by 1 M ethanolamine. At the same
time, the high ionic strength of ethanolamine will also remove non-covalently coupled
proteins from the surface (Biacore, 1998b).

COOH

EDC/NHS

O
O
C O N

O
C O NH R

RNH2

O
Surface matrix
Linker layer
Gold film
Glass support

Sensor Chip CM5

Figure 4 Structure of a sensor chip and the amine coupling chemistry

The sensor chip consists of a thin glass slide covered with a gold film. A linker layer couples a surface matrix
consisting of linear carboxymethylated dextran to the gold layer. In the amine coupling procedure injection of
EDC/NHS introduces N-Hyroxysuccinimide esters into the matrix. These esters react spontaneously with amines on
the protein and covalently links it to the surface.

40000

Deactivation with
ethanolamine

35000

Response (RU)

30000

Immobilization
of protein

25000

Activation with
EDC/NHS

20000

1st indication of
immobilization

15000

Immobilization
level ~ 8 000 RU

10000
0

500

1000

1500

2000

2500

Time (s)

Figure 5 Sensorgram from immobilization of protein

After a seven-minute injection of a mixture of EDC/NHS, protein is coupled to the activated surface. The relative
response after immobilization gives a first indication of the resulting immobilization level. A subsequently injection
of 1 M ethanolamine deactivates the excess of reactive groups and removes non-covalently bound protein. The
immobilization level is observed as the difference between the response after and before immobilization.
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2.1.4 Aspects concerning low molecular weight ligands
The size of the molecule in solution is of importance for the intensity of the SPR signal.
The theoretical maximum value of a signal depends on the relation between the mass of
the ligand and the immobilized protein. The maximal response (Rmax) for binding with
the stoichiometry 1:1 can be calculated with Equation 1 (Biacore, 1998a). If the size of
the ligand is small in comparison with the immobilized protein, the maximal response
will be diminutive. For example, if a 300 Dalton (Da) ligand binds to HSA (66 kDa)
immobilized to a level of 7 000 RU, the maximal signal will be 32 RU. Binding of protein
G, a 41 kDa protein to a Fab fragment (50 kDa) immobilized to the same level, will
result in a 5 740 RU signal.

Equation 1

R max =

mass of ligand
´ level of immobilisa tion (RU)
mass of protein

In the amine coupling procedure, the chemistry involves primary amines. This is a
random coupling procedure, which often introduces surface heterogeneity that can
complicate the analysis (Myszka, 1999). In general only 50% of the protein is coupled in
a way that makes the binding site available and the maximum signal obtained in
practice is half of the theoretical value (Johnsson, 2002). To overcome this problem, the
immobilization can be oriented by coupling the protein using an available cysteine,
hereby directing the binding site towards the sample flow and not towards the sensor
surface. This however requires extensive knowledge of the sequence and structure of
the protein to be coupled. Alternatively, cysteines can be introduced in the protein to
assure an oriented immobilization (Myszka, 1999).
Many small organic molecules are insoluble in aqueous buffers and therefore organic
solvents must be added to dissolve them. The organic solvent DMSO of a concentration
of 5% is frequently used for this purpose (Frostell-Karlsson et al., 2000). DMSO is a
high RI solvent, which implies that very small differences in DMSO concentration
between sample and running buffer give rise to large shifts in RI during injection.
Injection of samples that differ in DMSO concentration by 0.01% will give signals that
differ by 12 RU, only due to the solvent effect (Johnsson, 2002). A signal of 12 RU can
be neglected while working with protein-protein interaction when signals are in the kRU
order. In the evaluation of binding data from small molecules on the other hand, which
generate signals of a few dozen RU or less, a calibration procedure must be
implemented to correct for the solvent effect (Frostell-Karlsson et al., 2000).

2.1.5 The Dynamics of Bimolecular Reactions
When the ligand (L) binds to a protein (P) a protein-ligand complex (C) is formed. The
rate of formation is normally defined as the time derivative of the complex concentration
c. However, since one ligand and one protein disappear for every protein-ligand
complex that is formed there are also relations between the time derivatives of the
concentrations of ligand, protein and protein-ligand complex (Berg, 2001). The line of
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argument can be summarized in the following formulas where molecules are
symbolized by capitals, and concentrations by lower-case:
Equation 2

L+P

C

Equation 3

v=

dc
dl
dp
==dt
dt
dt

A particular binding model is implied, where the relations between the concentrations of
the participating molecules are described by using the association, ka (M-1s-1) and
dissociation, kd (s-1) rate constants. The rate of forming of the complex is determined by
the concentration of free ligand l, and free protein p, as well as on ka. The rate of
disappearance of the complex is determined by the concentration of the complex c, as
well as on kd according to Equation 4 (Berg, 2001).
Equation 4

dc
= - kd × c + k a × p × l
dt

At equilibrium the time derivatives of the concentrations are zero, which implies that
Equation 4 can be rewritten (Equation 5) and the equilibrium affinity constant KD (M) can
be defined as the ratio between the dissociation and association rate constants as
follows:
Equation 5

kd × c = ka × p × l

kd [P ] × [L]
=
= KD
[C ]
ka

A small kd value indicates that the rate of dissociation is slow. If ka is large for the same
ligand-protein complex, which indicates that the rate of association is fast, the affinity
constant KD will be small. Hence for ligands that associate fast and dissociate slowly i.e.
bind strongly to the protein, the KD values are small.
When the ligand is injected across a protein surface in a Biacore experiment, the
resulting sensorgram can be divided into three essential phases:
§ Association of the ligand to the protein surface during sample injection
§ Equilibrium or steady-state phase, where the association to the protein is balanced
by the dissociation from the protein, still during sample injection
§ When the injection is interrupted the dissociation of ligand from the protein starts
during buffer flow
Figure 6 shows a schematic sensorgram, where the three phases can be seen. In the
true sensorgrams from injection of a low molecular weight ligand, the association and
dissociation happens so fast that the three phases can not be distinguished. The
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equilibrium is reached almost momentarily after the start of sample injection and the
dissociation is completed within a few seconds after the injection is finished.
The response at equilibrium (Req) can be measured for a ligand concentration series
and plotted in a dose-response curve. The affinity constant (KD) can then be calculated
as the concentration at half maximum response according to Figure 7.

Response (RU)

equilibrium
dissociation
association

buffer

sample

buffer

Time (s)
Figure 6 Schematic sensorgram

The sensorgram from a sample injection can be divided into three essential phases. Association is registered at the
beginning of the sample injection. Equilibrium is reached when association of ligands to and dissociation of ligands
from the target molecule are balanced. The dissociation phase occurs when sample injection has been interrupted.

Dose-response curve
25

Response (RU)

Rmax ~22 RU

20
15

1/2 Rmax

10
5
0
0

KD ~3 uM 5e-6

1e-5

1.5e-5

2e-5

2.5e-5

Concentration (M)

Figure 7 Dose-response curve

The response at equilibrium (Req) plotted versus ligand concentration gives the KD value as the concentration at half
Rmax.

2.2

NUCLEAR MAGNETIC RESONANCE

2.2.1 Saturation Transfer Difference (STD) NMR Spectroscopy
In proteins, protons are tightly coupled by dipole-dipole interactions. Therefore selective
saturation of a single protein resonance by irradiating with a specific frequency results in
a rapid spread of magnetization over the entire protein. Intermolecular transfer of the
magnetization from protein to interacting ligand leads to progressive saturation of the
10

ligand. Through chemical exchange these ligands are then transferred to the solution,
allowing their detection (see Figure 8). The selective saturation pulse (“on resonance
frequency”) must be selected not to directly affect the ligands. A second irradiation at a
point in the radiofrequency (RF) spectrum, remote from the resonance frequencies, “off
resonance irradiation”, results in a control spectrum. The STD spectrum is generated
when the control spectrum is subtracted from the saturation transfer spectrum, resulting
in the leveling out of any signals that are not due to the ligand-protein binding event.
Hence, a specific interaction between HSA and the ligand results in a signal in the STD
spectrum. Even the binding epitope of the ligand can be identified as ligand residues in
direct contact with the protein show much stronger STD signals. However, the method
reveals no information on the binding site of the protein. The intensity of the STD NMR
signals is proportional to the excess of ligand, provided that the ligand has received little
saturation bound to the protein. High turnover rates result in increasing signals when the
ligand to protein ratio is high. Slow turnover rates will yield smaller STD signals and
reduce the sensitivity. STD NMR spectroscopy should enable the identification of ligand
binding to proteins with dissociation constants KD between 10-3-10-8 M. The advantage
of the NMR based technique in comparison with other screening methods such as
ELISA, , Biacore and immunoblotting is the possibility of directly identifying the binding
component from a mixture of potential ligands. Disadvantages are long acquisition times
and the need of excess of ligand (Mayer and Meyer, 1999).
Ligand
STD NMR
Protein

Saturation
time

Figure 8 Schematic display of the STD NMR method

A selective pulse (on-resonance frequency) saturates a few protein resonances. This saturation is spread over the
entire protein by intramolecular saturation transfer, indicated by the shading of the protein. Resonances of the small
molecules are not directly affected by the selective puls. Ligands that are interacting with the protein are saturated
by intermolecular transfer. Through chemical exchange these saturated ligands are transferred into solution where
they are detected.

2.3

Characteristics of HSA

HSA is the most abundant protein in blood plasma where it functions as a transport
protein for a variety of compounds. Due to its low cost, ease of purification and stability,
HSA is one of the most extensively studied proteins. It is well characterized according to
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its physical and chemical properties. Therefore, it benefits as a model protein in physical
and chemical studies (Colmenarejo et al., 2001).
It is a 66 kDa protein with highly helical secondary structure. The tertiary structure is
heart shaped or triangular and it consists of three domains which provides a variety of
binding sites. HSA is known for its ability to bind smaller molecules of many types. This
willingness to take on a varied cargo causes HSA to be likened to a sponge or a tramp
steamer of the circulation. Its has a very flexible structure which is rapidly changing in
shape and is readily adapted to ligands. Most strongly bound are hydrophobic organic
anions of medium size, 100 to 600 Da-long -chain fatty acids, hematin and bilirubin
(Peters, 1996).
There are at least six binding sites for long fatty acids, one hematin and one bilirubin
site. There are also two sites “Site I” and “Site II”, where mainly drugs are bound (Figure
9). Site I is situated in subdomain IIA, involving Lys-199 and Arg-222 and Site II in
subdomain IIIA is centered around Tyr-411 (Figure 9). Many different compounds are
believed to bind the region termed Site I. Some of these are therapeutic drugs. The
diversity of acceptable ligands and an apparent ability to accommodate more than one
ligand at the time, indicates that Site I is a large and flexible region or a complex of
different but overlapping sites. Site II binds tryptophan and other aromatic compounds
(Peters, 1996). All ligands in this study bind to one of these two sites, with KD values
ranging from micro- to millimolar.

Site I
Lys-199
Arg-222

Site II
Tyr-411

Figure 9 Structure of HSA

The heart shaped structure of HSA derived from X-ray crystallography (Sugio et al., 1999). The two binding sites
“Site I” and “Site II”, where mainly drugs are bound are shown. Site I is involving Lys-199 and Arg-222 and Site II
is centered on Tyr-411.
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3 MATERIALS AND METHODS
3.1 BIAsimulation
Prediction of responses in the Biacore screening experiments, based on KD values
published in the literature was performed by using the basic kinetics module in the
BIAsimulation software. For the 17 ligands, for which the KD-values were known, the
user-defined association and dissociation rate constants were set to be in agreement
with the KD-values (Table 1, page 15). The preinjection delay, association time and
dissociation time were all set to 60 s. The Rmax was set to 15 RU and the bulk
response was set to zero. Simulated binding curves were generated and plateau values
i. e. the responses at equilibrium extracted.
3.2

Biacore experiments

3.2.1 Instrumentation
A biosensor based on SPR, Biacore 2000 (IP 13439, CODE NO BR-1002-25, Biacore
AB, Uppsala, Sweden) was used to measure the interaction between small organic
ligands and HSA. The interaction analyses were performed at 25 °C using a flow rate of
40 ml/min and a data collection rate of 2.5 Hz.

3.2.2 Buffers
50 mM phosphate buffer, pH 7.5 with 5% DMSO was used as running buffer. 10 x PBS
stock solution was prepared by dissolving 70.7 g Na2HPO4 · 2H2O, 14.2 g NaH2PO4 ·
H2O, 2.0 g KCl and 57 g NaCl in H2O, before adjusting the volume to 1 liter. 1.05 x PBS
was prepared from the stock solution, and DMSO (Riedel de Haën, analytical reagent
grade, max 0.03% H2O) was added to a final concentration of 5% (Protocol according to
the Biacore manual). The running buffer was equilibrated in the instrument to obtain the
right temperature before priming the system three times with the buffer. The sensor chip
was equilibrated with buffer at a flow rate of 5 ml/min for at least 30 minutes before
conducting an experiment (Myszka, 1999).
3.2.3 Immobilization of HSA
CM5 sensor chips (certified grade), consisting of a carboxymethyl-modified dextran
polymer linked to a gold-covered glass support, were used for analyses. A stock
solution of 500 mM HSA (essentially fatty acid free HSA, purchased from SIGMA) in 10
mM acetate buffer, pH 4.3 was diluted to the concentration of 1 mM in the same acetate
buffer and immobilized to the sensor chip using amine coupling. 1.05 x PBS stock
solution without DMSO was used as running buffer during coupling of the protein, at a
flow rate of 5 ml/min. Injecting a solution of 0.2 M EDC/0.05 M NHS for 7 minutes
activated the chip surface. 10-20 ml of of 1 mM HSA was injected over the surface
immediately after activation. After the immobilization, 1 M ethanolamine was injected for
7 minutes to react with the excess of NHS esters and block the surface. Regeneration
buffer (25 mM NaOH, 50 mM NaCl) was injected in three 15 s pulses in order to wash
off non-covalently bound HSA and to stabilize the baseline. The regeneration was
followed by three injections of running buffer. Typically, flow cell 1 (Fc1) was left totally
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unmodified and used as a reference surface while HSA was immobilized to levels of 5
000 and 8 000 RU in Fc2 and 3. In Fc4 a reference protein was coupled to a level of 5
000 RU. The binding assays were run within a few days after the preparation of the
chip.
3.2.4 Compounds
A total of 18 ligands to HSA differing in both molecular size and known binding strength
to HSA were selected from the literature (Peters, 1996; Frostell-Karlsson et al., 2000;
Rich et al., 2001). Coumarin, dipyridamole, digitoxin, ibuprofen pyrimethamine,
phenylbutazone, phenytoin, quinine, rifampicin, salicylic acid, salbutamol,
sulfadimethoxine, warfarin were all purchased from SIGMA, hydroxybensoic acid and Ltryptophan were obtained from MERCK and ketanserin from FLUKA. The carbohydrates
a-D-glucose maltotriose and maltotetraose were used as negative control ligands in the
interaction studies. The molecular weights of the compounds are between 138 and
823 Da and published affinity constants range from micro- to millimolar. For two of the
ligands, dipyridamole and hydroxybenzoic acid, no explicit KD values were found in
literature. However the binding characteristics of dipyridamole had been studied in
interaction with a mixture of plasma proteins and HSA alone using equilibrium dialysis
(MacGregor and Sardi, 1991). From those data, the affinity constant could be calculated
to be 51 mM (see also Appendix A). The molecular structures of the ligands are depicted
in Figure 10 and the compounds with their corresponding MW and affinity constants are
gathered in Table 1.
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Table 1. MW and KD values of the HSA ligands

MW (in Da) and affinity constants for the HSA ligands found in the literature. The MW range
from 138-823 Da and the KD values range from sub micro- to millimolar. The KD values in the
different columns originate from different references (see below Table).

drug

MW (Da)

KD (mM) *

KD (mM)**

KD (mM)***

coumarin
146
352 ± 25
digitoxin
765
28
25
25 ± 8
dipyridamole
505
51
hydroxybenzoic acid
138
ibuprofen
206
0.4
ketanserin
395
61 ± 18
naproxen
230
26
1
11 ± 7
phenylbutazone
308
1
phenytoin
252
167
prednisone
358
288 ± 61
pyrimethamine
249
74 ± 37
quinine
325
556
1290
rifampicin
823
195
153 ± 65
salbutamol
239
4300 ± 600
salicylic acid
138
5
140 ± 36
sulfadimethoxine
310
37 ± 13
tryptophan
204
100
warfarin
308
9
3
4±1
*) KD values obtained by using the SPR technique (Rich et al., 2001). **) KD values obtained with
SPR technique (Frostell-Karlsson et al., 2000). ***) KD values obtained with other techniques than
SPR (Peters, 1996).

3.2.5 Biacore Methods
The BIAcontrol software was used to generate preprogrammed methods to automate
the Biacore experiments. In order to reduce carry over effects between sample
injections when working with low molecular weight ligands that generate low signals, the
experiments were carefully designed by including wash steps and buffer injections in
addition to the sample injection into a cycle (Myszka, 1999) (see Appendix B). To
monitor the baseline stability, each cycle started with a 1-minute waiting period. Every
cycle included one initial blank (buffer) injection followed by the sample injection. After
the sample injection, the complete flow system with exception of the sensor chip surface
was rinsed with a 1:1 mixture of DMSO and deionized water (Frostell-Karlsson et al.,
2000). Finally, another blank injection and the Biacore EXTRACLEAN wash procedure
completed the cycle. For a schematic view of a cycle, see Figure 11.
Biacore 2000 offers a range of sample injection types for different application purposes.
The KINJECT command was used for sample injection and QUICKINJECT was used
for the blank injections. The ligand was allowed to associate to the protein surface for
60 s. This was achieved by adjusting the injected volume to 40 ml, with a constant flow
rate of 40 ml/min. The dissociation period for the sample injection was set to 60 s.
Report points were included in the method at -15, -5, 40, 55, 70 and 80 seconds relative
to the sample injection start. The baseline was set to zero at -15 s before sample
injection and the relative response at 55 s after injection start i.e. the Req, was used in
the screening assay and the steady state affinity analyses.
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Response (RU)

2. sample
1. blank

4. regeneration
3. Wash
with 1:1
DMSO/H2O

6. blank

5. EXTRACLEAN

Time (s)
Figure 11 Schematic view of a cycle

To reduce carry over effects between sample injections, additional buffer injections and cleaning steps were
included in a sample cycle. One initial buffer injection was followed by the sample injection. After the sample
injection the whole system except for the protein surface was washed with 1:1 DMSO/H2O. After regeneration and
an additional wash step the cycle was completed by a final buffer injection.

3.2.6 Data evaluation
3.2.6.1 Reference subtraction
In order to remove system artifacts and obtain reliable data from low molecular weight
ligand interaction, two types of reference subtraction were performed.
By subtracting the reference (unmodified) surface data from the reaction (protein)
surface data, the majority of the bulk refractive index change, and injection noise are
eliminated (Myszka, 1999). This was done automatically by the BIACORE control
software as described while running the method: The sensorgrams for Fc1 without
protein and the sensorgrams for the protein flow cells were overlaid by adjusting them to
a common baseline. The responses prior to the injection start are set to zero and the
response in flow cell 1 is then subtracted from the responses in flow cells 2,3 and 4,
generating three new sensorgrams (Fc2-1, Fc3-1, Fc4-1).
In all the ligand injections as well as in buffer injections, systematic deviations are
detected in the response (Myszka, 1999). The response from a buffer injection was
used to remove this artifact from the data in a procedure referred to as ‘double
referencing’. In the double referencing procedure, a buffer injection from a cycle prior to
the sample injection cycle to be evaluated was used and the reference-subtracted data
(Fc2-1, Fc3-1, Fc4-1) for the buffer injection were subsequently subtracted from the
reference subtracted data for sample injections.
3.2.6.2 DMSO calibration
For the DMSO calibration, eight buffer solutions varying in DMSO concentration from
4.5-5.8 % were sequentially injected over reference and protein surfaces. This
calibration cycle was run prior to the sample injections to be evaluated, using the same
flow rate as in the binding assay. Report points at 55 s after each injection start in the
calibration cycle were used to give the relative responses from the different DMSO
concentrations. A DMSO calibration curve was generated by plotting the difference in
response between the protein and the unmodified reference cell (the correction factor)
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versus the response in the reference cell. The responses in the reference cell during
sample injections were used to calculate the correction factors
from the calibration curve. The response levels obtained in the protein cell during
sample injection were corrected by subtracting the correction factor from the referencesubtracted data (see Appendix C) (Frostell-Karlsson et al., 2000). For evaluation of the
data, the BIAevaluation software was used to create calibration curves and calculate
correction factors.
3.2.6.3 Normalization procedure
As the Biacore signal in RU is proportional to the mass of the ligands binding to the
sensor chip surface and not the number of molecules, the signals need to be
normalized to molecular weight to be able to compare responses from ligands of
different sizes. In the normalizing procedure, the sensorgram data were divided by the
molecular mass of the corresponding compound and for convenience multiplied by a
constant (1000). For comparison of data from the four HSA surfaces in the duplicate
screening, i.e. responses from two different surfaces on two sensor chips, prepared on
different occasions, the normalized signal on a HSA surface was also divided by the
immobilization level and again multiplied by a constant (1 000). The average and
standard deviation of the normalized response from the four HSA surfaces were also
calculated. Implementation of these two normalization procedures result in the
processed Biacore data.

3.2.7 Screening assay
The compounds (3.2.4) were diluted from 50 mM stock solutions in 100% DMSO to the
final concentrations of 250 and 50 mM in running buffer. Dilution was done in such a
way that the concentration of DMSO in samples was carefully matched to 5%. The
screening was performed in two subsequent steps: The sensor chip was prepared and
ligand concentrations of 250 mM were screened. The second day, ligand concentrations
of 50 mM were tested for binding to HSA. The Biacore screening experiments were
repeated with new ligand stock solutions and a new sensor chip, to obtain replicates.
Warfarin was used as a positive control. Concentration series were conducted at the
beginning of every assay and single warfarin sample injections were performed every
tenth cycle to ensure that the surface activity was maintained during the assay.
3.2.8 KD determination
Eight of the ligands were chosen for affinity constant determination. Concentration
series ranging from 0.1 mM to 1 mM were tested for binding to HSA. The concentrations
included in the series were different for the individual ligands (Table 2). A starting
solution with the highest ligand concentration in PBS, 5% DMSO was prepared and
immediately prior to analysis, the ligand was diluted to the correct concentrations by the
Biacore 2000 instrument. The DMSO calibrated and double referenced Biacore data
was used for KD determination. The relative responses at 55 s after injection start, i.e.
the Req for each concentration series were plotted versus the corresponding
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concentration in dose-response curves. Steady-state affinity analysis was performed
with the BIAevaluation 3.1 software.
Table 2 Concentration series used in the KD determination

Eight of the ligands tested by Biacore and NMR screening were chosen for affinity constant determination.
Concentration series between 0.1 mM to 1 mM were used. Concentrations included in the series were different for
the individual ligands

ligand

3.3

concentrations

phenylbutazone

0.1-250 mM

warfarin

0.5-250 mM

digitoxin

2.5-250 mM

dipyridamole

2.5-250 mM

pyrimethamine

2.5-250 mM

phenytoin

2.5-250 mM

salicylic acid

25 mM-1 mM

quinine

25 mM -1 mM

NMR experiments

3.3.1 Instrumentation
NMR spectroscopy was performed on a Bruker 500 MHz spectrometer equipped with a
5 mm inverse broadband probe (Bruker, Fällanden, Switzerland) at a temperature of
25°C.

3.3.2 Sample preparation
The ligands for screening were purchased from SIGMA, Fluka and MERCK (see
paragraph 3.2.4). All ligands were dissolved in 100% DMSOd6 (99.9% deuterium
enriched DMSO (Dimethyl d6 sulfoxide) with a chemical purity of 98% and a water
content of 52 ppm. The DMSOd6 and deuterated water used in the experiment was
purchased from Larodan Fine Chemicals AB. Ligand stock solutions of concentration 50
mM were prepared except for ketanserin and tryptophan, which for solubility problems
at higher concentration, were dissolved to a concentration of 10 mM. Glucose was used
as a negative control and salicylic acid was used as a positive control ligand during the
assay. HSA was dissolved in 20 mM deuterated PBS, 100 mM NaCl, pH 7.5 to a
concentration of 6.8 mg/ml. The NMR sample consists of a solution of ligand and
protein, with the ligand being in large excess. The screening assay was performed in
three steps using protein concentrations of 10, 1 and 0.1 mM. The samples were
prepared to a volume of 0.5 ml in 5 mm disposable NMR tubes. The ligands were
diluted from stock solutions in 100% DMSO to the final concentrations of 0.5 mM and
the DMSO concentration was carefully matched to 5%. As Ketanserin and digitoxin
precipitated at 5% DMSO, the DMSO concentration was modified to 10% for these
compounds. As an extra negative control, some of the ligands were also tested without
protein in the sample.

18

3.3.3 The Saturation Transfer Difference-NMR Method
A one-dimensional 1H-reference spectrum was first acquired in order to identify the
ligand. Then, a selective pulse affecting only a few resonances (on-resonance
frequency) saturated the protein. The STD-specrum was generated by irradiation at –40
ppm (off-resonance frequency) and then taking the difference between the two spectra.
The on-resonance frequency was set to 0 ppm for ibuprofen, salbutamol,
pyrimethamine and phenylbutazone. The on-resonance frequency for the rest of the
ligands was initially set to 0.5 ppm but later adjusted to –2 ppm for rifampicin, 0 ppm for
digitoxin and –0.5 ppm for prednisone, respectively. As the intensity of the spectrum is
dependent on the chosen on-resonance frequency, salicylic acid was irradiated at 0.5,
0, -0.5 and –2 ppm to get an estimation of the decrease in signal due to the onresonance frequency.

3.3.4 Data evaluation
Each analyzed ligand was checked for protein binding by comparing the 1H-reference
spectrum with the STD-spectrum. Signals in the difference spectrum indicated that the
ligand had interacted with the protein. The STD spectra from the 10 mM and 1 mM
protein concentrations were used for ranking of the ligands. Ligands where no signals
were detected in the STD spectra from the 10 mM protein assay were assigned the
value zero, whereas the ligands where interaction could be detected were assigned
either 1 or 2, depending on the intensity of the signals. The 1 mM protein spectra were
subsequently used and the ligands were ranked from 0-2 depending on the peak
intensity. The peak intensity is dependent on the selected on-resonance frequency, with
an intrinsic lower intensity when irradiating far from 0.5 ppm. Therefore, considerations
were taken on the selected on-resonance frequency when ranking the ligands, and
some of the ligands were assigned the value 3 instead of 2 while estimating the
intensity in the 1 mM spectrum. The assigned values for each ligand from the two
spectra were summed up, resulting in a ranking of the ligands from zero to five by
increasing binding strength.

4 RESULTS AND DISCUSSION
4.1

BIAsimulation

4.1.1 Results from the BIAsimulation
By using the BIAsimulation software it was possible to predict the responses at
equilibrium in the Biacore screening for the 17 HSA ligands, with known affinity
constants. Besides prediction of the responses by using the absolute KD values, a
theoretical deviation in the affinity for each ligand was also included. The simulation was
performed with the assumption of a deviation in the published KD values of 25%. The
predicted responses for individual ligands are presented in Figure 12 where the ligands
are ordered from left to right by decreasing binding strength. In Figure 13 the predicted
responses are plotted versus the published KD value for corresponding ligand.
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The predicted variations, based on the assumption of a 25% variation, resulted in
deviations in responses of up to ±1 Da-1. In the simulation, ligands with affinity constants
in the extremes, either sub micromolar or millimolar, show the smallest deviations. It can
be discussed from Figure 13 that such results are intrinsic to the shape of curve where
the response is plotted versus log KD. The slope of these binding curves is indeed the
lowest at both ends, with the inherent small standard deviations. As shown in Table 1,
the affinity constants taken from a Biacore study (Rich et al., 2001) include standard
deviations. The real deviations vary between ligands and are 10-60% of the absolute KD
values.
16.0
14.0

Response (Da-1)

12.0
10.0
8.0
6.0
4.0

salbutamol (4 300)

quinine (556)

coumarin (352)

prednisone (288)

phenytoin (167)

rifampicine (153)

salicylic acid (140)

tryptophane (100)

pyrimethamine (74)

ketanserin (61)

dipyridamole (51)

sulfadimethoxine (37)

digitoxin (25)

naproxen (11)

warfarin (4)

phenylbutazone (1)

0.0

ibuprofen (0.4)

2.0

Ligand

Figure 12 Result from BIAsimulation

The simulated responses for the 17 ligands with known affinity towards HSA. The ligands are ordered by decreasing
binding strength from left to right. The gray bars correspond to the response for the 250 mM screening, whereas the
white bars correspond to the 50 mM screening. The number in bracket is the KD value (mM) found in the literature.
The theoretical deviations of 25% of the published KD values resulted in the presented deviations in the response.
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Figure 13 Simulated response versus log KD

The simulated response from screening of 250 mM ligand concentration (square), and 50 mM ligand concentration
(dot), versus log KD. The theoretical deviations of 25% of the published KD values are included in the responses.

4.1.2 Considerations on the BIAsimulation performance
A simulation session in the BIAsimulation software requires input of the association (ka)
and dissociation (kd) rate constants (Figure 14). Although the exact values of these
constants are unknown, the KD value of every compound is known. As the affinity
constant (KD) equals kd/ka, this ratio between both rate-constants is defined. In the
simulation both rate-constants can be chosen in different ways, as long as the ratio
between them equals KD. For one KD value, different values for ka and kd can be set,
always resulting in the same response at equilibrium. Different ka and kd values will
affect the appearance of the sensorgrams, resulting in a steeper or flatter
association/dissociation stage in the interaction sequence. Another theoretical
parameter of substantial importance is the Rmax value. The strict sense of the Rmax
value is the biosensor chip surface capacity, which is dependent on the immobilized
protein level and the size of the ligand (Equation 1). In the simulation however, the goal
is to compare signals from ligands with different molecular weights binding to surfaces
with different immobilization levels. Therefore, the different Rmax-values are normalized
by dividing them with the MW of the ligand, and immobilization level of the sensor chip.
For convenience, the Rmax is also multiplied with a constant (1*106), resulting in a
theoretical normalized Rmax of 15 Da-1 (1*106/66 000). As now all theoretical Rmax are
normalized, the ligands are treated as molecules that only differ in binding strength, and
bind to protein surfaces with the same immobilization level. Hence, the normalized
Rmax value used in the simulation will be equal for all ligands.
Other parameters must be defined in the use of the BIAsimulation software: The
association time was set to 60 s in these particular simulations, allowing the simulated
reaction to reach equilibrium. Preinjection delay and dissociation time are not of any
importance as the response is studied at equilibrium. Finally, the bulk response was set
to zero, as this ought to be eliminated by the reference subtraction and DMSO
calibration included in experimental data processing.
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Figure 14 Basic kinetics module in BIAsimulation

An example of a simulation session in the basic kinetics module of BIAsimulation. The screen shows a sensorgram
window, input fields for experimental parameters and control buttons for running of the simulation. The curves
depicted are the simulated sensorgrams for, from top to bottom, digitoxin, sulfadimethoxine, ketanserin,
pyrimethamine and rifampicin, with KD values corresponding to 25, 37, 61, 74 and 153 uM. The simulated ligand
concentration is 50 mM, which corresponds to the lower screening concentration. The relative responses at
equilibrium are: 10, 8.6, 6.8, 6.0 and 3.7 RU. For one KD value the rate constants can be chosen in different ways,
this will affect the appearance of the sensorgrams but still, the response at equilibrium will be the same.

4.2

Biacore experiments

4.2.1 Sensor chip preparation
In the Biacore screening assays, protein was covalently coupled to the CM5 sensor chip
surface by amine coupling (see paragraph 2.1.3). Four flow cells (Fc1, 2, 3 and 4) are
available for immobilization of protein. One flow cell was left completely unmodified and
used as a reference surface for correction of the DMSO solvent effect. Different
amounts of HSA were coupled to two of the flow cells, and a reference protein was
coupled to the last flow cell as a control surface for unspecific binding.
The screening was performed in duplicates using two different sensor chips. To enable
full comparison of the data from the duplicate screening, it requires that identical
biospecific surfaces can be produced on different sensor chips, on different occasions.
The consistency in the properties of the sensor chip allow a reproducible immobilization
process with a coefficient of variation of less than 5% within sensor chip batches and
<10% between batches (Biacore, 1998b). Attempts were made to couple HSA to
exactly 5 000 RU in Fc2 and 8 000 RU in Fc3. The resulting immobilization levels were
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observed as the difference between the final SPR response after protein immobilization
and subsequent regeneration, and the SPR response before immobilization. Levels
obtained during immobilization resulted in 5 000 and 8 500 RU on the first chip, and
5 500 and 8 000 RU on the second chip. Hence, the intra-batch variation was greater
than 5%. According to the Biacore manual, the reproducibility of the coupling procedure
may be adversely affected if the injected protein concentration is too low, with
recommended protein concentrations of 10-200 mg/ml (Biacore, 1998b). Possibly a
minor modification of the experimental protocol, to injection of higher concentration than
1 mM (66 mg/ml) of protein during immobilization, would result in less variation. Earlier
studies have shown that HSA looses about 20% of its activity within 24 h (Rich et al.,
2001), justifying the requirement of freshly prepared chips. The sensor chips in this
study were used within two days from preparation.
To confirm the maintenance of the activity of the protein surface during an assay, it is of
importance to include a positive control ligand in the assay. The interaction between
warfarin and HSA has earlier been extensively studied using the SPR technique
(Frostell-Karlsson et al., 2000, Rich et al., 2001). Because of its well-characterized
binding properties to HSA, and its highly reproducible binding responses to HSA
surfaces, warfarin was used as a positive control ligand in this study. The responses
from warfarin injections made every tenth cycle did not decrease during the assay,
indicating that the protein surface remained active throughout all experiment. The
double referenced and DMSO calibrated warfarin response on a HSA surface with an
immobilization level of 5 000 RU ranged from 28.9 to 31.1 RU with a standard deviation
of 0.46 RU. The same response on a surface with an immobilization level of 8 500 RU
resulted in a variation from 47.5 to 50.3 RU during an assay, with a standard deviation
of 1.0.
4.2.2 Biacore screening
4.2.2.1 Processed data
The evaluation procedure includes DMSO calibration, double referencing and
normalization according to ligand MW and sensor chip surface immobilization levels.
The processed Biacore data from the two screening steps are presented together with
the simulated data in Figure 15 and Figure 16. The ligands are ordered from left to right
by decreasing binding strength according to literature values. In general there is a good
correlation between the processed data from the Biacore screening and the simulated
data, with a falling trend from left to right. However, when screening the ligand
concentration of 50 mM, many of the responses for ligand binding in the milli molar
affinity area are not considered to be significant (2 Da-1 or less). Therefore these ligands
must be evaluated based on the 250 mM screening. For the high affinity binding ligands
on the other hand, the higher screening concentration yields non-specific interactions or
binding with stoichiometry greater than 1:1. Here, screening with the lower
concentration provides information on the binding strength. Consequently, it is important
to include two concentrations in the high-throughput screening, to cover a wider range
of possible binding constants. The concentrations used in this study seem suitable for
screening of the submicro-to millimolar affinity area.
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Figure 15 Processed experimental Biacore data from screening of 250 mM ligand

The ligands are ordered by decreasing binding strength from left to right (according to literature values). White bars
correspond to simulated data and gray bars to experimental Biacore data. The great discrepancies between
experimental and published values obtained for the high affinity binders ibuprofen, phenylbutazone, warfarin and
naproxen are due to non-specific binding or binding with stoichiometry more than 1:1. The responses from these
ligands all exceede the maximum response of 15 Da-1. It is therefore necessary to base the evaluation of these
ligands on the 50 µM screening.
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Figure 16 Processed experimental Biacore data from screening of 50 mM ligand

The ligands are ordered by decreasing binding strength from left to right (according to literature values). White bars
correspond to simulated data and gray bars to experimental Biacore data. In general there is good agreement
between simulated (published) data and experimental data. However, ketanserin, tryptophan and salicylic acid all
show unexpectedly low responses.

Even if there is a good agreement between experimental data and literature data, there
are some important things that need to be discussed. At the higher screening
concentration (250 mM) some of the ligands bind with a stoichiometry greater than 1:1.
This is true for the high affinity binders, ibuprofen, phenylbutazone, warfarin and
naproxen, (all with KD values below 20 mM), since they all show responses over 15 Da-1,
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which is the maximum response for 1:1 binding. Previously it has been described that
HSA can accommodate more than one copy of the same ligand at the same time in the
presence of high amounts of ligand (paragraph 2.3). Under those conditions, it is
possible that more than one ligand binds to a single binding site. At the same time, one
type of ligand can bind to several binding sites (low and high affinity sites) (Peters,
1996). This implies that high binding responses can be caused by ligand binding to
several sites on the protein, or reflect ligand binding in an unwanted, non-specific
manner.
The BIAsimulated responses are considered to reflect the “truth”, as it is based on
affinity constants found in the literature, and the experimental responses are therefore
often discussed from that point of view. However, the affinity constants found the
literature have been determined by different techniques and/or under different
conditions making the interpretation of these results from different laboratories a
troublesome task. As many of the ligands have already been studied using the SPR
technique (Frostell-Karlsson et al., 2000; Rich et al., 2001), KD values determined by
that technique are related to in this report when such data are available.
In addition to the ligands that bind with stoichiometry more than 1:1, when screening
with 250 mM ligand, there are a few ligands where the responses diverge more than
expected from the simulated responses. Dipyridamole, ketanserin, tryptophan and
salicylic acid all show unexpectedly low responses, while phenytoin show slightly higher
response. For three of those ligands i.e. dipyridamole, tryptophan and phenytoin the
affinity constants used in the BIAsimulation were generated by other techniques than
SPR (Table 1). KD values determined by different techniques can deviate to a great
extent for the same ligand. This can be noticed for quinine where the SPR technique
results in a KD of 556 µM while another technique generates a KD of 1290.
Despite the normalization procedure implemented in the evaluation of Biacore data, the
size of the ligand may also be of interest for the resulting response. Tryptophan,
salicylic acid and phenytoin generating low responses, are all small molecules
(<252 Da). However there are other ligands with the same or lower MW, generating
signals more in accordance with the responses generated by BIAsimulation. The
unexpectedly low results from dipyridamole and ketanserin, could be related to solubility
problems, as both ligands were hard to dissolve in 5% DMSO at higher concentrations.
This is confirmed by the fact that 250 mM dipyridamole does not remain in solution, and
that the lower screening concentration of dipyridamole resulted in higher binding
responses than the higher concentration. As in the NMR screening a much higher
ligand concentration of 0.5 mM was used, no NMR data could be achieved on the two
ligands mentioned above.
As discussed above, the highest screening concentration gave no information about the
strongest binders. However with the lower concentration screening (50 mM), no
response exceeds the maximal response for binding with stoichiometry 1:1 as they are
all below 15 Da-1. Thus the missing data on the four strongest binders were acquired.
Penylbutazone, warfarin and naproxen all show high signals of a few Da-1 from Rmax.
Ibuprofen however, which according to its published affinity constant should be the
strongest binder, shows a slightly lower signal. This is possibly due to the used KD
value, which was not determined by SPR (Table 1). Similar to the 250 mM screening
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experiments, both ketanserin and tryptophan generated lower signals than expected.
Sulfadimethoxine also deviated more from the BIAsimulated values than did the others.
4.2.2.2 Reference subtracted data
When screening with the highest ligand concentration 250 µM, raw data i.e. noncalibrated responses in HSA flow cells with reference flow cell subtracted (Fc 2-1, 3-1),
show positive signals for ligands with affinity constants less than 30 µM, i.e. the high
affinity binders. For ligands with lower affinity, signals may be positive, but can also be
negative. Figure 17 shows the reference subtracted sensorgrams for 250 mM
phenylbutazone, pyrimethamine and coumarin, typical high, medium and low affinity
binders. Screening with the lower concentration (50 mM) can show negative signals,
even for molecules that bind with high affinity, as ibuprofen and naproxen with KD
values of 0.4 and 11 µM respectively. In both screening steps the carbohydrates used
as negative control ligands and blank injections, i.e. samples prepared without ligand
(PBS, 5% DMSO) show very low or even negative responses before the DMSO
calibration. Hence it is possible to reject ligands with low affinity, or molecules that do
not bind at all, without calibrating the data. However, it is obvious from previous
observations that there is an inherent risk to overlook a high affinity binder without the
calibration.
80

phenylbutazone
pyrimethamine
coumarin

70

Response (RU)

60
50
40
30
20
10
0
-10
-20
380

400

420

440

460

Time (s)

480

500

520

Figure 17 Non-calibrated sensorgrams from screening of 250 mM ligand

The reference subtracted (Fc2-1), non-calibrated sensorgrams from screening of 250 mM phenylbutazone (red),
pyrimethamine (green), coumarin (blue).

4.2.2.3 DMSO calibrated data
Preparing samples to a DMSO concentration of exactly 5% was a very tedious
procedure. Since DMSO is a high RI solvent, very small differences in DMSO
concentrations in sample and in running buffer give rise to large shifts in RI during
injection. Injection of samples that differ in DMSO concentration by only 0.01% will give
signals that differ by 12 RU, simply due to the solvent effect (Johnsson, 2002).
Reference subtraction alone, i.e. subtractions of the signal in a flow cell without protein
immobilized on the surface from the signal in the protein cell, does not eliminate this
problem. In the reference flow cell there is no protein occupying the layer near the
surface, allowing the high RI DMSO molecules to get closer to the sensor chip surface.
That explains why the signals in the reference flow cell can even be larger than the
signals in the protein flow cell and the reference-subtracted signals sometimes are
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negative before DMSO calibration. Therefore, to correctly rank the affinity of the ligands
and to avoid false negatives it is necessary to implement the DMSO calibration
procedure in the evaluation.
For generation of a DMSO calibration curve, 8 buffer solutions with DMSO
concentrations ranging from 4.5% to 5.8%, were injected across protein (Fc2 and 3) and
reference cell (Fc1). In the DMSO calibration curve the response in the referenced
subtracted protein cell (Fc2-1, Fc3-1) ‘the correction factor’, were plotted versus the
response in the reference cell (Fc1). Responses between –700 to 800 RU were
generated in Fc1 from injection of the different calibration solutions. The calibration
curve was used for correction of the solvent effect during sample injection. In general,
compound responses in the reference flow cell were positive, ranging from 100-400 RU,
i.e. within a quite narrow range of the calibration curve.
All negative signals were rendered positive when the raw data was corrected by the
DMSO calibration and double referencing procedure (Figure 18). Some of the
carbohydrates used as negative controls, and blank injections still show negative
signals, but now only within the range of expected experimental error (a few RU).
As mentioned earlier, the SPR signal is a measure of the amount of mass bound to the
protein surface and does not reflect the number of molecules bound. That explains why
the largest molecules, rifamicine and digitoxin with molecular weights of 823 and 765
Da respectively, gave responses that deviate from the falling trend from left to right. In
line with this the smallest ligands; tryptophan, salicylic acid, coumarin and
hydroxybensoic acid yield very low responses. The responses from the carbohydrates
(negative controls) set the lower limit of what is to be considered as a signal.
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Figure 18 Calibrated responses from screening of 250 uM ligand

The calibrated response in HSA flow cells, 5 000 and 5 500 RU (grey) and HSA flow cells, 8 500 and 8 000 RU
(white) when ligand concentration of 250 uM is screened. The ligands are ordered by decreasing binding strength,
from left to right (according to literature values) and the carbohydrates used as negative controls as well as buffer
and blank injections are included.

27

4.2.2.4 Normalized data
Normalization of the response towards the MW of the specific ligand is necessary to
enable comparison of ligands of different size. For convenience the response was also
multiplied by a constant. The normalized data in Figure 19 shows that rifampicin and
digitoxin no longer yield exceptional large responses.
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Figure 19 Calibrated and MW normalized responses from screening of 250 uM ligand

The MW normalized response in HSA flow cells, 5 000 and 5 500 RU (grey) and HSA flow cells, 8 500 and 8 000
RU (white) when ligand concentration of 250 uM is screened. The ligands are ordered by decreasing binding
strength from left to right (according to literature values) and the carbohydrates used as negative controls as well as
buffer and blank injections are included.

Surfaces with different densities of immobilized protein have different binding capacities
for ligands. Different surface capacities generate different responses with the same
ligand, even though identical ligand concentrations are injected across the protein
surface. Division of the responses by the actual surface immobilization level must
therefore precede comparison of responses from different surfaces. A similar process
was earlier incorporated in the BIAsimulation by defining the maximum response (see
paragraph 4.1). Fulfilling all the evaluation procedures (calibration, ‘double referencing’
and normalization towards the MW of the ligand and the surface protein density) result
in processed Biacore data (paragraph 4.2.2.1). The processed data can be used to
correctly rank affinity ligands by means of binding strength provided that the ligand
concentrations selected for the screening steps, cover the searched affinity area.
4.3 NMR screening
By inspecting the STD spectra generated from the interaction between excess of ligand
with three different protein concentration it was possible to rank the ligands by
increasing binding strength from 0 to 5. Only the two highest protein concentrations (10
and 1 mM) were used in the ranking, as the STD spectrum from the lowest protein
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concentration (0.1 mM) did not show any signals. Appendix D shows the reference and
STD spectra from HSA concentrations 10 and 1 mM for naproxen, hydroxybenzoic acid
and salbutamol, which according to NMR are high, medium and low/non- affinity
binders. In Appendix E the ranking of the ligands is presented together with the used
on-resonance frequency. In general there is good agreement between published
/experimental Biacore data and NMR data. However, there are some discrepancies
further discussed in paragraph 4.3.1.
Not only methyl groups in the protein, but also the aliphatic methyl groups on ligands
can be saturated at the 0.5 ppm on-resonance frequency. If the ligands were affected
by the on-resonance frequency this would result in signals in the STD spectrum, even if
no ligand interaction with the protein had occurred. By studying the molecular structures
of the ligands before performing the assay, four of them (ibuprofen, salbutamol,
pyrimethamine and phenylbutazone) were suspected to be directly affected by the 0.5
ppm on-resonance frequency. For these particular ligands the on-resonance frequency
was set to 0 ppm. Performing the NMR experiment it turned out that another three
ligands, rifampicin, digitoxin and prednisone, also resonated in the 0.5 ppm area.
Therefore the on-resonance frequency was adjusted for these particular ligands to –2
ppm for rifampicin, 0 ppm for digitoxin and –0.5 ppm for prednisone. The intensity in the
NMR spectrum is dependent on the selected on-resonance frequency, with an intrinsic
lower intensity when irradiating far away from 0.5 ppm. When irradiating with an onresonance frequency of –2 ppm nearly all of the STD the signal from salicylic acid was
quenched. Therefore it was impossible to evaluate the STD spectra from rifampicin as
this was irradiated at –2 ppm.
Although STD-NMR does not result in clear quantitative information about the binding
strength, it was previously shown that only ligands with KD values between 10-3 and 10-6
are readily detected under the described conditions (Mayer and Meyer, 1999).
As previously discussed (paragraph 4.2.2.1), dipyridamol and ketanserin were hard to
dissolve at high concentrations. The NMR reference spectra for ketanserin and
dipyridamole showed very low or no concentrations. Therefore it was not possible to
obtain data from the NMR interaction analyses on these two ligands.
4.3.1 Comparison between Biacore experimental data and NMR data
In Figure 20 the ligands are ordered by decreasing binding strength according to
experimental Biacore data from screening of 50 mM ligand. In general there is good
agreement between experimental Biacore data and NMR data. However, for four of the
ligands there is a clear discrepancy between the two methods. The NMR method tends
to classify pyrimethamine, phenytoin, coumarin and salicylic acid as stronger binders
than indicated by the Biacore experiment, and published data. Hydroxybenzoic acid is
also classified as a stronger binder by NMR than indicated by Biacore. Hydroxybenzoic
acid is a compound known to bind to HSA (Sakurai et al., 1996), However, a KD value
could not be found in the literature for this ligand. The on- off- rates are of importance
for the STD-signal, with higher signals if the dissociation and association occur very
fast. Reversed, slow kinetics yields low STD-signals even if the ligand binds very tightly
to the protein. In this study all compounds tested have very fast kinetics, with fast
association and dissociation (Figure 17, Figure 22, Figure 23) so discrepancies in
kinetics is probably not a good explanation for the lack of agreement between the
Biacore and NMR experiments in this particular case.
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Figure 20 Comparison of experimental Biacore data and NMR data

The ligands are ordered by decreasing binding strength from left to right (according to experimental Biacore data).
Grey bars correspond to experimental Biacore data and black bars correspond to NMR data. In general there is a
good agreement between Biacore data and NMR data. However, NMR classifies four of the ligands pyrimethamine,
phenytoin, coumarin and salicylic acid as stronger binders than indicated by both experimental and publishd data.
Hydroxybenzoic acid is also classified as a stronger binder by NMR than indicated by Biacore. However, a KD value
could not be found in the literature for this ligand.

4.4 Kd determination
Eight of the HSA ligands were chosen for affinity constant determination with the
Biacore 2000 instrument. The individual ligand concentrations chosen for this
determination were based on the result from the Biacore screening. For ligands that
earlier had shown to bind HSA with high affinity, concentrations in the low range span
were tested, while for low affinity binding ligands, higher concentrations were included in
the series. The reference subtracted and calibrated Req was plotted versus the
concentration in dose-response curves. Dose-response curves obtained for
phenylbutazone, warfarin, phenytoin, pyrimethamine, quinine and salicylic acid are
shown in Figure 21. For phenylbutazone and warfarin the binding appeared monophasic
and KD values were calculated to be 5 and 4 mM respectively by fitting the curves. The
dose-response curve for salicylic acid was not monophasic, but rather showed the
tendency to linearity and no KD value could be determined. Phenytoin, pyrimethamine
and quinine all gave linear dose-response curves over a wide concentration range.
Hence also for these ligands it was impossible to determine the KD value by this
method.
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Figure 21 Dose-response curves obtained for phenylbutazone, warfarin, phenytoin, pyrimethamine, quinine
and salicylic acid

For phenylbutazone and warfarin the binding appeared monophasic and KD values were calculated to be 5 and 4
mM. Phenytoin, pyrimethamine and quinine all gave linear dose-response curves, while the dose response curve
generated for salicylic acid showed a tendency to reach a maximum response. No KD value could be determined for
these four ligands.

A sensor chip with an immobilization level of 7 500 RU was used in the KD
determination experiment. Rmax values for 1:1 binding could be calculated for each
ligand by using Equation 1. At concentrations above 50 mM, phenylbutazone and
warfarin showed responses above the Rmax value for binding with stoichiometry 1:1 (35
RU). Therefore concentrations higher than 50 mM were excluded from the KD
determination.
Phenytoin showed acceptable responses for the concentrations tested (Rmax appr. 30
RU). For quinine (Rmax 36 RU) and pyrimethamine (Rmax 30 RU) however, the highest
concentrations indicated more than 1:1 binding or possibly non-specific binding. The
highest quinine concentration (1 mM) was excluded for generation of the dose response
curve in Figure 21. As both digitoxin and dipyridamole precipitated during the assay, no
reliable binding responses were achieved for these substances.
Due to the shape of the dose-response curves in Figure 21, another approach had to be
applied for estimation of the affinity constants. Using the BIAsimulation software, KD
values were calculated, based on the responses at equilibrium from injection of only one
concentration (50uM). The KD values obtained by simulation are presented in Table 3.
For most of the ligands the estimated KD value and the KD value described in the
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literature are in the same order of magnitude. The largest deviations were observed for
ibuprofen, ketanserin, naproxen, salbutamol, tryptophan and warfarin. When the KD
determination for phenylbutazone and warfarin were based on dose-response curves,
described earlier in paragraph 4.4, it resulted in KD values in closer correspondence
with the values described in literature.
Table 3 KD values estimated by BIAsimulation

The KD values were estimated by using the responses from the 50 µM screening. The KD values for phenylbutazone
and warfarin obtained from the dose-response curves are presented in brackets, in the same column as the values
estimated by BIAsimulation.
Drug
Published KD
KD (mM) BIAsimulation
values (mM)
50 mM screening
237
coumarin
352 ± 25
digitoxin
32
25 ± 8
dipyridamole
51
38
hydroxybenzoic acid
1800
ibuprofen
0.4
18
640
ketanserin
61 ± 18
naproxen
1
11 ± 7
phenylbutazone
1
8 (5)
phenytoin
167
137
290
prednisone
288 ± 61
92
pyrimethamine
74 ± 37
quinine
556
393
237
rifampicin
153 ± 65
1800
salbutamol
4300 ± 600
275
salicylic acid
140 ± 36
73
sulfadimethoxine
37 ± 13
tryptophan
100
489
16 (4)
warfarin
4±1

Every screening assay included a warfarin concentration series as a control. Both noncalibrated (Figure 22) and calibrated (Figure 23) sensorgrams from a typical warfarin
concentration series are illustrated below. Since the KD value for warfarin was
determined several times, the data was used for calculation of the average and
standard deviation of the steady state affinity constant. Data from twelve different
determinations resulted in a KD of 3.6 ± 0.7 mM, which agrees well with the literature
value.
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Figure 22 Non-calibrated, reference-subtracted sensorgrams from a warfarin concentration series

Before the DMSO calibration of the sensorgrams, the responses are not only due to binding of ligands but also to
small differences in DMSO concentrations between the samples. Therefore, a higher ligand concentration does not
necessarily result in a higher response.
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Figure 23 Calibrated and reference subtracted sensorgrams from a warfarin concentration series

DMSO calibration of the sensorgrams in Figure 22 results, as expected, in responses that are proportional to the
ligand concentrations.
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5 CONCLUSIONS
The correlation between published KD values and data from the Biacore screening is
good. The results enable a quantitative ranking of the affinity ligands with respect to
binding strength. It should therefore be possible to use the Biacore 2000 instrument as
a tool for screening of affinity ligands. To cover a wider range of possible binding
constants it is necessary to include two different ligand concentrations in the screening
process. The concentrations of 50, and 250 mM, used in this study seem suitable to
cover ligands binding with KD values that range from submicro- to millimolar.
The use of DMSO containing buffers in the Biacore screening demands implementation
of a DMSO calibration procedure. This is of importance to correctly rank the ligands. If
the ligands differ in size it is also necessary to normalize the response according to
MW. Without this evaluation procedure it is only possible to sort out non-binding
molecules from the ligands, but with a risk of rejecting even high affinity ligands.
In general the qualitative NMR data correlated well with the experimental Biacore data.
However, NMR tends to classify some of the ligands as stronger binders than indicated
by both experimental Biacore data and published data. The NMR technique also
demands a higher ligand concentration than the SPR technique. For this reason it is
preferable to use the SPR technique instead of NMR if the ligands are suspected to be
insoluble at high concentrations.
It could be of interest to study kinetics or determine KD values for the affinity ligands.
Due to fast kinetics for the ligands in the test system it was impossible to calculate rate
constants. Inherent characteristics of the protein-ligand system even made the KD
determination problematic. For most ligands, the KD determination failed due to a
departure from monophasic binding at higher ligand concentration.

6 FUTURE STUDIES
In the future it could be of interest to couple the ligands to the biosensor chip and flow
the protein in solution across the surface. The conditions would be more similar to the
affinity chromatographic conditions where the ligand is coupled to affinity media and the
protein injected in solution. Another advantage would be the possibility to use buffers
without DMSO and consequently no need for DMSO calibration. The responses would
also be higher and it might even be possible to calculate rate constants. Challenges
would be to find suitable chemistries to immobilize the ligands to the sensor chip
surface.
It could also be of interest to study another well-known protein-ligand system using both
Biacore and NMR. A protein system with less binding capacity than HSA might facilitate
affinity constant determination.
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9 Appendix A
KD determination of dipyridamole
The in vitro binding characteristics of dipyridamole have been studied in interaction with
pure HSA by using equilibrium dialysis (MacGregor and Sardi, 1991). The HSA
concentration was 40 g/l, which corresponds to 606 mM. With a dipyridamole
concentration varying between 1-10 mg/l, 92 % of dipyridamole was bound to HSA.
Given dipyridamole concentrations in mg/l correspond to 1.98-19.8 mM dipyridamole.
By using the formula below (Rich et al., 2001), the KD value could be calculated to 51
mM.

KD =

([HSA] - %bound/100*[drug]) * ([drug] - %bound/100*[drug])
%bound/100*[drug]
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10 Appendix B
DEFINE APROG sample
! The program takes about 1000 seconds to run.
PARAM %pos %sampleid %conc %blank1 %wash %regen %blank2 %flowrate %volume
KEYWORD sample %sampleid
KEYWORD mM %conc
KEYWORD pos %pos
CAPTION %sampleid %conc %flowrate
FLOW
%flowrate
WAIT
60
TRANSFER
B %blank1 50
! transfer of buffer to specified position
* QUICKINJECT %blank1 %volume
! blank injection before sample injection, 10 ul extra is needed!
! position, volume in ul
-15 RPOINT
b1_basel1
-5 RPOINT
b1_basel2
40
55
70
80

RPOINT
RPOINT
RPOINT
RPOINT

b1_eq1
b1_eq2
b1_diss1
b1_diss2

MIX
%pos 90
! Mix of the sample (in ul) before injection.
* KINJECT
%pos %volume 60
! sample injection, 40 ul extra is needed!
! position, volume in ul, dissociation time in s
-15 RPOINT
s_basel3 -b
-5 RPOINT
s_basel4
40 RPOINT
s_eq1
55 RPOINT
70 RPOINT
80 RPOINT

s_eq2
s_diss1
s_diss2

WASHPOS
s %wash
! wash IFC line with solution from specified position
WASH
s
! wash IFC line with running buffer
WASHPOS
n %wash
! wash needle with solution from specified position
WASH
n
! wash needle with running buffer
QUICKINJECT %regen 10
! regeneration with 25 mM NaOH, 50 mM NaCl; 10 ul extra is needed!
! position, volume in ul
EXTRACLEAN
TRANSFER
B %blank2 50
! transfer of buffer to specified position
* QUICKINJECT %blank2 %volume
! blank injection before sample injection, 10 ul extra is needed!
! position, volume in ul
-15 RPOINT
b2_basel1
-5 RPOINT
b2_basel2
40
55
70
80
END

RPOINT
RPOINT
RPOINT
RPOINT

b2_eq1
b2_eq2
b2_diss1
b2_diss2
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11 Appendix C
DMSO calibration
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Figure 2. (a) Eight buffer solutions varying in DMSO concentrations from 4.5-5.8 % were sequentially
injected in one cycle, over reference (cell 1) (dashed line) and HSA surfaces (cell 4) (solid line). (b)
DMSO calibration curve Eight calibration solutions (buffer with different DMSO concentrations) were
injected in sequence at the beginning of each experiment. The responses of the calibration solutions 40 s
after injection start obtained from the reference surface, covered a range from –700 to +900 RU relative
to the baseline. A DMSO calibration curve was created by plotting the difference in response between the
HSA and reference flow cells (the DMSO correction factor) versus response in reference flow cell. The
equation for the solvent correction curve for this particular assay and flow cell was:
DMSO correction factor =- 0.05*Response in cell 1 + 1.6
(c) Response in reference flow cell (cell 1) during sample injection of 12.5 mM warfarin (solid line), and
buffer injection (dashed line). The sample and buffer contains 5% DMSO. (d) DMSO correction factors
The DMSO correction factors for the warfarin (solid line) and buffer (dashed line) injections. The DMSO
correction factor is received by multiplying the sensorgrams from figure 2c by the slope of the DMSO
correction curve (Figure 2b). As the intercept is a constant value that is cancelled out during the double
referencing procedure, it is not taken into account. In this example, the sensorgrams from Figure 2c, were
multiplied by –0.05. (e) Reference subtracted response (cell 4 - cell 1) for warfarin (solid line) and buffer
(dashed line). The sensorgrams are not yet DMSO calibrated. (f) DMSO calibrated data The
sensorgrams (warfarin solid line and buffer dashed line) from Figure 2e have been DMSO calibrated by
subtraction of the DMSO correction factors (Figure 2d). (g) DMSO calibrated and double referenced
data Sensorgrams from Figure 2f with buffer injection (dashed line) subtracted (double referencing).
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12 Appendix D
STD-NMR spectrum
0.5 mM naproxen
1 uM HSA
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STD-NMR spectrum
0.5 mM salbutamol
1 uM HSA
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13 Appendix E
NMR ranking

Ligand

KD (mM)

coumarin
digitoxin
dipyridamole
hydroxybenzoic acid
ibuprofen
ketanserin
naproxen
phenylbutazone
phenytoin
prednisone
pyrimethamine
quinine
rifampicin

352 ± 25
25 ± 8
51

salbutamol
salicylic acid
sulfadimethoxine
tryptophan
warfarin

0.4
61 ± 18
11 ± 7
1
167
288 ± 61
74 ± 37
556
153 ± 65

On-resonance
frequency
(ppm)
0.5
0
0.5
0.5
0
0.5
0.5
0
0.5
-0.5
0
0.5
-2

4300 ± 600
140 ± 36
37 ± 13
100
4±1

0
0.5
0.5
0.5
0.5

Signal at
10 mM

Signal at
1 mM

NMR ranking

2
2
0
2
2
0
2
2
2
1
2
1
No data
aquired
0
2
2
1
2

1
0
0
0
3
0
2
3
2
0
3
0
No data
aquired
0
2
1
0
2

3
2
0
2
5
0
4
5
4
1
5
1
No data aquired
0
4
3
1
4
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