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Abstract

The surface plasmon resonance (SPR) biosensor method has emerged as a very
flexible and powerful approach for detecting a wide diversity of biomolecular
interactions. SPR monitors molecular interactions in real time and provides signifi-
cant advantages over optical or calorimetric methods for systems with strong
binding and low spectroscopic signals or reaction heats. The SPR method simulta-
neously provides kinetic and equilibrium characterization of the interactions of
biomolecules. Such information is essential for development of a full understanding
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of molecular recognition as well as for areas such as the design of receptor-targeted
therapeutics. This article presents basic, practical procedures for conducting SPR
experiments. Initial preparation of the SPR instrument, sensor chips, and samples
are described. This is followed by suggestions for experimental design, data analy-
sis, and presentation. Steady-state and kinetic studies of some small molecule—
DNA complexes are used to illustrate the capability of this technique. Examples
of the agreement between biosensor-SPR and solution studies are presented.

I. Introduction

Transcriptional activators and repressors bind to DNA; drugs form complexes
with membrane components and in cells they target sites on nucleic acids and
proteins; antibodies bind to proteins of disease organisms; and a host of other
biomolecular interactions are essential for organisms and their cells to function. To
understand the functional processes that drive biological systems, it is essential
to have detailed information on the array of biomolecular interactions that drive
and control cellular function. The binding affinity (the equilibrium constant, K, and
Gibbs energy of binding, AG), stoichiometry (1, the number of compounds bound
to the biopolymer), cooperative effects in binding, and binding kinetics (the rate
constants, k, that define the dynamics of the interaction) are the basic quantitative
characteristics of all biomolecular interactions. The more of these key parameters
that can be determined experimentally, the better will be our understanding of the
underlying interaction and how it affects cellular functions.

Because of the varied properties of biological molecules and the changes in
properties that occur on complex formation, it is frequently difficult to find a
method that can characterize the full array of interactions under an appropriate
variety of conditions. For complexes that involve very tight binding, it is necessary
to conduct experiments at very low concentrations, down to the nanomolar or
lower levels, that fall below the detection limit for many systems. In such cases,
radiolabels or fluorescent probes have been used for added sensitivity in detection.
Biosensors with surface plasmon resonance (SPR) detection provide an alternative
method, which responds to the refractive index or mass changes at the biospecific
sensor surface on complex formation (Jonsson et al., 1991; Karlsson et al., 1994;
Malmgqvist and Granzow, 1994; Malmqvist and Karlsson, 1997, Myszka, 2000;
Nagata and Handa, 2000). Since the SPR signal responds directly to the amount of
bound compound in real time, as versus indirect signals at equilibrium for many
physical measurements, it provides a very powerful method to study biomolecular
interaction thermodynamics and kinetics (Karlsson and Larsson, 2004; Katsamba
et al., 2002a,b, 2006; Morton and Myszka, 1998; Myszka, 2000; Rich et al., 2002;
Svitel et al., 2003; Van Regenmortel, 2003). Use of the SPR response to monitor
biomolecular reactions also removes many difficulties with labeling or characterizing
the diverse properties of biomolecules.
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II. Rationale: Biomolecular Interactions with SPR Detection

The biosensor-SPR methods described in this chapter refer to Biacore instru-
ments (Biacore International AB), which have been most widely used in the SPR
analysis of biomolecular interactions (Rich and Myszka, 2005b). The description
will be divided into three primary areas that define the SPR experiment:
(1) instrument and sensor chip preparation; (ii) immobilization of one reaction
component on the sensor chip surface; and (iii) data collection and analysis. For
reaction of biomolecules, Bl and B2, to give a complex, the reaction is:

ka k.
Bl +B2=C Ky =2 (1)
kg kd

Figure 1 shows the basic components for biosensor-SPR analysis of this bimo-
lecular interaction with Bl in the flow solution and B2 immobilized. In this
example, B2 is linked to dextran in a hydrogel matrix, a typical method for Biacore
sensor chips. Reactant B1 is at a fixed concentration in the solution that flows over
the biospecific surface containing B2. A number of solutions with different con-
centrations can be injected to cover a full binding profile. Detection of binding is
through a change in refractive index that is monitored in real time by a change in
the SPR resonance angle that occurs when the molecules form a complex on the
surface (Fig. 1). In a typical Biacore experiment, a four channel sensor chip is used
with one flow cell left blank as a control, while the remaining three cells have
reaction components immobilized (such as B2 and other target biomolecules).
Whether the experiment will have sufficient signal to noise for accurate data
analysis depends on two primary factors that are described in the following
sections: the moles of B2 immobilized and the mass of Bl bound (moles of
B1 bound x MW of B1) at any time point (since the SPR signal is related to the
refractive index change on binding). The molecular weight of binding molecule is
thus a key consideration in SPR-biosensor experiments.

Typical Biacore sensor chips, such as the one in Fig. 1, are derivatized with a
carboxymethyl-dextran (CM-dextran) hydrogel that provides many possibilities
for biomolecular immobilization (BIACORE, 1994a). The Biacore web site has
descriptions of a range of sensor chip surfaces and immobilization chemistries
(https://www.biacore.com/lifesciences/index.html), and it is generally possible to
find an appropriate surface and immobilization chemistry for any biological interac-
tion application. It is obviously essential that the immobilization method, of what-
ever type, not significantly perturb the binding interactions relative to what occurs in
free solution. Covalent coupling of molecules to the surface should use groups that
are well away from the binding site and that do not interfere with the interaction.

As shown in Fig. 1, when a solution of a reaction component is injected into the
Biacore flow system and passes over the sensor chip biospecific surface, complex
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Fig. 1 The SPR signal and biosensor surfaces. The components of a biosensor-SPR experiment are
illustrated: the optical unit that generates and measures the SPR angle, the sensor chip with a gold layer,
the chip surface with immobilized matrix (dextran on this chip) and reaction component (B2 in this
experiment), and the flow control system and solution that provide the other reaction component(s),
such as B1. As more of the B1+B2 complex forms, the SPR angle changes as a function of time. Analysis
of the signal change with time can provide the kinetic constants for the reaction.

formation occurs and is monitored in real time by a change in SPR angle. After a
selected time, reactant flow is replaced by buffer flow and dissociation of the
complex is monitored over time. The time course of the experiment shown in
Fig. 1 creates a sensorgram such as the one illustrated in Fig. 2. Buffer flow
establishes an initial baseline and injection of component B1 leads to the associa-
tion phase. As the association reaction continues, a steady-state plateau is eventu-
ally reached such that the rate of association equals the rate of dissociation of the
complex and no change of signal with time is observed. The time required for the
steady state to be reached depends on the reactant concentrations and reaction
kinetics. If the added molecule does not bind, the SPR angle change in the sample
and reference flow cells will be the same and a zero net response, which is indica-
tive of no binding, will be observed after subtraction. When binding does occur,
the added molecule is bound at the sensor surface and the SPR angle changes more
in the sample than in the reference cell to give the time course of the sensorgram
(Fig. 2). Since the amount of unbound compound in the flow solution is the same
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Fig. 2 An experimental sensorgram illustrating the steps in an SPR experiment. These steps include
buffer flow for baseline, followed by an association phase, then another buffer flow for dissociation
which is followed by injection of the regeneration solution to bring the surface back to the starting
conditions. The injections are repeated at a range of concentrations to generate a set of sensorgrams.

in the sample and reference flow cells, it can be subtracted and only the bound
reactant generates an SPR signal. The concentration of unbound molecule is
constant and is fixed by the concentration in the flow solution.

Several sensorgrams can be obtained at different concentrations of the injected
compound and they can be simultaneously fit (global fitting) to obtain the most
accurate kinetic (k) and equilibrium (K ) constants (Myszka, 1999a, 2000). As will
be described below, equilibrium constants can be determined independently from
ratios of rate constants or by fitting the steady-state response versus the concen-
tration of the binding molecule in the flow solution over a range of concentrations.
The SPR signal change is an excellent method to determine binding stoichiometry,
since the refractive index change in SPR experiments generates essentially the same
response for each bound molecule and depends on the molecular weight of the
binding molecules. The maximum signal increase in an SPR experiment thus
provides a direct determination of the stoichiometry, provided the amount of
immobilized biomolecule is known. For complexes that have quite slow dissocia-
tion rates, the biosensor surface can be regenerated before complete dissociation
by using a solution that causes rapid dissociation of the complex, but does not
significantly degrade the surface (Fig. 2). The angle change in Biacore instruments
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is converted to resonance units (RU) and a 1000 RU response is equivalent to a
change in surface concentration of about 1 ng/mm? of bound protein or DNA (the
relationship between RU and ng of material bound varies with the refractive index
of the bound molecule) (Davis and Wilson, 2000, 2001).

The equilibrium and kinetic constants that describe the reaction in Eq. (1) are
obtained by fitting the sensorgrams or steady-state RU versus concentration plots
to a 1:1 binding model. More elaborate binding models are necessary for more
complex interactions, and these models are the same for all types of binding
experiments and are not unique to SPR methods. It should be emphasized that
to obtain accurate kinetic information about a binding reaction, it is essential that
the kinetics for transfer of the binding molecule (diffusion through the hydrogel—
see below for better description) to the immobilized biomolecule (mass transfer) be
much faster than the binding reaction (Karlsson, 1999). When this is not true,
various alternatives to deal with the mass transfer problem are available and will
be described below. Annual surveys on methods, applications, and appropriate
experimental approaches using SPR by Myszka and colleagues provide many addi-
tional helpful suggestions on experimental protocols to obtain high quality biosensor
data (Myszka, 1999b; Rich and Myszka, 2000, 2001, 2002, 2003, 2005a,b).

III. Materials and Methods

A. Instrument Preparation

It is recommended by Biacore to run Desorb weekly and Sanitize once a month
for maintaining the instrument. Desorb is a general method that uses a series of
solutions injected through the instrument internal flow system to remove any
absorbed compounds from previous experiments. Sanitize is a method to insure
that no microbial growth is present in the liquid injection and flow system. Before
beginning an experiment, it is very important to ensure that the instrument is
running properly. The goal is to determine if a stable baseline can be maintained
throughout a series of replicate buffer injections across a nonderivatized sensor
surface. A simple method for cleaning is described below. If the baseline is not
stable, for example, if the baseline drifts more than +1.0 RU/min, additional
cleanings may be needed.

1. Required Materials, Chemicals, and Solutions

e Maintenance chip with a glass flow cell surface
CMS5 chip

Running buffer: HBS-EP buffer (10 mM HEPES pH 7.4, 150 mM NaCl,
3 mM EDTA, 0.005% (v/v) polysorbate 20)

0.5% SDS (BIAdesorb solution 1)
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e 50 mM glycine pH 9.5 (BIAdesorb solution 2)
1% (v/v) acetic acid solution

e 0.2 M sodium bicarbonate solution
6 M guanidine HCI solution
10 mM HCI solution

2. Methods for Preliminary Cleaning and Checking Baseline

a. Set instrumment temperature to 25 °C

b. Dock a maintenance chip and Prime once with distilled water (Prime is a
method for priming the liquid system by flushing pumps, integrated p-fluidic car-
tridge (IFC) and autosampler with water or buffer. This procedure is used at start up,
when the buffer is changed, and also to remove small air bubbles from the system).

¢. Run Desorb.
d. After Desorb, Prime several times with warm water (50-60 °C).

e. Undock the maintenance chip and Dock a fresh research grade CMS5 sensor
chip and Prime once with water.

f. Switch to running buffer and Prime several times.

g. Prepare aliquots of 200 ul running buffer into individual vials and run Method 1
(below).

This method will collect a set of sensorgrams of replicated buffer injections
across an unmodified CMS5 sensor chip. These sensorgrams should overlay after
double-referenced subtraction and this indicates a very stable system that is ready
for experiments. Methods are written as text files, and may be created or modified
with any text editor. The BIA software for instrument control converts the text file
to instrument commands (BIACORE, 1994b).

Method 1:

MAIN
RACK 1 thermo ¢

RACK 2 thermo_a
FLOWCELL 1,2,3,4
LOOP Buffer STEP
APROG drug %sample2 %position2 %volume2 %conc2
ENDLOOP
APPEND Continue
END

DEFINE APROG buffer

PARAM Y%sample2 %position2 %volume2 %conc2
KEYWORD Concentration %Conc2
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CAPTION %conc2 %sample2 over (gradient surface)
FLOW 25
FLOWPATH 1,2,3,4
WAIT 5:00
KINJECT %position2 %volume2 180
EXTRACLEAN
EXTRACLEAN
WAIT 5:00
END
DEFINE LOOP Buffer

LPARAM %sample2 %oposition2 %volume2 %conc2

TIMES 1
Buffer r2al 100 0.000u
Buffer r2a2 100 0.000u
Buffer r2a3 100 0.000u
Buffer r2a4 100 0.000u
Buffer r2a5 100 0.000u
Buffer r2a6 100 0.000u
Buffer r2a7 100 0.000u
Buffer r2a8 100 0.000u
Buffer r2a9 100 0.000u
Buffer r2al0 100 0.000u

END

3. Additional Cleaning Methods

After running the above method, if the baseline is not stable within £1.0 RU/min
(note: this specification may change as different instruments become available), the
following methods, designed and provided by Biacore, may be used:

a. Super Clean (As Needed)

1. Insert a maintenance chip into the instrument and Dock.

2. Run Desorb using SDS and glycine.
3.

Run the following method with warm (50-60 °C) filtered water as flowing
solution.
main

prime

prime
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unclog

rinse

flush

prime

prime

append standby
end
Run Desorb using 1% (v/v) acetic acid in place of SDS and glycine.
Prime the instrument to wash out the acetic acid residuals.
Run Desorb using 0.2 M sodium bicarbonate in place of SDS and glycine.
Prime the instrument to wash out the sodium bicarbonate residuals.

Run Desorb using 6 M guanidine HCI for the SDS (solution 1) and 10 mM
HCI for glycine (solution 2).

© N oL

9. Prime the instrument a few times to thoroughly clean all residuals.

b. Super Desorb (Monthly)
1. Dock a maintenance chip and run Prime using 0.5% SDS.

2. Run Prime using 10 mM glycine, pH 9.5.
3. Run Prime at least three times using filtered water.

B. Sensor-Chip Surface Preparation

In general, there are two ways to capture biomolecules on the sensor chips:
covalent and noncovalent captures. Covalent capture will be illustrated with
streptavidin and this surface can then be used to immobilize biotin-labeled biomo-
lecules. Although other immobilization techniques are available, the biotin—
streptavidin coupling is popular in Biacore SPR experiments and it is particularly
useful for nucleic acids immobilization (Bates et al., 1995; Bischoff et al., 1998;
Hendrix et al., 1997; Mazur et al., 2000; Nair et al., 2000; Nieba et al., 1997;
Rutigliano et al., 1998; Wang et al., 2000). The large affinity constant for the
biotin-streptavidin complex results in a stable surface for binding studies under
physiological conditions. In the example below, immobilization of streptavidin
and biotin-labeled DNA will be described.

An important step in sensor chip immobilization is to decide how much biomol-
ecule to immobilize. For kinetic experiments, it is usually best to immobilize the
smallest amount of materials, while maintaining the necessary signal-to-noise
ratio, in order to minimize mass transport effects. Mass transport effects of ligand
to the surface will influence kinetic data when the rate of mass transport is slower
than or on the same time scale as the kinetics of the interaction (BIACORE, 199%4c;
Karlsson, 1999; Myszka et al., 1998). Since a high concentration of surface binding
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sites rapidly consumes the ligand at the surface, the more material immobilized the
greater the contribution from mass transport. However, when the ligand is a small
molecule, it becomes necessary to increase the immobilized compound surface
density since the instrument response from small-molecule binding is low.

1. Immobilization of Streptavidin

For immobilizing biotin nucleic acids on a sensor chip, the sensor chip must be
modified to a streptavidin surface. Biacore offers pre-made streptavidin sensor
chips (SA sensor chip) that are ready for immediate use. However, it is possible and
in some cases worthwhile to prepare streptavidin sensor chips (BIACORE, 1994c;
Hendrix et al., 1997) using standard (CMY5) dextran surfaces or CM4 chips with
features such as a low density carboxyl surface. The low density carboxyl surface
uses dextran but has less negative charge and so may be advantageous when
investigating the interactions between highly charged biomolecules. The procedure
outlined below is used for immobilizing streptavidin on CMS5 or CM4 sensor chips.
The Biacore website has many references that describe other methods to immobilize
biomolecules to different sensor chip surfaces.

a. Required Materials, Chemicals, and Solutions

e A CM5 or CM4 sensor chip that has been at room temperature for at least
30 min

e HBS-EP buffer (10 mM HEPES pH 7.4, 150 mM NaCl, 3mM EDTA,
0.005% (v/v) polysorbate 20) (running buffer)

e 100 mM N-hydroxsuccinimide (NHS) freshly prepared in water

e 400 mM  N-ethyl-N'-(dimethylaminopropyl)carbodiimide (EDC) freshly
prepared in water

e 10 mM acetate buffer pH ~4.5 (immobilization buffer)

e 200400 pug/ml streptavidin in immobilization buffer

e 1 M ethanolamine hydrochloride in water pH 8.5 (deactivation solution)

b. Procedures for Streptavidin Immobilization

1. Dock the CM4 or CMS5 chip, Prime with running buffer. Start a sensorgram
in all flow cells with a flow rate of 5 ul/min.

2. With NHS (100 mM) in one vial and EDC (400 mM) in other, use the Dilute
command to make a 1:1 mixture of NHS/EDC.

3. Inject NHS/EDC for 10 min (50 ul) to activate the carboxymethyl surface to
reactive esters.

4. Using Manual Inject with a flow rate of 5 ul/min, load the loop with ~100 ul
of streptavidin in the appropriate buffer and inject streptavidin over all flow cells.
Track the number of RUs immobilized which is available in real time readout and



3. Biosensor-Surface Plasmon Resonance 63

stop the injection after the desired level is reached (typically 2500-3000 RU for
CMS5 chip and 1000-1500 RU for CM4 chip).

5. Inject ethanolamine hydrochloride for 10 min (50 ul) to deactivate any
remaining reactive esters.

6. Prime several times to ensure surface stability.

2. Immobilization of Nucleic Acids

Derivatized nucleic acids with biotin at either the 5’ or 3’ end are ready to be
immobilized on a streptavidin-coated sensor chip (SA Chip). This immobilization
method provides rapid kinetics and high affinity binding of the nucleic acid to the
surface. Relatively short oligonucleotide hairpins (<50 bases) do not require high
salt for immobilization. A solution of ~25 nM oligonucleotide (5'-biotin nucleic
acid) in HBS-EP buffer is used when immobilizing nucleic acids less than 50 bases.
It may be necessary to increase the concentration when using larger nucleic acids.
A concentration that is too high, however, will make control over the amount of
nucleic acid immobilized very difficult. Typically, an immobilization amount
of 300-450 RUs of hairpin nucleic acid (~20-30 bases in length) is immobilized
for running steady-state experiments and 100-150 RUs for kinetic experiments to
minimize mass transfer effects.

a. Required Chemicals, Materials, and Solutions
o Streptavidin-coated sensor chip (SA chip or prepared as outlined above)
o HBS-EP buffer (10 mM HEPES pH 7.4, 150 mM NaCl, 3mM EDTA,
0.005% (v/v) polysorbate 20) (running buffer)
e Activation buffer (1 M NaCl, 50 mM NaOH)
¢ Biotin-labeled nucleic acid solutions (~25 nM of strand or hairpin dissolved
in HBS-EP buffer)

b. Immobilization of Nucleic Acids on a Streptavidin Surface (or on SA Chips)

If two or more different nucleic acid hairpins are to be immobilized on different
flow cells, there are two options for immobilization level: equal RU amount or
equal moles. For an equal RU amount, different nucleic acid hairpins can be
immobilized with the same total response units (RU) on each flow cells. For
equal moles, the amount of nucleic acid to be immobilized is proportional to its
molecular weight. A higher level is required for a higher molecular weight hairpin
because the observed response per bound ligand (RU,y) is proportional to mass
bound (moles bound x MW). This option is useful to visualize and illustrate a
difference in stoichiometry.

1. Dock a streptavidin-coated chip, Prime a few times with HBS-EP buffer, and
start a sensorgram with a 20 ul/min flow rate.
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2. Inject activation buffer (1 M NaCl, 50 mM NaOH) for 1 min (20 ul) five to
seven times to remove any unbound streptavidin from the sensor chip.

3. Allow bulffer to flow at least 5 min before immobilizing the nucleic acids.

4. Start a new sensorgram with a flow rate of 2 ul/min and select one desired
flow cell on which to immobilize the nucleic acid. Take care not to immobilize
nucleic acid on the flow cell chosen as the control flow cell. Generally, flow cell 1
(“fc1”’) is used as a control and often left blank. It is often desirable to immobilize
different nucleic acids on the remaining three flow cells. A nonbinding nucleic acid
may be immobilized on fcl to provide a more similar control surface for
subtraction.

5. Wait a few minutes for the baseline to stabilize. Use Manual Inject, load the
injection loop with ~100 ul of a 25 nM nucleic acid solution and inject over the
flow cell. Track the number of RUs immobilized and stop the injection after a
desired level is reached.

6. At the end of the injection and after the baseline has stabilized, use the
software crosshair to determine the RUs of nucleic acid immobilized and record
this amount. The amount of nucleic acid immobilized is required to determine the
theoretical moles of small molecule binding sites for the flow cell.

7. Repeat steps 4 to 6 for another flow cell (e.g., fc3 or fc4).

C. Sample Preparations

The solution of small molecule must be prepared in the same buffer used to
establish the baseline—the running buffer. If the small molecule is not very soluble
in buffer, it can be dissolved in water as a concentrated stock solution and diluted
in the running buffer. If the small molecule requires the presence of a small
amount of an organic solvent (e.g., <5% DMSO) to maintain solubility, the
same amount of this organic solvent should be in the running buffer to minimize
the refractive index difference.

Preliminary studies may be needed to obtain some information about the
compounds being studied such as solubility, stability, or an estimated binding
constant. Such information is useful in setting parameters for data collection.
Sample concentrations should vary over a wide range (at least 100-fold). In
general, the sample concentration range should vary from well below to well
above 1/K,. If the K, is unknown, a broad concentration range should be used in
a preliminary experiment to obtain an estimate of the K,. Ideally, the order of
sample injection should be randomized. Injecting samples from low to high con-
centration is useful for eliminating artifacts in the data from adsorption or carry
over. It is also useful to inject the same concentration twice to check for reproduc-
ibility. For binding constants of 10°-10° M~!, as observed with many small
molecules DNA complexes, small molecule concentrations from 0.01 nM to
10 uM in the flow solution allow accurate determination of binding constants.
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D. Data Collection and Processing
1. Data Collection

A sample method used to collect steady-state small molecule data on nucleic acid
surfaces is shown below. This method is set for a flow rate of 10 ul/min (FLOW 10)
over all flow cells (FLOWPATH 1,2,3,4). The samples are injected as written
(STEP) from low to high concentration. Note that before any analyte is injected,
buffer injections are done to enable double referencing. In addition, the volume of
analyte injected is set as a variable so that the least amount of volume required to
reach a steady state is used for each concentration. Much less time is required for
the association reactions at high concentrations of the injected compound. In this
sample method, the small molecule solution of Hoechst 33258 (or analyte) is
injected over immobilized DNA (or macromolecule). Note that with the steady-
state method, equilibrium, but not kinetics, constants can be obtained even when
mass transfer effects dominate the observed kinetics. Much higher injection flow
rates are used when collecting kinetics data.

At the end of the compound solution injection, a regeneration step may be
necessary to remove any complex remaining on the surface. To subsequently
remove any regeneration buffer remaining after this step, two 1-min injections
of running buffer are used prior to the end of the cycle followed by a 5-min wait
with running buffer flowing. After the next cycle has begun, a 5-min waiting period
is set to ensure the baseline has stabilized before the next sample injection. When
working with small molecules (or small responses), it is essential that the baseline
does not drift significantly during the injection. To reduce carry overs (of sample
and regenerating solution), a Mix command is added to rinse the injection tube and
the injection is conducted from low to high concentrations. If needed, multiple
injections of buffer at the end of the cycles are useful to check for carry over.

MAIN

RACK 1 thermo ¢
RACK 2 thermo_a
FLOWCELL 1,2,3.4
DETECTION 2-1, 3-1, 4-1
LOOP Hoechst33258 STEP
APROG Flow10 %sample2 %position2 %volume2 %conc2
ENDLOOP
APPEND Continue
END
DEFINE APROG Flowl10
PARAM Y%sample2 %position2 %volume2 %conc2
KEYWORD Conc %Conc2
CAPTION %conc2 %sample2 over AATT TTAA TATA (gradient surface)
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FLOW 10

FLOWPATH 1,2,3,4

WAIT 5:00

KINJECT %position2 %volume2 300
—b BASELINE

—0:20 RPOINT
2:30 RPOINT

Yosample2

QUICKINIJECT r2f3 10

EXTRACLEAN
MIX r2£7 300

QUICKINJECT r2f4 10

EXTRACLEAN

QUICKINJECT r2f5 10

EXTRACLEAN

WAIT 5:00
END

DEFINE LOOP Hoechst33258

110 mM Glycine pH 2.5

! buffer
! buffer

! buffer

LPARAM Y%sample2 %oposition2 %volume2 %oconc2

TIMES 1

Buffer
Buffer
Buffer
Buffer
Buffer
Buffer
Buffer
Buffer
Buffer
Buffer
Buffer
Buffer
Buffer
Buffer
Buffer

Hoechst33258
Hoechst33258
Hoechst33258
Hoechst33258

r2al
r2a2
r2a3
r2a4
r2as
r2a6
r2a’7
r2a8
r2a9
ral0
r2bl
r2b2
r2b3
r2b4
r2b5

r2cl
r2c2
r2c3
r2c4

200
100
50
200
100
50
200
100
50
200
100
50
200
100
50

200
200
200
200

0.0000u
0.0000u
0.0000u
0.0000u
0.0000u
0.0000u
0.0000u
0.0000u
0.0000u
0.0000u
0.0000u
0.0000u
0.0000u
0.0000u
0.0000u

0.0001u
0.0002u
0.0004u
0.0006u
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Hoechst33258 r2cS 200 0.0008u
Hoechst33258 12c6 200 0.0010u
Hoechst33258 r2c7 200 0.0020u
Hoechst33258 r2c8 200 0.0040u
Hoechst33258 r2c9 200 0.0060u
Hoechst33258 r2cl0 100 0.0080u
Hoechst33258 r2d1 100 0.0100u
Hoechst33258 r2d2 100 0.0200u
Hoechst33258 r2d3 100 0.0400u
Hoechst33258 r2d4 100 0.0600u
Hoechst33258 r2d5 100 0.0800u
Hoechst33258 r2d6 100 0.1000u
Hoechst33258 r2d7 50 0.2000u
Hoechst33258 r2d8 50 0.4000u
Hoechst33258 r2d9 50 0.6000u
Hoechst33258 r2d10 50 0.8000u
Buffer r2f5 200 0.0000u
Buffer r2f5 100 0.0000u
Buffer r2f5 50 0.0000u
END

2. Data Processing

After the data has been collected, there are several processing steps that must be
performed before any quantitative information can be extracted. A number of
software programs are available for processing Biacore data, including BIAeva-
luation (Biacore, Inc.), Scrubber2, and CLAMP (Myszka and Morton, 1998).
The results can also be exported and presented in graphing software such as
KaleidaGraph for either PC or Macintosh computers (Mazur et al., 2000;
Wang et al., 2000). Zeroing on the y-axis (RU) and then x-axis (time) are the
first steps in data processing. Because the flow cell surfaces are not identical to each
other, the refractive index of each surface is different causing the flow cells to
register at different positions on the y-axis. Zeroing the data on the y-axis is
necessary to allow the responses of each flow cell to be compared. Generally the
average of a stable time region of the sensorgram, prior to sample injection, should
be selected and set to zero. Because the flow cells are aligned in series, sample is not
injected across the flow cells simultaneously. Zeroing on the x-axis aligns the
beginnings of the injections with respect to each other.



68

Farial A. Tanious ef al.

The two data-processing steps outlined below help to minimize offset artifacts and
also to correct for the bulk shift that results from slight differences in injection buffer
and running buffer. In the first step, the control flow cell (fcl) sensorgram is sub-
tracted from the reaction flow cell sensorgrams (i.e., fc2-fcl, fc3-fcl, and fed-fcl).
This removes the bulk shift contribution to the change in RUs. The next step in
data processing is required to remove systematic deviations that are frequently
seen in the sensorgrams. In this step, the effect of buffer injection on a reaction flow
cell is subtracted from the compound injections (different concentrations) on the
same flow cell. These processes are referred to as “double referencing” (Myszka,
1999a), and remove the systematic drifts and shifts in baseline that are frequently
observed even in control cell-subtracted sensorgrams. In the data collection
method shown above, buffer injections are performed for each volume amount
used for sample injection. Typically, multiple buffer injections are performed and
averaged before subtraction. In double referencing, plots are made for each flow
cell separately overlaying the control flow cell-corrected sensorgrams from buffer
and all sample injections. The buffer sensorgram is then subtracted from the
sample sensorgrams. At this point, the data should be of optimum quality and
is ready for fitting to determine the thermodynamic and/or kinetic values that
characterize the reaction.

IV. Results and Data Analysis

Even when it is not possible to get kinetic constants, equilibrium constants can
be extracted from SPR data in a correctly performed experiment. The equilibrium
constant can be obtained from fitting steady-state data, or from kinetics. The
association equilibrium constant (Kj4) is the ratio of the observed association (k,)
and dissociation rate (kq) constants in Eq. (1). Comparing the K, value obtained
by different methods can help to evaluate the models used to fit the data. Kinetic
constants, true k, and kg4 values, can be obtained when the reaction is not dominated
by mass transfer.

Knowledge of the stoichiometry of the system is essential for obtaining correct
kinetic and binding constants as well as for obtaining a complete description of the
system being studied. Because the refractive index increments (Rps) of small
molecules can be very different from those of proteins and nucleic acids, it is
essential that such a difference be accounted for during data interpretation to
correctly determine stoichiometry, and subsequently kinetic and equilibrium con-
stants. The maximum Biacore instrument response for a 1:1 binding interaction
can be predicted with Eq. (2).

chompound
RUpax = RUy; _— R 2
a: biopolymer X (Mwbiopolymer X K1 ( )
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where RU,,.« is the response for binding of one molecule to the biopolymer;
R Ubpiopolymer 18 the amount of immobilized biopolymer, in response units; MW is
molecular weight of compound and biomolecule, respectively; and Ry is the
refractive index increment ratio of compound to the immobilizing biopolymer
where:

RII _ (an/ac)compound
(0n]dC)

biopolymer

The Ry value is close to one for proteins and DNA but can deviate considerably
from 1.0 for small molecules (Davis and Wilson, 2000). Reference for Ry values
and methods for determination are given in Davis and Wilson (2000). One way to
determine the Ry is by comparison of the predicted value from Eq. (2) to the
experimental observed value RU,,,,. Small molecules may have more than a single
binding site in biomolecular complexes. Nonspecific, secondary binding can occur
with cationic molecules and nucleic acids for example, and the Ry ratio is critical
for accurate determination of stoichiometry.

A. Equilibrium Analysis

After double subtraction, the average of the data in the steady-state region of
each sensorgram (RU,,,) can be converted to r (r = RU,,/RUpn,y) and is plotted
as a function of analyte concentration. Equilibrium constants can be obtained by
fitting the results with either a single site model (Eq. (3) with K, = 0) or with the
two-site model in Eq. (3):

_ Ky X Ciree +2 x Ky x Ky x CZ, 3)
14+ Ki X Cree + K1 X Kz x C?

ree

where K; and K,, the macroscopic thermodynamic binding constants, are the
variable parameters to fit; r is the moles of compound bound/mole DNA-
hairpin = RU,yo/RUpax; and Cy. is the concentration of the compound in the
flow solution. Although more complex models could be used in data fitting, it
is unlikely that a unique fit to the results would be obtained. In such complex
cases, other experimental methods should be used to fix some of the variables
before fitting the SPR results.

The monocationic Hoechst 33258 DNA minor groove binder has strong prefer-
ence for A/T rich sequences (Weisblum and Haenssler, 1974). Its DNA binding
affinity has been studied with different biophysical methods (Bontemps et al.,
1975). A crystallographic structure of the Hoechst 33258 bound to an ~AATT-
site is available (Pjura et al., 1987; Quintana et al., 1991; Teng et al., 1988). Three
different biotin-labeled DNA hairpin duplexes containing AATT, TTAA, TATA
sites (Fig. 3) were immobilized on a streptavidin chip (as described above) and
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Fig. 3 Structure of Hoechst 33258, DB818, and 5'-biotin-labeled DNA hairpins.

different concentrations of Hoechst 33258 (Fig. 3) were injected onto the surface.
Sensorgrams of binding of Hoechst 33258 to AATT and TTAA along with binding
plots are shown in Figs. 4 and 5. The binding stoichiometry and affinity for this
type of interaction are readily extracted. The binding stoichiometry can be
obtained from comparing the maximum response with the predicted response per
compound (Eq. (2)).

Because equal moles of DNA hairpins were immobilized, the difference in
maximum responses among the sets of sensorgrams is readily seen and directly
reflects the difference in binding stoichiometry (Figs. 4 and 5). Under these experi-
mental conditions, the Hoechst ligand binds with a 1:1 ratio to the AATT site
(Fig. 4) but with a 2:1 ratio to TTAA (Fig. 5) or TATA (not shown). Plotting the
data in Scatchard form can visually reveal considerable information about the
binding constants, stoichiometry of specific and nonspecific binding, and coopera-
tivity (Fig. 6). In this figure, the differences in binding constants, stoichiometry and
cooperativity for binding of a low molecular weight aromatic cation, Hoechst
33258, to two different DNA hairpins, AATT and TTAA are illustrated.
The cooperative binding of two molecules of Hoechst 33258 to TTAA is clear.
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Fig. 4 Sensorgrams for the interaction of Hoechst 33258 with the 5'-biotin-labeled AATT DNA
(Fig. 3). The sensorgrams (left) were collected in 0.1 M NaCl, 0.01 M MES (2-(N-morpholino)ethane-
sulfonic acid), 0.001 M EDTA, pH 6.25. The individual sensorgrams represent responses at different
Hoechst concentrations; the concentrations were from 0.1 nM (lowest sensorgram) to 0.8 uM (highest
sensorgram). Hoechst 33258 solutions were injected at a flow rate of 10 ul/min. The volume of Hoechst
33258 injected is set as a variable (see the method) so that the least amount of volume required to reach a
steady state is used for each concentration. Much less time is required for the association reactions at
high concentrations. Conversion of these sensorgrams to the binding isotherm (right) was done by
dividing the averaged plateau or steady-state responses by the predicted maximum response per ligand
(RUpred-max = 35 in this case) as described in the text. The data were fitted (solid line) with a one-site
model, Eq. (3), to obtain an equilibrium binding constant of K = 4.6 x 10> M~!. This value is in
excellent agreement with K values from solution studies (see text).

2.0
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0 200 400 600 800 1000 10-9 10-8 107 10-6
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Fig. 5 Sensorgrams for the interaction of Hoechst 33258 with 5'-biotin-labeled TTAA DNA (Fig. 3).
The sensorgrams (left) were collected in the same buffer as shown in Fig. 4. The concentrations were from
1.0 nM (lowest sensorgram) to 0.4 uM (highest sensorgram). Hoechst 33258 solutions were injected at a
flow rate of 25 ul/min. Conversion of these sensorgrams to the binding isotherm (right) was done by
dividing the averaged plateau or steady-state responses by the predicted maximum response per ligand
(RUjred-max = 35 asin this case) as described in the text. The data were fitted with a two-site model, Eq. (3),
to obtain macroscopic equilibrium binding constants of K; = 1.5 x 10° M~ and K, = 3.7 x 105M ..
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Fig. 6 Bindingisotherms (A) and Scatchard plot (B) for the Hoechst 33258 complexes with the AATT
and TTAA hairpins. The results are from the sensorgrams in Figs. 4 and 5. The result with the
AATT hairpin is typical for AT specific minor groove agents and indicates one strong binding site.
The result with the TTAA hairpin is very unusual. Two molecules bind to this oligomer with positive
cooperativity. The lines in the figures were obtained by nonlinear least-squares fits of the data to one-
and two-site binding equations.

The positive cooperativity in binding of Hoechst to TTAA can be ecasily seen from
a convex shape of the Scatchard plot (Fig. 6). (See the Chapter by Garbett and
Chaires for a more complete discussion of analysis of binding data.) A similar
trend was observed with the TATA hairpin. The binding constants of Hoechst
33258 to the TATA hairpin are K; = 6.6 x 10° M~ and K, = 2.7 x 10’ M~!. This
type of information is very difficult to obtain by other methods. Many systems
involve specific binding at one or two sites followed by additional nonspecific
binding at higher concentration. The SPR result of Hoechst binding to the
AATT hairpin is in agreement with recent results from other methods
(Breusegem et al., 2002; Han et al., 2005; Kiser et al., 2005; Loontiens et al., 1990).

B. Kinetic Analysis

Kinetic analysis was performed by global fitting of SPR data with non-mass-
transport and mass transport kinetic binding models. In the non-mass-transport
1:1 binding model, Egs. (4) and (5) are used for global fitting, while in a mass
transport limitation model, Eqs. (4-7) are used for global fitting:

A+B«— AB

[Ali=o = 0, [B],y = RUmax, [AB],_, = 0
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AB] e (Al(B) — kalAB] ®)

dt
) — k([Ava] ~ A]) ~ (kuA][B]  KufAB) (6)
% — kyJA][B] + kq[AB] (7

where [A] and [Apyi] are the concentration of the compound at the sensor surface
and the in the bulk solution flow, respectively; [B] is the concentration of the
immobilized DNA; [AB] is the concentration of the complex; k, is the association
rate constant; kq is the dissociation rate constant, and k, is the mass transport
coefficient, defined by Eq. (6).

The fitting can be performed with BIAevaluation software or with CLAMP
(Myszka and Morton, 1998) and should be preferentially done with a global
analysis method that includes fitting of association and dissociation phases of all
sensorgrams (Morton and Myszka, 1998). In cases where a steady-state plateau is
reached, the ratio of the rate constants (k,/kq) should be compared to the steady-
state K5 value. An agreement between the two methods suggests that the binding
constant, K, is correct but does not necessarily mean that the k, and k4 values are
correct due to possible mass transfer effects and possible correlation of the con-
stants. Some considerations for kinetic fitting have been previously outlined
(Nguyen et al., 2007). To illustrate a kinetic fit, the interaction between a DNA
minor groove binder and a DNA hairpin was studied. DB818, a DNA minor
groove binding agent (Fig. 3), forms a 1:1 complex in the duplex minor groove at
AATT site (Mallena et al., 2004). An SPR experiment for the interaction of DB818
with a DNA hairpin containing the ~AATT- site (Fig. 3) was conducted at high
ionic strength (1 M NaCl) with flow rate of 50 ul/min.

From this experiment, the kinetic and steady-state analyses are obtained from
the same set of sensorgrams to illustrate the agreement of the binding constants
obtained from the two analysis methods. The high ionic strength in this experiment
with DB818 reduced K, and &, to minimize the mass transfer effects. Sensorgrams
for the interaction are shown in Fig. 7 and the results are analyzed by both steady-
state and kinetic methods (Table I). The sensorgrams increase in response as the
DB&818 concentration is increased. Note that it takes longer to reach a steady-state
plateau at low concentration as expected for a bimolecular reaction. The smooth
lines in the figure are the best fit lines using global fitting with a single site kinetic
model with a mass transport term. The steady-state RU values for DB818/DNA
sensorgrams from the same experiment are converted to r and graphed directly
onto a direct plot in Fig. 7 with different concentrations for fitting with Eq. (3) with
K, = 0. The binding constants obtained from steady-state and kinetic analyses are
in excellent agreement, and the results are summarized in Table I. The kinetic
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Fig. 7 Sensorgrams to evaluate the kinetics of the DB818-DNA interaction. The sensorgrams were
collected with a BIACORE 2000 with flow rate of 50 ul/min at 25 °C and immobilized AATT DNA
(Fig. 3) in 1.0 M NaCl, 0.01 M Tris, 0.001 M EDTA, pH 7.4. The concentrations in this experiment
from the bottom to the top sensorgrams are 0 (reference line), 1, 7.5, 10, 25, 50, 75, and 100 nM. The
kinetic analysis was performed by global fitting of the binding data with mass transport kinetic 1:1
binding models. Conversion of these sensorgrams to the binding isotherm (right) also was done by
dividing the averaged plateau or steady-state responses by the predicted maximum response per ligand.
The datla were fitted with a one-site model, Eq. (3), to obtain an equilibrium binding constant of 3.6 x
10' M.

Table I
Summary of Biacore Kinetics and Steady-State (S.S.) Results of DB818 Binding to
DNA AATT Hairpin

Flow rate RUjpax ka Ka ke Chi? ky x
Exp. (u/min)  (RU) M7's™h kq(s™") (I/M)kyJks [RU/Ms)] (RUY* RUpadk
Kinetics 50 206 29x10° 0065 45x107 43 x10"  0.287 1.4
S.S. 3.6 x 107 0.234

The results are obtained from steady-state and kinetic analysis of sensorgrams in Fig. 7. The steady-state
and kinetic analyses yield similar binding constants.

fitting results meet the criteria previously outlined (k, X RU./k; < 5) (Karlsson,
1999). In addition, the half-life #, from the dissociation phase of sensorgram is
close to the calculated half-life using the fitted value (¢, = In 2/k4) suggesting the
mass transport effect is minimized (Nguyen et al., 2007).

V. Summary

The SPR-biosensor method is excellent for studying small molecule—
macromolecule interactions and in the short time that commercial instrument
have been available, it has assumed a major role in quantitative analysis of
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biomolecular complexes. For strong binding complexes, which are generally ob-
served in biomolecular systems of interest, working at low concentration is re-
quired. However, many small molecules have optical properties that make low
concentration measurements a clear disadvantage. The SPR method is very useful
in such cases since it detects the mass change upon complex formation and can
operate at very low compound concentrations. In many cases, the binding kinetics
can be observed in real time and extracted from the sensorgrams. A number of
studies have now shown that SPR results are comparable to those from other
biophysical methods. Although this chapter has focused on small molecule—
biopolymer interactions, the methods described above, with minor modifications,
can be used to characterize biopolymer—biopolymer complexes.
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